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PREFACE

Physical Pharmaceutics is one of the fundamental subjects in pharmaceutical education, providing the
scientific principles necessary to understand the physical and physicochemical properties of drugs and
pharmaceutical dosage forms. It establishes a connection between basic pharmaceutical sciences and
the formulation, development, evaluation, and performance of pharmaceutical products. A sound
understanding of this subject is essential for pharmacy students to develop the knowledge and skills
required for pharmaceutical research, formulation development, and industrial practice.

A Textbook of Physical Pharmaceutics (BP206T) has been prepared to provide a comprehensive and
systematic understanding of the fundamental concepts of physical pharmaceutics in accordance with
the academic requirements of the Bachelor of Pharmacy (B. Pharm.) programme. The book presents
the subject matter in a clear, organized, and student-friendly manner, facilitating effective learning
and a better understanding of the principles involved. It covers important topics such as solubility and
distribution phenomena, buffers, interfacial phenomena, colloidal and coarse dispersions, rheology,
and micromeritics, emphasizing their theoretical foundations and pharmaceutical applications.

The content has been structured to help students understand the relationships between
physicochemical properties and the formulation, stability, processing, and performance of
pharmaceutical dosage forms. Relevant definitions, explanations, equations, examples, and
pharmaceutical applications are incorporated wherever appropriate to support conceptual clarity and
encourage the practical application of theoretical knowledge. The systematic presentation of the topics
is intended to assist students in classroom learning, examination preparation, and the development of
a strong foundation for advanced pharmaceutical subjects.

This textbook is primarily intended for undergraduate pharmacy students and may also serve as a
useful reference for teachers, researchers, and pharmaceutical professionals seeking to revise
fundamental concepts of physical pharmaceutics. The authors hope that the book will promote
scientific curiosity, independent learning, and a deeper appreciation of the role of physical pharmacy
in modern pharmaceutical sciences.

We sincerely acknowledge the contributions and support of all those who have encouraged and
assisted in the preparation of this textbook. We also welcome constructive suggestions and feedback
from readers and academic colleagues, which will help improve the quality and usefulness of future
editions.

We hope that A Textbook of Physical Pharmaceutics (BP206T) will prove to be a valuable learning
resource and contribute meaningfully to the academic and professional development of pharmacy

students.

The Authors
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Chapter 1: Solubility and Distribution Phenomenon
1.1 Solubility Expression
1.1.1 Introduction

Solubility is one of the fundamental physicochemical properties of pharmaceutical substances. It plays
an important role in the formulation, preparation, absorption, distribution, and therapeutic
effectiveness of drugs. The solubility of a drug influences its dissolution rate, bioavailability, stability,
and selection of an appropriate dosage form. It is particularly important for oral drug delivery because
a drug generally needs to dissolve in gastrointestinal fluids before it can be absorbed into the systemic
circulation.

Solubility is defined as the maximum amount of a solute that can dissolve in a specified amount of
solvent at a particular temperature and pressure to form a saturated solution.

A solution consists of two principal components:

e Solute: The substance that dissolves in a solvent.

e Solvent: The substance in which the solute dissolves and which generally constitutes the

larger proportion of the solution.

For example, when sodium chloride dissolves in water, sodium chloride is the solute and water is the
solvent. Similarly, when a pharmaceutical powder is dissolved in a suitable liquid vehicle, the drug
acts as the solute and the liquid vehicle acts as the solvent.
Solubility is an equilibrium property. In a saturated solution, the rate at which solute molecules enter
the solution equals the rate at which dissolved molecules return to the undissolved state, provided that
the system is at equilibrium.

1.1.2 Expressions of Solubility

Solubility can be expressed in different ways depending on the nature of the substance, the
concentration required, and the purpose of the measurement.

1. Percentage strength

Solubility may be expressed as the amount of solute present in 100 parts of the solution.
e % w/w: Grams of solute in 100 g of solution.
e % wi/v: Grams of solute in 100 mL of solution.

o 9% v/v: Millilitres of solute in 100 mL of solution.

Percentage expressions are commonly used in pharmaceutical preparations, including solutions,
syrups, and topical formulations.

2. Molarity (M)

Mohanty, L., Kumar, S., Ranjan, R., Umasankar, K., & Chakraborty, S. (2026) Page 2



A Textbook of Physical Pharmaceutics - BP206T Mantra Publication | 2026

Molarity is the number of moles of solute present in one litre of solution.

Moles of solute

Molarity =
ORI = ¥ olume of solution (L)

It is widely used in pharmaceutical calculations and laboratory preparations.
3. Molality (m)
Molality is the number of moles of solute present in one kilogram of solvent.

Moles of solute

Molality =
O4TY= Mass of solvent (kg)

Unlike molarity, molality is independent of temperature-related changes in solution volume.
4. Mole fraction

The mole fraction of a component is the ratio of the number of moles of that component to the total
number of moles of all components in the solution.

nA
na+ng

Xa=

where Xa is the mole fraction of component A, and (na) and (ng) represent the number of moles of
components A and B, respectively.

5. Parts per million (ppm) and parts per billion (ppb)
These expressions are used for very low concentrations of substances, such as trace impurities and
dissolved gases. For dilute aqueous solutions, ppm is often approximately equivalent to mg/L, while
ppb is often approximately equivalent to pg/L. These approximations depend on the density of the
solution.
6. Solubility in terms of parts of solvent
In pharmaceutical practice, solubility may also be expressed as the number of parts of solvent
required to dissolve one part of solute. This expression provides a convenient way to describe the
relative solubility of a substance.
1.1.3 Classification of Solubility
Solubility can be described qualitatively as follows:

e Miscible: Two liquids that mix in all proportions to form a homogeneous solution.

e Partially miscible: Two liquids that dissolve in each other only to a limited extent.
e Immiscible: Two liquids that show negligible mutual solubility and form separate phases.
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e Saturated solution: A solution containing the maximum amount of dissolved solute under
specified conditions.

e Unsaturated solution: A solution that can dissolve additional solute under the same
conditions.

o Supersaturated solution: A solution containing more dissolved solute than is normally present
at equilibrium under the specified conditions. Such solutions are generally metastable.

1.1.4 Importance of Solubility in Pharmacy
Solubility is important in pharmaceutical sciences for the following reasons:

It influences the dissolution and absorption of drugs.

It affects the bioavailability of poorly water-soluble drugs.

It determines the selection of solvents and vehicles for pharmaceutical formulations.

It influences the preparation of solutions, suspensions, and other dosage forms.

It affects drug precipitation, crystallization, and physical stability.

It is useful in the selection of suitable conditions for drug extraction and purification.

It contributes to the development of formulations with appropriate drug release
characteristics.

No gk~ wbdPE

Thus, understanding solubility and its quantitative expression is essential for the rational design and
evaluation of pharmaceutical dosage forms.

1.2 Solute—Solvent Interactions
1.2.1 Introduction

Solute-solvent interactions are the intermolecular forces operating between particles of a solute and
molecules of a solvent. These interactions play a major role in determining whether a substance
dissolves in a particular solvent and the extent to which dissolution occurs.

When a solute is added to a solvent, the solute particles must separate from one another, solvent
molecules must rearrange to accommodate the solute, and new interactions must form between the
solute and solvent. Dissolution is favoured when the resulting energetic and entropic changes make
the process thermodynamically favourable.

The fundamental principle commonly used to predict solubility is “like dissolves like.” This means
that substances with similar polarity and comparable intermolecular interactions tend to dissolve in
one another more readily than substances with very different characteristics.

For example, sodium chloride dissolves readily in water because water molecules can stabilize the
separated ions. Many non-polar substances, such as hydrocarbons, dissolve more readily in non-polar
solvents than in water.

1.2.2 Types of Solute-Solvent Interactions

1. lon—dipole interactions
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lon—dipole interactions occur between an ion and a polar molecule possessing a permanent
dipole.

Water molecules surround dissolved ions and orient their partially charged ends towards the
oppositely charged ions. This process is called hydration when water is the solvent.

For example, sodium chloride dissolves in water because sodium and chloride ions interact
with the polar water molecules. These interactions help stabilize the ions in solution.
Pharmaceutical significance: lon-dipole interactions are important in the dissolution of
ionic drugs, inorganic salts, and electrolyte-containing pharmaceutical preparations.

2. Dipole—dipole interactions

Dipole—dipole interactions occur between molecules possessing permanent dipole moments.
The partially positive region of one molecule attracts the partially negative region of another
molecule.

These interactions influence the mixing of polar liquids and the solubility of polar
pharmaceutical substances.

For example, acetone and other polar organic solvents exhibit dipole—dipole interactions that
influence their interactions with suitable solutes.

3. Hydrogen bonding

Hydrogen bonding is a relatively strong intermolecular interaction involving hydrogen
attached to an electronegative atom, commonly oxygen, nitrogen, or fluorine, and an electron-
rich atom in another molecule or within the same molecule.

Water forms extensive hydrogen bonding with itself and with substances containing suitable
functional groups. Alcohols, sugars, and many pharmaceutical compounds can interact with
water through hydrogen bonding.

For example, ethanol is miscible with water because of favourable interactions between their
hydroxyl groups.

Pharmaceutical significance: Hydrogen bonding affects drug solubility, crystal packing,
hydration, molecular recognition, and interactions between drugs and biological
macromolecules.

4. London dispersion forces

London dispersion forces arise from temporary fluctuations in electron distribution that
generate instantaneous dipoles and induce dipoles in neighbouring particles. These forces
occur between all atoms and molecules and are particularly important in non-polar
substances.

For example, the dissolution of non-polar compounds in organic solvents is influenced
significantly by dispersion forces.

Pharmaceutical significance: Dispersion forces contribute to the solubility of non-polar drug
molecules in oils, lipids, and other non-polar vehicles.

5. Dipole-induced dipole interactions
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These interactions occur when a polar molecule induces a temporary dipole in a neighbouring
non-polar molecule.

Such interactions can contribute to the dissolution of certain non-polar substances in polar
solvents, although the extent depends on the properties of both components.

6. lon—ion interactions

lon—ion interactions occur between oppositely charged ions and are important in ionic solids.
Before an ionic solid dissolves, its crystal lattice must be disrupted. The ability of the solvent
to stabilize the separated ions influences whether dissolution is favourable.

The balance between crystal lattice forces and solvation interactions is particularly important
in determining the solubility of pharmaceutical salts.

1.2.3 Role of Polarity in Solubility

Polarity is an important factor governing solute—solvent compatibility. Polar substances
generally dissolve more readily in polar solvents, whereas non-polar substances generally
dissolve more readily in non-polar solvents.

Water is a highly polar solvent and is suitable for many ionic and polar substances. Oils and
hydrocarbon solvents are comparatively non-polar and can dissolve many lipophilic
compounds.

However, polarity alone does not determine solubility. Molecular size, hydrogen-bonding
ability, crystal structure, temperature, ionization, and other factors also influence the
dissolution process.

1.2.4 Energy Changes During Dissolution

The dissolution of a solute involves three principal energetic contributions:

Separation of solute particles: Energy is generally required to overcome attractive forces
between solute particles.

Separation of solvent molecules: Energy is generally required to create space for the solute
within the solvent.

Formation of solute—solvent interactions: Energy is released when new interactions form
between the solute and solvent.

The overall enthalpy change of dissolution can be represented as:

AH,, = AH, + AH; + AH;

where:

AHso = enthalpy change of dissolution.

AHi = enthalpy change associated with separating solute particles.

AH, = enthalpy change associated with separating solvent molecules.

AHs = enthalpy change associated with solute—solvent interaction formation.
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The overall dissolution process also depends on entropy. The Gibbs free energy change is expressed
as:

AG=AH —-TAS

where AG is the Gibbs free energy change, AH is the enthalpy change, T is the absolute temperature,
and AS is the entropy change.

Dissolution is thermodynamically favourable when AG is negative under the specified conditions.
1.2.5 Pharmaceutical Applications of Solute-Solvent Interactions
Solute-solvent interactions are important in:

e Selecting suitable solvents and co-solvents for drug formulations.

e Improving the solubility of poorly water-soluble drugs.

e Preparing pharmaceutical solutions and injectable preparations.

e Understanding the dissolution of drug salts.

e Selecting solvents for extraction, purification, and recrystallization.

o Evaluating drug partitioning between aqueous and lipid environments.

An understanding of these interactions helps pharmaceutical scientists select appropriate formulation
strategies while maintaining drug stability and suitability for the intended route of administration.

1.3 Solubility of Liquids in Liquids
1.3.1 Introduction

e The solubility of liquids in liquids refers to the ability of one liquid to dissolve in another
liquid and form a homogeneous liquid phase. This property is also known as liquid-liquid
solubility or mutual solubility.

e The extent to which two liquids dissolve in each other depends on their molecular structure,
polarity, intermolecular forces, temperature, and pressure. Depending on their mutual
solubility, liquid pairs are classified as completely miscible, partially miscible, or practically
immiscible.

e Liquid-liquid solubility is important in pharmacy because many pharmaceutical preparations
involve combinations of water, alcohols, oils, and other liquid solvents. It also influences
extraction, drug partitioning, emulsification, and the selection of vehicles for liquid dosage
forms.

1.3.2 Classification of Liquid-Liquid Systems
1. Completely miscible liquids

Completely miscible liquids dissolve in each other in all proportions and form a single homogeneous
liquid phase.
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Examples include:
o Ethanol and water.
e Glycerol and water.
e Acetone and water.

The formation of a single phase indicates that the two liquids are mutually miscible over the entire
composition range under the specified conditions.

Pharmaceutical significance: Completely miscible solvent systems are useful in preparing
pharmaceutical solutions, tinctures, and hydroalcoholic formulations. Ethanol and water, for example,
may be combined to dissolve substances with different degrees of polarity.

2. Partially miscible liquids

Partially miscible liquids dissolve in each other only to a limited extent. At equilibrium, the mixture
may separate into two liquid phases, each containing a certain amount of the other liquid.

Examples include:
e Phenol and water.
e Water and certain higher alcohols.

e Water and certain partially miscible organic solvents.

The composition of each phase depends on temperature, pressure, and the overall composition of the
mixture.

For example, a phenol-water mixture at suitable temperatures may separate into a water-rich phase
and a phenol-rich phase. Each phase contains some amount of the other component.

Pharmaceutical significance: Partial miscibility is important in liquid-liquid extraction, solvent
selection, and understanding phase separation in pharmaceutical formulations.

3. Practically immiscible liquids

Practically immiscible liquids have very low mutual solubility and form separate liquid layers when
mixed.

Examples include:
e Benzene and water.
o Liquid paraffin and water.

e Many fixed oils and water.

The two phases remain separate because the interactions between the unlike molecules are insufficient
to produce complete miscibility under ordinary conditions.
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Pharmaceutical significance: Immiscible liquids are important in the formulation of emulsions.
Since oil and water do not mix spontaneously to form a stable homogeneous phase, emulsifying
agents are generally required to prepare and stabilize an emulsion.

1.3.3 Factors Affecting the Solubility of Liquids in Liquids

1. Nature of the liquids

The chemical structure and intermolecular interactions of the liquids strongly influence their mutual
solubility. Liquids with similar molecular characteristics tend to be more miscible.

2. Polarity

Polar liquids generally show greater mutual solubility when their intermolecular interactions are
compatible. Non-polar liquids tend to mix readily with other non-polar liquids. However, polarity
alone cannot accurately predict every liquid-liquid system.

3. Hydrogen bonding

Liquids capable of forming favourable hydrogen bonds may exhibit increased mutual solubility. For
example, ethanol and water are completely miscible because of favourable interactions between their
molecules.

4. Temperature

Temperature may increase or decrease mutual solubility depending on the particular system. Some
partially miscible liquids become completely miscible above a certain temperature, whereas other
systems exhibit the opposite temperature dependence.

5. Molecular structure

Molecular size, branching, functional groups, and the relative proportions of polar and non-polar
regions influence liquid-liquid solubility.

6. Pressure

Pressure generally has a smaller effect on the mutual solubility of ordinary liquids than on gas
solubility. Nevertheless, pressure may influence liquid—liquid equilibria under particular conditions.

1.3.4 Critical Solution Temperature

The critical solution temperature is the temperature at which two partially miscible liquids become
completely miscible in all proportions at a specified pressure.lt is also called the consolute
temperature. The critical solution temperature is associated with the boundary separating one-phase

and two-phase regions in a liquid-liquid phase diagram.

Two principal types are recognized.
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1. Upper critical solution temperature (UCST)

The upper critical solution temperature is the temperature above which two partially miscible liquids
become completely miscible in all proportions. Below this temperature, the mixture may separate into
two liquid phases over a certain composition range.

2. Lower critical solution temperature (LCST)

The lower critical solution temperature is the temperature below which two partially miscible liquids
become completely miscible in all proportions. Above this temperature, phase separation may occur
over a certain composition range. Some systems exhibit both upper and lower critical solution
temperatures. The critical solution temperature is discussed further in the context of phase behaviour
and its pharmaceutical applications.

1.3.5 Pharmaceutical Applications of Liquid-Liquid Solubility
Liquid—liquid solubility has several applications in pharmaceutical sciences:

1. Solvent selection: Helps in choosing suitable solvents and solvent mixtures for dissolving
drugs.

2. Liquid-liquid extraction: Supports the separation of active pharmaceutical ingredients and
other compounds between immiscible or partially miscible phases.

3. Emulsion formulation: Helps in understanding the behaviour of oil and water phases.

4. Drug partitioning: Provides a foundation for understanding the distribution of drugs between
aqueous and lipid phases.

5. Formulation stability: Helps identify the possibility of phase separation in liquid preparations.

6. Purification: Assists in selecting solvent systems for separating impurities from
pharmaceutical substances.

Thus, knowledge of liquid-liquid solubility is essential for developing suitable pharmaceutical
vehicles and understanding phase behaviour in liquid formulations.

1.4 Solubility of Solids in Liquids
1.4.1 Introduction

e The solubility of solids in liquids refers to the maximum quantity of a solid substance that can
dissolve in a specified amount of liquid solvent at a given temperature and pressure to form a
saturated solution.

e This property is particularly important in pharmaceutical sciences because many drugs are
supplied as crystalline solids, powders, salts, or other solid materials. Before a solid drug can
generally be absorbed from an aqueous biological environment, it must dissolve in the
surrounding fluid.

e The solubility of a solid depends on the nature of the solute and solvent, temperature, crystal
structure, particle characteristics, pH, and the presence of other dissolved substances.

e Examples of solids that dissolve in liquids include sodium chloride in water, sucrose in water,
and many pharmaceutical salts in agueous solvents.
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1.4.2 Process of Dissolution of a Solid
The dissolution of a solid in a liquid involves several related steps.
1. Separation of solute particles

Particles or molecules must separate from the solid structure. In a crystalline solid, this requires
overcoming the forces that hold the particles within the crystal lattice.

2. Formation of space in the solvent

Solvent molecules rearrange to create space for the solute particles. This process requires energy
when existing solvent—solvent interactions must be disrupted.

3. Solvation of the solute

The separated solute particles interact with the solvent molecules. When water is the solvent, this
process is called hydration.

4. Distribution throughout the solution

The dissolved particles become distributed within the solvent by molecular motion and diffusion.
Stirring may accelerate the approach to equilibrium by improving contact between the solid and
liquid, although it does not necessarily increase the equilibrium solubility. The overall outcome
depends on the energetic and entropic contributions of these processes.

1.4.3 Saturated, Unsaturated, and Supersaturated Solutions

1. Unsaturated solution

An unsaturated solution contains less dissolved solute than the maximum amount that can dissolve
under the specified conditions. Additional solute can dissolve without changing the temperature or
pressure.

2. Saturated solution

A saturated solution contains the maximum equilibrium concentration of dissolved solute under
specified conditions. At equilibrium, the dissolved solute is in balance with the undissolved solid
phase.

3. Supersaturated solution

A supersaturated solution contains a concentration of dissolved solute above its equilibrium solubility
under the specified conditions. Such solutions are generally metastable and may precipitate or
crystallize when disturbed or when suitable nucleation sites are available. Supersaturation is important

in crystallization, precipitation, and the development of certain pharmaceutical formulations.

1.4.4 Factors Affecting the Solubility of Solids in Liquids
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1. Nature of the solute and solvent

The chemical properties and intermolecular interactions of the solute and solvent strongly influence
solubility. Substances with compatible interactions generally dissolve more readily. For example,
many ionic salts dissolve in water because of ion—dipole interactions, whereas non-polar substances
may exhibit greater solubility in non-polar solvents.

2. Temperature

Temperature affects the equilibrium solubility of most solids in liquids, but the direction and
magnitude of the effect depend on the substance.

e For an endothermic dissolution process, solubility generally increases with increasing
temperature.
e For an exothermic dissolution process, solubility may decrease with increasing temperature.

The temperature dependence of solubility is therefore substance-specific.
3. Pressure

Pressure usually has little effect on the equilibrium solubility of solids in liquids because solids and
liquids are relatively incompressible. However, pressure may influence solubility under specialized
conditions.

4. Particle size

Particle size has a major influence on the rate of dissolution because smaller particles provide a
greater total surface area for a given mass of material. For ordinary crystalline solids, reducing
particle size does not necessarily produce a substantial increase in the equilibrium solubility of the
bulk material. However, very small particles may exhibit increased apparent solubility because of
curvature-related effects.

5. Crystal structure and polymorphism

Some pharmaceutical substances exist in different crystalline forms called polymorphs. These forms
differ in crystal packing and free energy and may exhibit different solubilities. A metastable
crystalline form often has a higher solubility than a more stable polymorph under the same conditions.
Amorphous forms may also exhibit higher apparent solubility than corresponding stable crystalline
forms.

6. pH of the medium
The pH of the solvent can strongly influence the solubility of ionizable pharmaceutical compounds.
e Weakly acidic drugs generally become more ionized as pH increases above their pKa,, which
often increases their aqueous solubility.

e Weakly basic drugs generally become more ionized as pH decreases below their pK,, which
often increases their aqueous solubility.
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These relationships are influenced by the drug's intrinsic solubility, salt form, and the possibility of
precipitation or other equilibria.

7. Common-ion effect

The presence of a common ion may decrease the solubility of a sparingly soluble ionic compound by
shifting the relevant equilibrium towards the undissolved solid. For example, adding a suitable source
of a common ion to a saturated solution of a sparingly soluble salt may reduce its solubility.

8. Presence of co-solvents

Co-solvents are added to solvent systems to modify their solvent properties. Water-miscible solvents
such as ethanol, propylene glycol, and polyethylene glycol 400 may increase the solubility of selected
poorly water-soluble drugs. The effect depends on the drug, the co-solvent, and the proportion of each
component.

9. Complex formation

The formation of soluble complexes may increase the apparent solubility of a drug. For example,
cyclodextrins can form inclusion complexes with suitable drug molecules, improving their apparent
aqueous solubility.

10. Presence of surfactants

Surfactants may increase the apparent solubility of poorly water-soluble substances through micellar
solubilization. Hydrophobic drug molecules can become associated with the hydrophobic regions of
surfactant micelles.

11. Presence of electrolytes and other solutes

Dissolved salts and other substances may increase or decrease the solubility of a solid through ionic
interactions, changes in solvent activity, common-ion effects, or salting-in and salting-out phenomena.

1.4.5 Measurement of Solubility of Solids in Liquids
The equilibrium solubility of a solid can be determined by the saturation method.

The general procedure involves the following steps:

1. Add an excess gquantity of the solid substance to a measured volume of the selected solvent.

2. Maintain the mixture at a controlled temperature.

3. Agitate the mixture sufficiently to facilitate equilibration.

4. Allow undissolved solid to remain present so that saturation can be established.

5. Separate the undissolved solid by an appropriate filtration or centrifugation procedure without
changing the equilibrium conditions unnecessarily.

6. Analyse the clear saturated solution using a suitable analytical method.

7. Express the measured concentration in an appropriate unit of solubility.
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The analytical method may involve gravimetric analysis, titration, UV-visible spectrophotometry, or
chromatographic analysis, depending on the substance.

The accuracy of the result depends on temperature control, equilibration time, prevention of solvent
evaporation, and avoidance of precipitation during sample handling.

1.4.6 Pharmaceutical Significance
The solubility of solids in liquids is important in the following areas:

o Development of oral, topical, and parenteral formulations.

o Dissolution and absorption of solid dosage forms.

e Improvement of the bioavailability of poorly soluble drugs.

o Selection of suitable solvents and co-solvents.

e Preparation of saturated solutions and pharmaceutical suspensions.

e Drug crystallization, purification, and polymorph screening.

o Development of controlled-release and solubility-enhanced formulations.
o Evaluation of drug precipitation and physical stability.

Consequently, solid—liquid solubility is a critical consideration during preformulation studies and
pharmaceutical product development.

1.5 Solubility of Gases in Liquids
1.5.1 Introduction

The solubility of gases in liquids refers to the ability of a gaseous substance to dissolve in a liquid
solvent and form a homogeneous solution. The extent of gas dissolution depends primarily on the
nature of the gas and solvent, the partial pressure of the gas above the liquid, and the temperature.

Gas solubility is important in pharmaceutical sciences because gases are used in medicinal
preparations, inhalation products, pharmaceutical manufacturing, and biological systems. Dissolved
oxygen is essential for aerobic biological processes, while carbon dioxide plays an important role in
maintaining acid-base balance in the body. Gas solubility also influences the preparation, storage, and
stability of carbonated pharmaceutical liquids.

1.5.2 Mechanism of Gas Dissolution

When a gas comes into contact with a liquid, gas molecules move continuously between the gaseous
and liquid phases. Some gas molecules enter the liquid and become dissolved, while some dissolved
molecules escape back into the gaseous phase.

Initially, when the liquid contains little dissolved gas, the rate of gas molecules entering the liquid
may exceed the rate at which they escape. As the concentration of dissolved gas increases, the rate of
escape also increases.
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At equilibrium, the rate of gas dissolution becomes equal to the rate of gas escape. The concentration
of dissolved gas then remains constant, provided that temperature, pressure, and other relevant
conditions remain unchanged.

Gas dissolution can be influenced by physical interactions between gas molecules and solvent
molecules. Some gases also react chemically with the solvent, which can substantially affect their
apparent solubility.

1.5.3 Henry’s Law

Henry’s law describes the relationship between the partial pressure of a gas above a liquid and the
concentration of that gas dissolved in the liquid at a constant temperature.

Statement: At constant temperature, the amount of a gas dissolved in a given quantity of liquid is
directly proportional to the partial pressure of that gas above the liquid, provided that the gas behaves
approximately ideally and does not undergo significant chemical reaction with the solvent.

Mathematically,
C =kyP

where:

e C= Equilibrium concentration of dissolved gas.

e P=Partial pressure of the gas above the liquid.

e Ky = Henry’s law proportionality constant when expressed in concentration-per-pressure
form.

Different conventions are used for Henry’s law constants. Some define the constant as pressure
divided by concentration; therefore, the convention and units must always be specified. According to
Henry’s law, increasing the partial pressure of a gas generally increases its equilibrium concentration
in the liquid at a constant temperature.

For example, carbon dioxide dissolves in water under the elevated pressure used in carbonated
beverages. When the container is opened, the pressure above the liquid decreases, allowing dissolved

carbon dioxide to escape as gas bubbles.

Henry’s law is most useful for dilute solutions of gases under conditions where the gas and solvent
behave approximately ideally. Deviations may occur at high pressures, high concentrations, or when
chemical reactions take place.

1.5.4 Factors Affecting the Solubility of Gases in Liquids
1. Nature of the gas

The chemical structure, molecular size, polarity, and intermolecular interactions of a gas influence its
solubility. Gases that interact favourably with the solvent generally show greater solubility.
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For example, ammonia is highly soluble in water because it interacts strongly with water and
undergoes acid—base reactions. Oxygen is comparatively less soluble in water.

2. Nature of the solvent

The chemical characteristics of the solvent determine its ability to accommodate and stabilize
dissolved gas molecules. Polar gases may interact favourably with polar solvents, while non-polar
gases can dissolve through dispersion forces and other interactions. However, gas solubility cannot be
predicted from polarity alone.

3. Pressure

At constant temperature, the solubility of a gas generally increases with an increase in its partial
pressure above the liquid, as described by Henry’s law. When the pressure decreases, the equilibrium
solubility generally decreases, allowing dissolved gas to escape. This principle is used in the
carbonation of beverages and explains the release of dissolved gases when pressure is reduced.

4. Temperature

The solubility of most gases in liquids decreases as temperature increases under ordinary conditions.
Heating increases the kinetic energy of gas molecules and generally favours their escape from the
liquid phase. Consequently, warm water usually retains less dissolved oxygen than cold water under
comparable conditions. However, the precise temperature dependence varies with the gas—solvent
system.

5. Presence of electrolytes

Dissolved electrolytes may decrease the solubility of certain gases in water. This phenomenon is
commonly called the salting-out effect. The effect depends on the electrolyte concentration, the nature
of the gas, and the solvent system.

6. Chemical reaction with the solvent

Some gases react with the solvent after dissolution. Such reactions can increase the total amount of
gas taken up by the liquid beyond what would be expected from simple physical dissolution alone.
For example, carbon dioxide reacts with water through equilibria involving carbonic acid,
bicarbonate, and carbonate species. Ammonia also reacts with water through acid—base equilibria.

7. Partial pressure of the individual gas

For a mixture of gases, the partial pressure of each gas is important in determining its equilibrium
concentration in the liquid. The partial pressure is the contribution of an individual gas to the total
pressure of the gas mixture. Under suitable conditions, Henry’s law can be applied separately to each
gas in a mixture.

1.5.5 Types of Gas Solubility

Gas solubility in liquids can be considered in two broad categories.
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1. Physical dissolution

In physical dissolution, gas molecules dissolve in the liquid without undergoing a significant chemical
reaction. Examples include oxygen dissolved in water and nitrogen dissolved in suitable liquids. The
dissolved gas remains primarily in its molecular form.

2. Dissolution accompanied by chemical reaction

In this case, the gas dissolves and subsequently reacts with the solvent or other dissolved components.
Examples include:

o Carbon dioxide in water, involving carbonic acid and related acid—base equilibria.
e Ammonia in water, involving the formation of ammonium and hydroxide ions.
e Hydrogen chloride in water, involving extensive ionization.

Such systems may exhibit substantially greater total uptake than would be predicted from physical
dissolution alone.

1.5.6 Measurement of Gas Solubility

Gas solubility can be determined using methods that measure the amount of gas dissolved in a liquid
at a specified temperature and pressure.

The general procedure involves the following steps:

Select a suitable liquid solvent and maintain it at a controlled temperature.

Bring the solvent into contact with the gas at a known partial pressure.

Allow sufficient time for equilibrium to be established.

Determine the concentration or amount of gas dissolved in the liquid.

Express the result in an appropriate unit, such as mol/L, mg/L, or a specified volume of gas
per volume of solvent.

6. Record the temperature and pressure conditions under which the measurement was
performed.

akrwdE

Depending on the gas and the analytical requirements, measurement may involve volumetric methods,
gas chromatography, electrochemical sensors, or other suitable analytical techniques. For dissolved
oxygen, for example, an appropriate dissolved-oxygen meter may be used. For other gases, the
analytical method must be selected according to their chemical and physical properties.

1.5.7 Pharmaceutical and Biological Significance

Gas solubility has several important applications in pharmaceutical sciences and biological systems.

1. Oxygen supply in biological systems

Dissolved oxygen supports aerobic metabolism in biological environments and is important in cell
culture, fermentation, and other pharmaceutical bioprocesses.
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2. Carbon dioxide and acid—base balance

The dissolution and chemical equilibria of carbon dioxide contribute to the bicarbonate buffering
system in blood and other biological fluids.

3. Carbonated pharmaceutical preparations

Gas solubility is important in preparations containing dissolved carbon dioxide. Changes in pressure
and temperature may affect gas retention and product characteristics.

4. Pharmaceutical manufacturing

Gas dissolution is relevant to aeration, fermentation, oxygen transfer, and the control of dissolved
gases during manufacturing processes.

5. Stability of pharmaceutical products

Dissolved oxygen may participate in oxidation reactions involving susceptible drugs and excipients.
Controlling oxygen exposure through suitable processing, packaging, and storage conditions can help
improve product stability.

6. Inhalation and respiratory preparations

Understanding gas-liquid interactions is relevant to certain respiratory preparations, humidification
processes, and systems involving gas transfer.

7. Biological gas exchange

The dissolution and transfer of oxygen and carbon dioxide are fundamental to respiratory physiology
and the exchange of gases between biological fluids and surrounding environments.

The solubility of gases in liquids depends mainly on the nature of the gas and
solvent, temperature, and the partial pressure of the gas. Henry’s law provides a useful relationship
between gas pressure and dissolved concentration under suitable conditions. Gas solubility is
important in pharmaceutical manufacturing, biological processes, product stability, carbonated
preparations, and the physiological handling of oxygen and carbon dioxide.

1.6 Raoult’s Law

1.6.1 Introduction

Raoult’s law is an important principle in physical chemistry that describes the relationship between
the vapour pressure of a component in an ideal solution and its mole fraction in the liquid phase. It is

particularly useful for understanding the behaviour of liquid mixtures, solvent evaporation, and the
vapour pressure of pharmaceutical solvent systems.
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The law was proposed by Frangois-Marie Raoult and applies most directly to ideal solutions in which
the intermolecular interactions between unlike molecules are comparable to those between like
molecules.

1.6.2 Statement of Raoult’s Law

Raoult’s law states that the partial vapour pressure of a volatile component in an ideal solution is
equal to the vapour pressure of the pure component multiplied by its mole fraction in the liquid

solution at the same temperature.

Mathematically,
Py = X4P}§

where:
e Pa=Partial vapour pressure of component A in the solution.
e Xa= Mole fraction of component A in the liquid phase.

e (P°= Vapour pressure of pure component A at the same temperature.

For a binary solution containing two volatile components, A and B, the total vapour pressure is the
sum of their partial vapour pressures.

Piotat = P4+ Ps
Therefore,
P = X4P§ + X P}
Since the mole fractions of the two components add up to unity,
Xa+Xp=1
The total vapour pressure can also be expressed as:
P = XaPj+ (1 X4)Pp
1.6.3 Raoult’s Law for Solutions Containing a Non-Volatile Solute

When a non-volatile solute is dissolved in a volatile solvent, the vapour pressure of the solvent above
the solution is lower than that above the pure solvent at the same temperature.

For such a solution,

P, = X,P}
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where A represents the volatile solvent.

The lowering of vapour pressure is given by:
AP=P} — P4

Substituting Raoult’s law,
AP = Pj(1 - Xy)

For a binary solution, 1-Xa=Xg. Therefore,
AP = Pi{Xjp

The relative lowering of vapour pressure is:

AP

— =%,
Py

Thus, for an ideal solution containing a non-volatile solute, the relative lowering of the solvent's
vapour pressure is equal to the mole fraction of the solute.
1.6.4 Ideal and Non-Ideal Solutions
Ideal solutions
e An ideal solution obeys Raoult’s law over the entire composition range. The enthalpy change
of mixing is approximately zero, and the volume change on mixing is also approximately
zero.

e Examples of liquid pairs that show approximately ideal behaviour over certain composition
ranges include benzene and toluene.

Non-ideal solutions

Non-ideal solutions deviate from Raoult’s law because the interactions between unlike molecules
differ from those between like molecules.

Two types of deviations occur.

1. Positive deviation

Positive deviation occurs when the observed vapour pressure is greater than the value predicted by
Raoult’s law. This commonly occurs when unlike-molecule interactions are weaker than like-

molecule interactions.

2. Negative deviation
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Negative deviation occurs when the observed vapour pressure is lower than the value predicted by
Raoult’s law. This commonly occurs when unlike-molecule interactions are stronger than like-
molecule interactions.

The extent of deviation depends on the composition and properties of the components.
1.6.5 Pharmaceutical Significance of Raoult’s Law
Raoult’s law has several applications in pharmaceutical sciences:

1. Solvent systems: It helps explain the vapour pressure behaviour of mixtures containing
volatile solvents.

2. Colligative properties: It provides the foundation for understanding vapour-pressure lowering
and related colligative properties.

3. Solvent evaporation: It assists in understanding the evaporation behaviour of ideal solvent
mixtures.

4. Formulation development: It provides a theoretical basis for studying the physical properties
of pharmaceutical solutions.

5. Distillation: It helps explain vapour—liquid equilibrium and the separation of volatile liquid
mixtures.

6. Quality control: Vapour-pressure behaviour can contribute to the characterization of solvent
systems and the identification of deviations from ideality.

Raoult’s law is most accurate for ideal solutions. Real pharmaceutical solvent systems may exhibit
non-ideal behaviour because of hydrogen bonding, ionization, association, and other molecular
interactions.

1.7 Factors Affecting Solubility

1.7.1 Introduction

Solubility is influenced by several physical and chemical factors that determine the maximum
equilibrium concentration of a substance in a solvent. Understanding these factors is essential in

pharmaceutical formulation because solubility affects drug dissolution, bioavailability, stability, and
the selection of suitable solvents.

The important factors affecting solubility include the nature of the solute and solvent, temperature,
pressure, pH, molecular structure, crystal form, particle characteristics, and the presence of other
substances.

1.7.2 Nature of the Solute and Solvent

The chemical nature of the solute and solvent is one of the most important determinants of solubility.

The principle of “like dissolves like” indicates that substances with similar polarity and compatible
intermolecular interactions tend to dissolve more readily in one another.

e Polar substances generally dissolve more readily in polar solvents.
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e Non-polar substances generally dissolve more readily in non-polar solvents.
e lonic substances may dissolve in polar solvents that can stabilize their ions.

For example, sodium chloride dissolves in water because water molecules interact with sodium and
chloride ions. Many non-polar compounds, on the other hand, show greater solubility in suitable
organic solvents.

1.7.3 Temperature

e Temperature affects solubility differently depending on the physical state of the solute and the
thermodynamics of dissolution.

e Solids in liquids: The solubility of many solids increases with increasing temperature when
dissolution is endothermic. For exothermic dissolution, solubility may decrease as
temperature increases.

e (Gases in liquids: The solubility of most gases decreases with increasing temperature under
ordinary conditions because higher temperatures generally favour the escape of gas molecules
from the liquid.

e Liquids in liquids: The mutual solubility of partially miscible liquids may increase or decrease
with temperature depending on the particular system.

e Temperature control is therefore essential when determining and reporting equilibrium
solubility.

1.7.4 Pressure
Pressure has different effects on the solubility of gases, solids, and liquids.

o Gases: Increasing the partial pressure of a gas generally increases its solubility in a liquid,
according to Henry’s law under suitable conditions.

o Solids: Pressure usually has a relatively small effect on the solubility of solids in liquids.

o Liquids: Pressure generally has a limited effect on the mutual solubility of ordinary liquids.

Pressure is particularly important in processes involving dissolved gases, such as carbonation and gas
absorption.

1.7.5 pH of the Medium

e The pH of the solvent strongly influences the solubility of ionizable pharmaceutical
substances.

e Weakly acidic drugs generally become more ionized as the pH increases above their \(pK_a\).
Weakly basic drugs generally become more ionized as the pH decreases below their \(pK_a\).

¢ lonization often increases aqueous solubility because the charged form interacts more
favourably with water. However, the actual solubility also depends on intrinsic solubility, salt
formation, and the possibility of precipitation.

e For example, the aqueous solubility of many weakly acidic drugs increases in alkaline media,
whereas that of many weakly basic drugs increases in acidic media.

1.7.6 Molecular Structure and Polarity
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The molecular structure of a substance influences its interaction with solvent molecules.

Important structural features include:

Molecular size and shape.

Presence of polar functional groups.
Hydrogen-bonding capacity.

Distribution of polar and non-polar regions.
Degree of branching and molecular flexibility.

An increase in hydrophobic character often reduces aqueous solubility, although the overall effect
depends on the complete molecular structure.

1.7.7 Crystal Structure and Polymorphism

A pharmaceutical compound may exist in different crystalline forms, known as polymorphs.
These forms have the same chemical composition but differ in the arrangement of molecules
within the crystal lattice.

Differences in lattice energy and thermodynamic stability may result in differences in
solubility and dissolution rate.

A metastable polymorph may exhibit greater solubility than a more stable polymorph under
the same conditions. Amorphous forms may also exhibit greater apparent solubility than
stable crystalline forms.

These properties are important during preformulation studies, manufacturing, and the
evaluation of product stability.

1.7.8 Particle Size

Particle size primarily influences the rate of dissolution by changing the surface area available
for contact with the solvent.

Smaller particles generally provide a greater surface area per unit mass and may dissolve
more rapidly.

For conventional particles, reducing particle size does not necessarily increase the equilibrium
solubility substantially. However, very small particles may exhibit increased apparent
solubility because of their high surface curvature.

Micronization and nanosizing are therefore used in selected pharmaceutical formulations to
improve dissolution performance and, in some cases, apparent solubility.

1.7.9 Common-lon Effect

The common-ion effect refers to a reduction in the solubility of a sparingly soluble ionic
compound when a soluble substance containing one of its ions is added to the solution.

The added common ion shifts the dissolution equilibrium towards the undissolved solid.

This effect is important in pharmaceutical precipitation, salt solubility, and formulation
compatibility.

1.7.10 Co-Solvents

Mohanty, L., Kumar, S., Ranjan, R., Umasankar, K., & Chakraborty, S. (2026) Page 23



A Textbook of Physical Pharmaceutics - BP206T Mantra Publication | 2026

Co-solvents are additional solvents incorporated into a solvent system to modify its ability to
dissolve a drug.

Examples include ethanol, propylene glycol, glycerol, and polyethylene glycol 400.
Co-solvents may improve the solubility of selected poorly water-soluble drugs by changing
the polarity and other properties of the solvent mixture.

The effect depends on the drug's chemical characteristics, the type of co-solvent, and its
concentration.

1.7.11 Surfactants

Surfactants can improve the apparent solubility of poorly water-soluble substances through
micellar solubilization.

Above an appropriate concentration, surfactant molecules may form micelles with
hydrophobic regions capable of accommodating lipophilic drug molecules.

This approach is used in selected oral, topical, and other pharmaceutical formulations.

1.7.12 Complex Formation

Some substances form soluble complexes with drugs, increasing their apparent solubility.
Cyclodextrins, for example, can form inclusion complexes with suitable drug molecules. The
hydrophobic region of the cyclodextrin cavity can accommodate part of a drug molecule
while its outer surface interacts with the aqueous environment.

Complex formation is useful for selected solubility-enhancement strategies.

1.7.13 Presence of Electrolytes and Other Solutes

Electrolytes and other dissolved substances can alter solubility through several mechanisms,
including:

Common-ion effects.

Changes in ionic strength.
Salting-in and salting-out effects.
Complex formation.

Changes in solvent activity.

The direction and magnitude of the effect depend on the chemical properties and concentrations of the
substances involved.

1.7.14 Pharmaceutical Importance

Knowledge of the factors affecting solubility is important for:

arwbdE

Selecting suitable solvents and excipients.

Improving the dissolution of poorly soluble drugs.

Enhancing the bioavailability of selected pharmaceutical compounds.
Preventing precipitation during formulation and storage.

Selecting appropriate salt forms and crystalline forms.
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6. Designing stable liquid and solid dosage forms.
7. Optimizing extraction, purification, and crystallization processes.

Therefore, solubility assessment is a fundamental part of pharmaceutical preformulation and dosage-
form development.

1.8 Measurement of Saturation Solubility
1.8.1 Introduction

Saturation solubility is the maximum equilibrium concentration of a substance that can dissolve in a
specified solvent at a particular temperature and pressure to form a saturated solution. It is an
important physicochemical parameter in pharmaceutical development because it influences drug
dissolution, formulation design, and the potential bioavailability of poorly water-soluble drugs.

The measurement of saturation solubility helps determine the quantity of drug that can remain
dissolved under specified conditions. It is also useful for comparing different drug forms, evaluating
solvent systems, studying the influence of pH, and assessing the effectiveness of solubility-
enhancement techniques.

Saturation solubility should be distinguished from dissolution rate. Solubility describes the
equilibrium concentration of a dissolved substance, whereas dissolution rate describes how quickly
the substance dissolves.

1.8.2 Principle

The measurement of saturation solubility is generally based on establishing equilibrium between an
excess quantity of a solute and a suitable solvent under controlled conditions.

When excess solid is added to a solvent, some of the solid dissolves. After sufficient time, the
concentration of the dissolved substance reaches an equilibrium value, provided that undissolved solid
remains present and the experimental conditions remain constant. The concentration of the dissolved
substance is then determined using a suitable analytical method.

1.8.3 Saturation Shake-Flask Method

The saturation shake-flask method is a commonly used technique for determining the equilibrium
solubility of pharmaceutical compounds.

Materials required

e Drug sample.

e Suitable solvent or buffer.

o Stoppered flask or suitable sealed container.
e Temperature-controlled shaker or water bath.
e Filtration or centrifugation equipment.

e Appropriate analytical instrument.
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Procedure

Select a suitable solvent or buffer and maintain it at the required temperature.

Add an excess quantity of the drug to a measured volume of the solvent.

Close the container appropriately to prevent contamination and solvent evaporation.

Agitate the mixture for a predetermined period to facilitate dissolution and equilibration.
Allow sufficient time for equilibrium to be established.

Separate the undissolved solid using a suitable filtration or centrifugation procedure.

Analyse the clear supernatant or filtrate using an appropriate analytical method.

Calculate the concentration of dissolved drug and express the saturation solubility in suitable
units.

N GOM~LDNDPRE

The equilibration time must be established experimentally because it varies with the drug, solvent,
particle size, and experimental conditions.

Precautions
e Maintain a constant temperature throughout the experiment.
e Use an excess quantity of drug to ensure that saturation can be achieved.
e Prevent solvent evaporation and changes in pH.
e Ensure that undissolved particles do not contaminate the analytical sample.
o Verify that filtration does not adsorb the drug or cause precipitation.
e Use an appropriate calibration procedure for quantitative analysis.
1.8.4 Analytical Methods Used for Solubility Determination
1. UV-visible spectrophotometry

e UV-visible spectrophotometry is suitable for drugs that absorb ultraviolet or visible radiation
at an appropriate wavelength.

e The concentration of the dissolved drug is determined using a previously established
calibration curve or a validated analytical procedure.

2. High-performance liquid chromatography (HPLC)

HPLC is useful when accurate drug quantification is required in the presence of impurities,
degradation products, or other components that may interfere with spectrophotometric analysis.

3. Titrimetric method

Titration can be used when the dissolved substance reacts quantitatively with a suitable titrant and an
appropriate endpoint can be established.

4. Gravimetric method

Gravimetric analysis determines the quantity of a substance by measuring mass. It may be suitable for
selected substances when sufficient material can be isolated and weighed accurately.
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The choice of analytical method depends on the chemical properties of the drug, the expected
concentration, and the required accuracy.

1.8.5 Calculation and Expression of Saturation Solubility

Saturation solubility can be expressed as mg/mL, g/L, mol/L, or other appropriate units.

If the concentration of the dissolved drug is determined from a calibration curve, the
measured concentration may be corrected for any dilution performed during sample
preparation.

For example, if the measured concentration is Cr, and the dilution factor is D, the original
concentration is:

Croriginal - Cm x D

The dilution factor is the ratio of the final diluted volume to the volume of the original sample used.

1.8.6 Intrinsic and Apparent Solubility

Intrinsic solubility is the equilibrium solubility of the unionized form of an ionizable
compound under specified conditions.

Apparent solubility is the measured total concentration of the dissolved substance under
particular experimental conditions. For ionizable drugs, it may include both ionized and
unionized forms.

Apparent solubility can vary with pH, temperature, ionic strength, solvent composition, and
the presence of complexing agents or surfactants.

1.8.7 Pharmaceutical Significance

Measurement of saturation solubility is important for:
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Preformulation assessment of drug substances.

Selecting appropriate solvents and excipients.

Evaluating the effect of pH on drug solubility.

Comparing crystalline, amorphous, and other drug forms.

Assessing the effectiveness of solubility-enhancement methods.
Supporting formulation development and dissolution studies.

Investigating precipitation and physical stability.

Understanding the potential limitations of drug dissolution and absorption.

Reliable solubility measurements provide essential information for the rational development of safe,
stable, and effective pharmaceutical products.

1.9 Effect of pH on Solubility

1.9.1 Introduction
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The pH of a solution is an important factor affecting the solubility of ionizable pharmaceutical
substances. Many drugs contain acidic or basic functional groups that undergo ionization depending
on the pH of the surrounding medium.

lonization changes the electrical charge and interactions of a drug molecule with the solvent. In
aqueous media, the ionized form of many drugs is more water-soluble than the corresponding
unionized form. Consequently, changes in pH can substantially alter the apparent solubility of weak
acids and weak bases.

Understanding the relationship between pH and solubility is essential for pharmaceutical formulation,
salt selection, dissolution testing, and the evaluation of drug behaviour in different regions of the
gastrointestinal tract.

1.9.2 lonization of Weak Acids and Weak Bases

1. Weak acids

A weak acid, represented by HA, can dissociate in water to form a hydrogen ion and its conjugate
base.

HA=H" + A

At a pH below its pK,, a weak acid generally exists predominantly in its unionized form. As the pH
increases above its pK,, the proportion of the ionized form increases.

The Henderson—Hasselbalch equation for a weak acid is:

A
[HA

pH = pK, + log

where:
e pH = Negative logarithm of hydrogen-ion activity, conventionally approximated using
hydrogen-ion concentration in dilute solutions.
e pKa = Negative logarithm of the acid dissociation constant.

e A = Concentration of the ionized form.
e HA = Concentration of the unionized form.

2. Weak bases

A weak base, represented by B, can accept a proton to form its conjugate acid, BH*.
BH" =B+ H"

The Henderson—Hasselbalch equation for a weak base is:
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pH = pK, +log

Bl
\BH*]
Here, pKa refers to the dissociation of the conjugate acid, BH".

At a pH below the pK,, the protonated form generally predominates. As the pH increases above the
pKa, the unionized base becomes increasingly predominant.

1.9.3 Effect of pH on the Solubility of Weak Acids

For a weak acid whose solid phase is the unionized form, and under ideal dilute-solution assumptions
without precipitation of another phase, the total solubility can be approximated by:

S = Sp (1 + 10°"PK=)

where:
e S= Total apparent solubility.
e So= Intrinsic solubility of the unionized drug.
e pH = pH of the solution.
e pKa = Acid dissociation constant expressed as pKa

At low pH, the unionized form predominates and the solubility approaches the intrinsic solubility. As
pH increases, ionization increases, generally leading to higher apparent solubility.

However, the equation may not describe the observed behaviour when salt precipitation, complex
formation, non-ideal activities, or other equilibria become important.

1.9.4 Effect of pH on the Solubility of Weak Bases

For a weak base whose solid phase is the unionized form, the apparent solubility can be approximated
by:

S = Sy (1 + 10°%-~PH)

where S and Sy have the same meanings as above.

At low pH, the protonated form of the weak base predominates, generally increasing its apparent
aqueous solubility. As pH increases, the proportion of the unionized form increases, and the apparent
solubility may decrease towards the intrinsic solubility. The equation assumes that the unionized solid
is the controlling solid phase and that other equilibria do not significantly affect the result.

1.9.5 Influence of pH on Drug Dissolution and Precipitation

e A drug may dissolve readily in one pH environment but precipitate when transferred to
another environment.
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e For example, a weakly basic drug may dissolve more readily in an acidic medium. When the
dissolved drug enters a medium with a higher pH, its ionization may decrease, potentially
causing supersaturation and precipitation. Similarly, the solubility of a weakly acidic drug
may decrease when it moves from an alkaline environment to a more acidic environment.

e These changes are important when studying drug release and dissolution across the
gastrointestinal tract. The rate and extent of precipitation depend on the drug's properties and
the composition of the receiving medium.

1.9.6 Factors Modifying the pH-Solubility Relationship
The relationship between pH and solubility may also be influenced by:

The \(pK_a\) and intrinsic solubility of the drug.

The presence of multiple ionizable functional groups.
Salt formation and the solubility of the resulting salt.
Common-ion effects.

lonic strength and activity coefficients.

Complex formation with excipients or other solutes.
Buffer composition and buffer concentration.
Temperature and solvent composition.

Precipitation of alternative solid forms.

©oNO~ WD PR

Consequently, theoretical equations should be supported by experimental solubility measurements
during formulation development.

1.9.7 Pharmaceutical Applications
The effect of pH on solubility is important in:

o Selection of suitable pH conditions for pharmaceutical solutions.

e Preparation of buffer-based formulations.

o Selection of appropriate salt forms of drugs.

o Improvement of the apparent solubility of ionizable drugs.

o Development of pH-dependent drug-release systems.

o Evaluation of drug dissolution in gastrointestinal fluids.

e Investigation of drug precipitation and formulation incompatibility.
e  Optimizing stability and solubility in liquid dosage forms.

Thus, pH-dependent solubility is an essential consideration in pharmaceutical preformulation and
product development.

1.10 Partition Coefficient: Measurement and Significance
1.10.1 Introduction

The partition coefficient is an important physicochemical parameter that describes the distribution of a
substance between two immiscible or nearly immiscible phases at equilibrium. It is particularly
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important in pharmaceutical sciences because it provides information about the relative affinity of a
drug for aqueous and lipid environments.

Drug molecules must interact with different biological environments during absorption and
distribution. For example, a drug administered orally encounters aqueous gastrointestinal fluids and
lipid-containing biological membranes. Its ability to distribute between these environments can
influence membrane permeation, absorption, and tissue distribution.

The partition coefficient is therefore useful in drug discovery, preformulation studies, dosage-form
development, and the assessment of physicochemical properties relevant to biological activity.

1.10.2 Definition of Partition Coefficient

The partition coefficient is defined as the ratio of the equilibrium concentrations of the same
molecular species of a solute in two immiscible liquid phases at a specified temperature.

For a solute distributed between an organic phase and an aqueous phase:
S = Sp (1 + 10°%~PH)

where:

e P=Partition coefficient.
e Corganic= Equilibrium concentration of the solute in the organic phase.
e Caqueous = Equilibrium concentration of the solute in the aqueous phase.

For a conventional octanol-water system, the partition coefficient is expressed as:

Ccn‘r.anol

R};"\\.‘ =
. Cwaler

The coefficient is dimensionless when the concentrations in both phases are expressed using the same
units.

A higher partition coefficient indicates a greater preference for the organic phase relative to the
aqueous phase under the specified conditions. A lower value indicates a greater relative preference for
the aqueous phase.

1.10.3 Distribution Law

e The partition coefficient is associated with the distribution law, commonly referred to as the
Nernst distribution law.

e The law states that, at constant temperature, a solute distributes between two immiscible
solvents in a constant concentration ratio when the solute exists in the same molecular form in
both phases and the relevant ideal conditions are satisfied.
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e For example, when a suitable molecular solute is added to a mixture of water and an
immiscible organic solvent, it distributes between the two phases until equilibrium is
established.

e The equilibrium concentration ratio can then be determined experimentally.

e The distribution law may not apply directly when the solute undergoes ionization, association,
dissociation, complex formation, or chemical reaction in either phase.

1.10.4 Partition Coefficient and Log P

Because partition coefficients may cover a wide numerical range, they are often expressed
logarithmically.

CocLanol
Cwat er

R} fw =

The logarithmic value is called log P.
o Positive log P: The solute has a greater relative affinity for the organic phase.
e Log P near zero: The solute has approximately equal concentrations in the two phases under
the specified conditions.
o Negative log P: The solute has a greater relative affinity for the aqueous phase.

Log P is widely used in medicinal chemistry and pharmaceutical development as an indicator of
lipophilicity.

However, high lipophilicity does not automatically imply better drug absorption. Excessively
lipophilic compounds may exhibit poor aqueous solubility, strong binding to biological components,
or other unfavourable properties.

1.10.5 Distribution Coefficient and Log D

The distribution coefficient differs from the partition coefficient because it may account for all forms
of a compound present in each phase, including ionized and unionized forms.

The distribution coefficient at a specified pH is expressed as:

Curganic.t,mal

D=

Caqueous,lmal
The corresponding logarithmic value is:
log D = logy D

Difference between log P and log D

e Log P generally refers to the partitioning of the unionized molecular species between two
phases.

Mohanty, L., Kumar, S., Ranjan, R., Umasankar, K., & Chakraborty, S. (2026) Page 32



A Textbook of Physical Pharmaceutics - BP206T Mantra Publication | 2026

e Log D refers to the distribution of the total compound between the phases at a specified pH,
potentially including ionized and unionized species.

For ionizable drugs, log D can vary with pH because the degree of ionization changes with the pH of
the aqueous phase.

1.10.6 Measurement of Partition Coefficient

The partition coefficient can be measured using several experimental methods. One commonly used
approach is the shake-flask method.

Shake-Flask Method
Principle

The method is based on allowing a solute to distribute between two immiscible liquid phases until
equilibrium is established. The concentrations of the solute in both phases are then determined
analytically, and their ratio is calculated.

Materials required

e Test compound.

e Water or suitable aqueous buffer.

e Water-saturated n-octanol or another suitable organic solvent.
o Stoppered flask or suitable equilibration vessel.

e Shaker.

e Temperature-control equipment.

e Centrifuge or phase-separation equipment, if required.

o Suitable analytical instrument.

Procedure

1. Select two mutually immiscible phases that are suitable for the compound under investigation.

2. Pre-equilibrate the phases when required to minimize changes in their composition during the
experiment.

3. Introduce a known quantity of the compound into the two-phase system.

4. Agitate the mixture to facilitate distribution of the compound between the phases.

5. Maintain the system at a controlled temperature and allow sufficient time for equilibrium to
be established.

6. Separate the organic and aqueous phases carefully.

7. Determine the concentration of the compound in each phase using a suitable analytical
method.

8. Calculate the partition coefficient by dividing the equilibrium concentration in the organic
phase by that in the aqueous phase.

9. Calculate log P when required.

Calculation
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If the equilibrium concentration in the organic phase is 80 mg/L and that in the aqueous phase is 20
mg/L, then:

20
P=—=4
20
Therefore,

log P = log,,(4) ~ 0.602

This example illustrates the calculation only; it does not represent the measured partition coefficient
of a particular drug.

Precautions
e Maintain constant temperature.
e Ensure that equilibrium has been reached.
e Prevent cross-contamination of the two phases during sampling.
e Select an analytical method appropriate for the concentration range.
o Consider ionization and pH when studying ionizable compounds.

e Avoid excessive concentrations that could cause aggregation, precipitation, or deviations
from ideal behaviour.

1.10.7 Other Methods of Measurement
1. Chromatographic methods

Chromatographic techniques may be used to estimate lipophilicity from retention behaviour. Such
methods require appropriate calibration or validated relationships between retention and partitioning.

2. Potentiometric methods

Potentiometric techniques can be used for selected ionizable compounds to determine partitioning
characteristics by measuring changes associated with ionization and phase distribution.

3. Computational methods

Computational approaches estimate partition coefficients from molecular structure and
physicochemical descriptors. These methods are useful for screening compounds, although predicted
values should be interpreted in the context of the model and its validation.

1.10.8 Factors Affecting Partition Coefficient
The partition coefficient or measured distribution behaviour may be influenced by:

1. Nature of the solute: Molecular structure, functional groups, and polarity affect phase
preference.
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2. Nature of the solvents: The chemical properties of the organic and aqueous phases determine
the interactions available to the solute.

Temperature: Temperature can alter the equilibrium distribution between the phases.

pH: The distribution of ionizable compounds may change substantially with aqueous-phase
pH.

lonization: Charged and unionized forms may exhibit different phase preferences.

Complex formation: Complexes formed in either phase can alter the measured distribution.
lonic strength: Dissolved electrolytes may affect solute activity and phase distribution.
Solvent composition: Changes in solvent composition can modify the solute's affinity for each
phase.

»>w

N Ga

For a non-ionizing solute under fixed conditions, the partition coefficient is generally treated as a
characteristic of the solute-solvent system. For ionizable compounds, the measured distribution
coefficient must be interpreted in relation to pH.

1.10.9 Pharmaceutical Significance

The partition coefficient has several applications in pharmaceutical sciences.

1. Drug absorption

The partitioning of a drug between agqueous fluids and lipid-containing membranes contributes to its
ability to cross biological barriers. However, absorption also depends on molecular size, ionization,
membrane transporters, dissolution, and other factors.

2. Drug distribution

Lipophilicity can influence the distribution of a drug into tissues and its interactions with lipid-rich
biological components.

3. Drug discovery

Partition coefficients and related descriptors are used to evaluate molecular lipophilicity during the
design and screening of drug candidates.

4. Formulation development

Partitioning helps in selecting suitable solvents, vehicles, and excipients for pharmaceutical
formulations.

5. Liquid-liquid extraction

The distribution of a compound between two liquid phases is used to separate and purify
pharmaceutical substances.

6. Topical and transdermal formulations
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Partitioning between the formulation vehicle and the skin can influence drug release and penetration.
Optimal delivery requires an appropriate balance between drug solubility in the vehicle and its ability
to enter the skin.

7. Drug toxicity and pharmacokinetics

Lipophilicity may influence tissue accumulation, protein binding, metabolism, and elimination. These
relationships are complex and cannot be predicted from partition coefficient alone.

8. Bioavailability assessment

Partitioning characteristics provide useful supporting information during preformulation and
biopharmaceutical evaluation, particularly when interpreted alongside solubility, permeability, and
dissolution data.

1.11 Critical Solution Temperature and Applications
1.11.1 Introduction

Critical solution temperature is an important property of partially miscible liquid systems. It describes
the temperature at which the mutual solubility of two liquids reaches a critical condition, marking the
boundary between one-phase and two-phase regions for a particular liquid—liquid system.

The critical solution temperature is also called the consolute temperature. It is associated with the
critical point of liquid-liquid phase separation and depends on the nature of the liquids, their
composition, and the pressure.

This concept is important in physical pharmacy because temperature-dependent phase behaviour
influences solvent selection, extraction, purification, and the stability of liquid formulations.

1.11.2 Definition

e The critical solution temperature is defined as the temperature at which two partially miscible
liquids become completely miscible in all proportions at a specified pressure, for a system
exhibiting an upper or lower critical solution temperature.

e At the critical point, the distinction between the two liquid phases disappears at the critical
composition.

e Depending on the system, the critical solution temperature may be an upper critical solution
temperature, a lower critical solution temperature, or both.

1.11.3 Types of Critical Solution Temperature
1. Upper Critical Solution Temperature (UCST)
e The upper critical solution temperature is the temperature above which two partially miscible
liquids become completely miscible in all proportions.

e Below the UCST, the mixture may separate into two liquid phases over a particular range of
compositions.
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e Example: Phenol-water system

e Phenol and water exhibit limited mutual solubility over a range of temperatures. As the
temperature increases, their mutual solubility increases. Above the upper critical solution
temperature, the two liquids become completely miscible in all proportions.

This behaviour demonstrates how temperature can alter the intermolecular interactions and phase
stability of a liquid mixture.

2. Lower Critical Solution Temperature (LCST)

e The lower critical solution temperature is the temperature below which two liquids become
completely miscible in all proportions for a system exhibiting lower critical solution
behaviour.

e Above the LCST, the mixture may separate into two liquid phases over a particular
composition range.

e Example: Triethylamine—water system

e Triethylamine and water are commonly cited as an example of a liquid pair exhibiting lower
critical solution temperature behaviour under appropriate conditions.

e This type of system illustrates that increasing temperature does not always increase mutual
solubility.

3. Systems Exhibiting Both UCST and LCST
e Certain liquid mixtures exhibit both upper and lower critical solution temperatures. In such
systems, complete miscibility may occur within an intermediate temperature range, while

phase separation occurs below and above that range.
e The phase behaviour depends on the molecular interactions and composition of the system.

1.11.4 Factors Affecting Critical Solution Temperature
1. Nature of the liquids

The chemical structure, polarity, and intermolecular interactions of the two liquids determine their
mutual solubility and phase behaviour.

2. Molecular interactions

Hydrogen bonding, dipole-dipole interactions, and dispersion forces influence the stability of the
mixed phase relative to separated phases.

3. Composition of the mixture

The proportions of the two liquids determine whether the mixture exists as one phase or two phases at
a particular temperature.

4. Temperature
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Temperature changes the balance of enthalpic and entropic contributions to mixing and can alter the
mutual solubility of the liquids.

5. Pressure

Pressure may influence the critical conditions and phase equilibrium, although its effect on ordinary
liquid mixtures is often smaller than that of temperature and composition.

6. Presence of additional substances

A third component, such as a dissolved salt or co-solvent, may alter the mutual solubility and shift the
critical solution temperature. The direction of the change depends on the chemical characteristics and
concentration of the added substance.

1.11.5 Determination of Critical Solution Temperature

The critical solution temperature can be determined experimentally by observing the temperature-
dependent miscibility of two liquids.

General procedure

Prepare a mixture of two partially miscible liquids in a known composition.

Place the mixture in a suitable vessel and control its temperature.

Observe the formation or disappearance of separate liquid phases as the temperature changes.
Record the temperature at which the mixture becomes homogeneous or separates into two
phases.

Repeat the observation using mixtures of different compositions.

Plot the observed phase-transition temperatures against composition to construct a liquid—
liquid phase diagram.

7. ldentify the critical point from the resulting phase boundary.

Mo

o o

Careful temperature control and sufficient time for phase equilibration are necessary for reliable
results.

1.11.6 Pharmaceutical Applications of Critical Solution Temperature
1. Solvent selection

Knowledge of critical solution temperature helps in selecting solvent mixtures for pharmaceutical
processing, extraction, and purification.

2. Liquid-liquid extraction

Temperature-dependent miscibility can be used to influence phase separation and facilitate the
recovery of desired compounds.

3. Purification of pharmaceutical substances
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Changes in mutual solubility with temperature may support the separation of compounds and the
removal of impurities in suitable solvent systems.

4. Formulation development

The concept helps pharmaceutical scientists understand the influence of temperature on the
homogeneity and phase stability of liquid formulations.

5. Polymer-based drug delivery systems

Temperature-responsive polymers and polymer-containing systems may exhibit changes in solubility
or phase behaviour with temperature. Although these transitions are not always identical to the critical
solution temperature of a simple binary liquid mixture, the underlying phase-behaviour concepts are
relevant to the design of temperature-responsive delivery systems.

6. Stability studies

Understanding temperature-dependent phase separation helps in identifying conditions under which a
liquid formulation may become heterogeneous during manufacturing, storage, or use.

7. Selection of processing conditions

Critical solution temperature data can assist in selecting appropriate temperatures for mixing,
extraction, phase separation, and solvent recovery.

1.11.7 Pharmaceutical Significance
Critical solution temperature provides information about the relationship between temperature,
composition, and the miscibility of liquid systems. It is particularly useful in understanding phase

diagrams and the temperature-dependent behaviour of partially miscible liquids.

In pharmaceutical practice, this knowledge supports solvent selection, extraction, purification,
formulation development, and the evaluation of temperature-dependent physical stability.

Mohanty, L., Kumar, S., Ranjan, R., Umasankar, K., & Chakraborty, S. (2026) Page 39



A Textbook of Physical Pharmaceutics - BP206T Mantra Publication | 2026

Chapter 2: Buffers

2.1 Introduction to Buffers

2.1.1 Definition of Buffers

A buffer solution is a solution that resists significant changes in pH when small quantities of a strong
acid or a strong base are added. It also generally resists changes in pH upon dilution, although dilution
may affect its buffer capacity.

Buffer solutions are important in pharmaceutical sciences because many drugs, excipients, and
biological substances exhibit pH-dependent solubility, stability, and activity. Maintaining an
appropriate pH is therefore essential for the preparation, storage, and administration of pharmaceutical
products.

A buffer solution generally consists of either:

1. A weak acid and its salt containing the corresponding conjugate base.
2. A weak base and its salt containing the corresponding conjugate acid.

The components of a buffer solution react with small quantities of added acid or base, thereby limiting
changes in hydrogen-ion activity and maintaining a relatively stable pH.

2.1.2 Types of Buffer Solutions

1. Acidic buffer

An acidic buffer generally consists of a weak acid and its salt formed with a strong base. It maintains
a pH below 7 under ordinary aqueous conditions. Example: Acetic acid and sodium acetate. Acetic

acid acts as the weak acid, while sodium acetate supplies acetate ions, which are the conjugate base of
acetic acid. The ionization equilibrium of acetic acid is represented as:

CH;COOH = H" + CH;C00~

When a small quantity of strong acid is added, acetate ions react with the added hydrogen ions to form
undissociated acetic acid.

CH3COO + H™ — CH3COOH

When a small quantity of strong base is added, acetic acid reacts with hydroxide ions to form acetate
ions and water.

CH,COOH + OH — CH;COO™ + H,O

These reactions reduce the extent of pH change.
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2. Basic buffer

A basic buffer generally consists of a weak base and its salt formed with a strong acid. It maintains a
pH above 7 under ordinary aqueous conditions.

Example: Ammonia and ammonium chloride.

The buffer components can be represented by the equilibrium:
NH; + H,O == NHf + OH

When a small quantity of strong acid is added, ammonia reacts with the added hydrogen ions to form
ammonium ions.

NH; + H* — NHf

When a small quantity of strong base is added, ammonium ions react with hydroxide ions to produce
ammonia and water.

NH; +OH  — NH; + H,O
These reactions help maintain a relatively stable pH.

2.1.3 Mechanism of Buffer Action

e The buffer action depends on the presence of a weak acid—conjugate base pair or a weak
base—conjugate acid pair.

¢ Inan acidic buffer, the weak acid neutralizes added hydroxide ions, while the conjugate base
neutralizes added hydrogen ions.

e In a basic buffer, the weak base neutralizes added hydrogen ions, while the conjugate acid
neutralizes added hydroxide ions.

e The buffer components are present in sufficient amounts to react with small additions of acid
or base without causing a large change in the ratio of the two components.

For example, in an acetic acid—sodium acetate buffer:

e Added acid is consumed mainly by acetate ions.
e Added base is consumed mainly by acetic acid.

The pH therefore changes much less than it would in an unbuffered solution. However, buffer action
is not unlimited. When one component is substantially consumed, the buffer gradually loses its ability
to resist further pH changes.

2.1.4 Characteristics of Buffer Solutions

The important characteristics of buffer solutions are as follows:
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Resistance to pH change: Buffers minimize pH changes following small additions of acid or
base.

Defined pH range: Each buffer system is most effective over a particular pH range related to
the \(pK_a\) of its weak acid or conjugate acid.

Dependence on component ratio: The pH depends primarily on the ratio of the conjugate base
to the weak acid, or the weak base to its conjugate acid.

Dependence on concentration: Increasing the total concentration of buffer components
generally increases buffer capacity when their ratio remains unchanged.

Effect of dilution: Dilution usually has a relatively small effect on buffer pH under ideal
conditions, but it decreases the total concentration of the buffering components and generally
reduces buffer capacity.

Temperature dependence: Temperature may influence the dissociation constant and therefore
the pH of a buffer.

Finite capacity: A buffer can neutralize only a limited amount of added acid or base before its
pH changes substantially.

2.1.5 Importance of Buffers

Buffers are important because pH influences many chemical and biological processes. They
help maintain suitable conditions for drug stability, solubility, biological activity, and
analytical measurements.

In pharmaceutical formulations, buffers may be used to maintain an appropriate pH during
manufacturing and storage. In biological systems, they help regulate pH despite the
continuous production of acidic and basic substances during metabolism.

Thus, buffers are essential in pharmaceutical formulation, analytical chemistry, and
physiological regulation.

2.2 Buffers in Pharmaceutical and Biological Systems

2.2.1 Introduction

Buffers play a vital role in pharmaceutical and biological systems by maintaining pH within a
suitable range. Changes in pH can alter the ionization, solubility, chemical stability, and
biological activity of many substances.

In pharmaceutical preparations, an appropriate buffer system may be required to maintain
product stability, minimize irritation, and support drug solubility. In biological systems,
buffers help maintain the pH required for normal cellular activity, enzyme function, and
metabolic processes.

The selection of a buffer depends on the required pH, buffer capacity, compatibility with the
drug and excipients, route of administration, and safety considerations.

2.2.2 Buffers in Pharmaceutical Systems

1. Maintenance of drug stability

Many drugs undergo degradation through hydrolysis, oxidation, or other chemical reactions. The rate
of degradation may depend on pH.
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A suitable buffer can maintain the pH within a range that improves the chemical stability of the drug.
However, the selected buffer must be evaluated carefully because some buffer components may
participate in specific degradation reactions.

2. Improvement of drug solubility

The solubility of ionizable drugs often depends on the pH of the formulation. A buffer may maintain
the pH at a level that supports the desired degree of ionization and helps prevent unwanted
precipitation. For example, the solubility of weak acids and weak bases can often be adjusted by
changing the pH of the surrounding medium.

3. Control of physiological compatibility

The pH of pharmaceutical preparations intended for administration to the body should be selected
with consideration of the route of administration and the characteristics of the formulation. Buffers
may be used to control pH in ophthalmic, parenteral, nasal, and other preparations. However, the
buffer strength and composition must be selected carefully because excessive buffering may interfere
with the body's ability to adjust the pH after administration.

4. Ophthalmic preparations

Buffers may be incorporated into eye drops to maintain a suitable pH during storage and use. Their
selection requires consideration of ocular tolerance, drug stability, and the ability of tears to neutralize
the formulation after administration.

5. Parenteral preparations

Buffers may be used in injections and infusions to maintain pH and improve the stability of the active
pharmaceutical ingredient. Their use requires careful assessment of buffer concentration,
physiological compatibility, route of administration, and potential effects on local tolerability.

6. Oral liquid preparations

Buffers may be used in oral solutions, syrups, and suspensions to maintain a suitable pH for drug
stability, solubility, taste, and formulation performance.

7. Pharmaceutical analytical procedures

Buffer solutions are widely used in analytical laboratories to maintain a controlled pH during
titrations, spectrophotometric measurements, chromatographic analysis, and other analytical
procedures.

8. Dissolution testing

Buffers are used as dissolution media to provide a controlled pH environment for evaluating drug

release from pharmaceutical dosage forms. The selected medium should be appropriate for the
purpose of the test and the drug's physicochemical properties.
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2.2.3 Common Pharmaceutical Buffer Systems

The following buffer systems are commonly used in pharmaceutical and analytical applications.

Buffer system Principal components Typical application
L Acidic  formulation n nalytical
Acetate buffer Acetic acid and acetate salt cidic formulations and analytica
procedures
Dissolution  testing and analytical

Phosphate buffer Phosphoric acid and phosphate salts

procedures
. o . Pharmaceutical formulations and
Citrate buffer Citric acid and citrate salts .
analytical procedures
L | formulation an nalytical
Borate buffer Boric acid and borate salts Se ec_:teo! ormulation and analytica
applications
Ammonia buffer Ammonia and ammonium salt Selected analytical procedures

The suitability of a buffer depends on its pH range, capacity, compatibility, toxicity, route of
administration, and applicable pharmaceutical standards. Not every buffer is appropriate for every
dosage form.

2.2.4 Buffers in Biological Systems

Biological systems require a relatively stable pH for normal physiological function. Changes in pH
can affect enzyme activity, protein structure, membrane transport, and metabolic reactions. The body
maintains pH through chemical buffer systems and physiological mechanisms involving the lungs and
kidneys.

1. Bicarbonate buffer system

The bicarbonate buffer system is the principal extracellular buffering system in blood.

It involves the equilibrium between dissolved carbon dioxide, carbonic acid, bicarbonate ions, and
hydrogen ions.

COy, 4+ H,O = H,CO4

H,CO3 = H™ +HCOy

The system helps regulate blood pH through the combined effects of chemical buffering, pulmonary
regulation of carbon dioxide, and renal regulation of bicarbonate and hydrogen-ion excretion.

2. Phosphate buffer system

The phosphate buffer system consists primarily of dihydrogen phosphate and hydrogen phosphate
ions.

H,PO; < H* + HPO?"
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It is important in intracellular fluids and renal tubular fluid. The system helps resist pH changes
through the reversible acceptance or release of hydrogen ions.

3. Protein buffer system

e Proteins contain ionizable functional groups that can accept or donate hydrogen ions. These
groups enable proteins to contribute to pH regulation.

e Proteins act as important buffers in cells and plasma. Their buffering action depends on the
ionizable groups present and the pH of the surrounding medium.

4. Haemoglobin buffer system

e Haemoglobin is an important buffer within red blood cells. It can bind and release hydrogen
ions, helping to minimize changes in blood pH during carbon dioxide transport and oxygen
exchange.

e Haemoglobin buffering is closely linked to the physiological transport of oxygen and carbon
dioxide.

2.2.5 Importance of Biological Buffer Systems
Biological buffers contribute to:

Maintenance of blood and intracellular pH.

Regulation of enzyme activity.

Maintenance of protein structure and function.

Support of cellular metabolism.

Facilitation of carbon dioxide transport.

Regulation of hydrogen-ion balance.

Maintenance of physiological conditions necessary for normal organ function.

No ok~ wdE

2.2.6 Comparison of Pharmaceutical and Biological Buffers

Feature Pharmaceutical buffers Biological buffers

Main purpose Maintain formulation or analytical pH Maintain physiological pH

Bicarbonate, phosphate, proteins,

Composition Selected buffer substances and salts .
haemoglobin, and related systems

. . Involves chemical buffers, lungs,
Mainly  depends on  formulation g

Regulation . . kidneys, and other physiological

g composition and external conditions y PRy g

processes
L Formulation development, storage, and .
Application . P g Normal cellular and organ function
analysis

Selection Stability, compatibility, safety, and route | Physiological function and
considerations of administration regulation of acid-base balance

Pharmaceutical and biological buffer systems share the principle of resisting pH changes, but their
compositions, operating conditions, and functions differ.

2.3 pH Determination Methods
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2.3.1 Introduction

The determination of pH is an important procedure in pharmaceutical analysis and formulation
development. The pH of a solution influences drug ionization, solubility, stability, dissolution, and
compatibility with other formulation components.

The pH of an aqueous solution is defined in terms of hydrogen-ion activity:

pH = —log,yan:

where an-+ represents the activity of hydrogen ions. In dilute solutions, hydrogen-ion concentration is
often used as an approximation of hydrogen-ion activity.

The pH scale is commonly described as ranging from 0 to 14 for dilute aqueous solutions under
ordinary conditions. A pH below 7 is generally acidic, a pH of 7 is neutral at approximately 25°C, and
a pH above 7 is generally alkaline. The neutral pH changes with temperature, and pH values outside
the conventional range are also possible in concentrated or specialized systems.

The principal methods used for pH determination include electrometry and colorimetry.
2.3.1 Electrometry
Principle

e The electrometric method determines pH by measuring the electrical potential developed
between a pH-sensitive electrode and a reference electrode when they are immersed in a
solution.

e A glass electrode is commonly used as the pH-sensitive electrode. I1ts membrane responds to
hydrogen-ion activity in the sample, producing an electrical potential that varies with pH. A
reference electrode provides a stable reference potential.

e A pH meter measures the potential difference and converts it into a pH reading using
appropriate calibration.

e At approximately 25°C, the ideal Nernstian response of a glass electrode is about 59.16 mV
per pH unit. The actual response depends on temperature, electrode condition, and instrument
calibration.

Apparatus Required

e pH meter.

o Glass pH electrode or suitable combination electrode.
o Reference electrode, if separate.

o Standard buffer solutions for calibration.

o Distilled or deionized water.

e Clean beakers.

e Temperature-measuring device, when required.

Procedure
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1. Switch on the pH meter and allow it to stabilize according to the manufacturer's instructions.

2. Prepare suitable standard buffer solutions that bracket the expected pH of the sample.

3. Calibrate the instrument using the appropriate standard buffers.

4. Rinse the electrode with distilled or deionized water and gently remove excess water without
rubbing the sensitive glass membrane.

5. Immerse the electrode in the sample so that the sensing region and reference junction are
appropriately covered.

6. Stir gently if required, avoiding the formation of air bubbles around the electrode.

7. Allow the reading to stabilize.

8. Record the pH and temperature, where relevant.

9. Rinse the electrode after measurement and store it according to the manufacturer's
recommendations.

Advantages

1. Provides direct and generally accurate pH measurements.

2. Suitable for coloured and moderately turbid solutions when the electrode can function
properly.

3. Offers a wide measurement range.

4. Requires relatively little sample preparation.

5. Can be used for routine pharmaceutical quality-control testing.

6. Allows continuous monitoring of pH in suitable systems.

Limitations

1. Requires calibration using appropriate standard buffers.

2. Electrode performance may deteriorate with ageing, contamination, or improper storage.

3. Temperature can influence the measured pH and electrode response.

4. Some samples may interfere with the electrode or reference junction.

5. Very low ionic-strength samples may produce unstable readings.

6. Electrode maintenance and replacement may be necessary.

Pharmaceutical Applications

The electrometric method is used for determining the pH of pharmaceutical solutions, suspensions,
syrups, buffer solutions, dissolution media, and other suitable preparations. It is also useful for
monitoring pH during formulation development and manufacturing.

2.3.2 Colorimetry

Principle

The colorimetric method determines pH by observing the colour change of an acid—base indicator or
an indicator mixture in a solution.

Acid-base indicators are substances that exist in differently coloured forms depending on the pH of
the medium. The colour change occurs over a characteristic pH range associated with the indicator's
ionization equilibrium.
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For an indicator represented as Hin, the equilibrium can be written as:
HIn=H" +1In"

The unionized and ionized forms may exhibit different colours. The relative proportions of these
forms change with pH, producing a visible colour change.

The pH can be estimated by comparing the observed colour with a standard colour chart or a series of
reference solutions. In instrumental colorimetry, the colour response may be measured using an
appropriate optical instrument.

Materials Required

e Suitable acid-base indicator or universal indicator.
e Sample solution.

e Standard buffer solutions or reference colour chart.
e Clean test tubes or suitable containers.

o Droppers or pipettes.

e  White background for visual comparison.

Procedure

Select an indicator whose transition range includes the expected pH of the sample.
Place a suitable quantity of the sample in a clean test tube or container.

Add the recommended quantity of indicator.

Mix gently to ensure uniform distribution of the indicator.

Observe the resulting colour under consistent lighting conditions.

Compare the colour with a standard colour chart or reference solutions.

Estimate and record the pH.

No gk~ wdpE

When universal indicator is used, the observed colour is compared with a chart covering a broad pH
range.

Common Indicators and Their Transition Ranges

Indicator Approximate pH transition range Colour change
Methyl orange 3.1-44 Red to yellow
Methyl red 4.4-6.2 Red to yellow
Bromothymol blue 6.0-7.6 Yellow to blue
Phenolphthalein 8.2-10.0 Colourless to pink
Litmus Approximately 4.5-8.3 Red to blue
Universal indicator Broad range, approximately pH 1-14 Multiple colours

The exact colour and transition range may depend on the indicator formulation, solvent, temperature,
and experimental conditions.

Advantages
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Simple and inexpensive.

Requires minimal equipment.

Suitable for rapid, approximate pH estimation.

Useful for educational demonstrations and routine preliminary testing.
Allows the use of different indicators for different pH ranges.

akrwdPE

Limitations

Generally less accurate than a properly calibrated pH meter.
Coloured samples may interfere with visual comparison.
Turbid solutions may make colour interpretation difficult.

The accuracy depends on the observer and lighting conditions.
The indicator may alter the sample slightly.

It is unsuitable when precise pH measurement is required.

I A

Pharmaceutical Applications
Colorimetric pH determination is useful for preliminary assessment of solutions, educational
laboratory experiments, and certain routine tests in which approximate pH is sufficient. It is less

suitable for pharmaceutical applications requiring precise and reproducible pH values.

Comparison of Electrometry and Colorimetry

Feature Electrometry Colorimetry
Principle Electrical potential measurement | Colour change of an indicator
Indicator and colour chart or optical
Instrument pH meter and electrode . P
instrument

Generally higher when properly

. Usually lower for visual estimation
calibrated

Accuracy

Coloured samples Often suitable Colour interference may occur

Often suitable, depending on

- Visual interpretation may be difficult
electrode compatibility

Turbid samples

Cost Relatively higher Relatively low

Accurate  pharmaceutical pH

Rapid and approximate pH estimation
measurement

Main application

2.4 Buffer Equation
2.4.1 Introduction

e The buffer equation expresses the relationship between the pH of a buffer solution, the
dissociation constant of its weak acid or conjugate acid, and the ratio of its buffering
components.

e The most widely used buffer equation is the Henderson—Hasselbalch equation. It is used to
calculate the approximate pH of buffer solutions and to determine the relative quantities of
the components required to prepare a buffer of a desired pH.
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e The equation is derived from the acid dissociation equilibrium and is applicable to suitable
buffer systems under conditions where concentration-based approximations are reasonable.

2.4.2 Henderson—Hasselbalch Equation for Acidic Buffers

Consider a weak acid, HA, that dissociates in water:
HA=H + A

The acid dissociation constant, Ka, is expressed as:

[H*][A7]
Ko="mar

Rearranging the equation:

Taking the negative logarithm of both sides gives:

[HA]
147

—log[H"] = —log K, — log

o PH= —log[H"|and pK, = —log K,

Sinc *, the equation becomes:

_ (A7)
pH = pK, +log A

This is the Henderson—Hasselbalch equation for an acidic buffer.
Here:

e pH = pH of the buffer solution.

e pKa = Negative logarithm of the acid dissociation constant.

e A = Concentration of the conjugate base.

e [HA] = Concentration of the weak acid.
For a buffer prepared from a weak acid and a soluble salt supplying its conjugate base, the ratio of the
concentrations may often be approximated using the analytical concentrations of the two components,
provided that the assumptions of the equation are satisfied.

Interpretation

e When [A] = [HA], the pH is approximately equal to pKa.
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e When [AT] > [HA], the pH is generally greater than pKa.
e When [A] < [HA], the pH is generally less than pKa.

The equation is particularly useful when the pH is close to the \(pK_a\) of the weak acid.
2.4.3 Henderson-Hasselbalch Equation for Basic Buffers
For a weak base, B, and its conjugate acid, BH*, the equilibrium is:
BH" = B-+H"
The acid dissociation constant of the conjugate acid is:
_ [H'][B]

K, = —
[BH"]

Rearranging and taking negative logarithms gives:

[B]

H = pK, +log -

where:

e pH = pH of the buffer solution.

e pKa = Negative logarithm of the dissociation constant of the conjugate acid.
e [B] = Concentration of the weak base.

e [BH'] = Concentration of the conjugate acid.

Thus, the pH of a basic buffer depends on the ratio of the weak base to its conjugate acid.
2.4.4 Applications of the Buffer Equation
The Henderson—Hasselbalch equation is useful for:

Calculating the approximate pH of acidic and basic buffer solutions.
Determining the ratio of buffer components required for a desired pH.
Preparing buffer solutions for pharmaceutical formulations.

Understanding the relationship between pH and drug ionization.

Estimating the pH of biological buffer systems under suitable conditions.
Selecting appropriate buffer systems for analytical procedures.

Studying pH-dependent solubility of weakly acidic and weakly basic drugs.
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2.4.5 Limitations of the Buffer Equation

The Henderson—Hasselbalch equation is most useful for buffer systems containing a weak acid and its
conjugate base, or a weak base and its conjugate acid, under suitable conditions.
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Its practical limitations include:

e Concentrations are used as approximations of activities.

e Accuracy may decrease in concentrated solutions with substantial non-ideal behaviour.

e The equation is less reliable when one buffer component is present in a very small proportion.

e Temperature changes may alter the dissociation constant and the resulting pH.

o Additional equilibria, including complex formation, precipitation, and multiple ionization
steps, may affect the measured pH.

e The equation does not by itself describe the amount of acid or base a buffer can neutralize;
that property is related to buffer capacity.

In pharmaceutical practice, calculated pH values should be confirmed experimentally when precise
control is required.

2.5 Factors Influencing the pH of Buffer Solutions

The pH of a buffer solution depends primarily on the nature of the buffer components, their relative
concentrations, temperature, and the presence of additional substances that may alter the acid-base
equilibrium. Although buffer solutions resist changes in pH, their pH is not completely constant under
all conditions. Understanding these factors is essential for preparing and maintaining buffers used in
pharmaceutical formulations, analytical procedures, and biological systems.

For an acidic buffer consisting of a weak acid and its conjugate base, the Henderson—Hasselbalch
equation is expressed as:

A
pH = pK, +log [H A]]

where [A] represents the concentration of the conjugate base and [ HA] represents the concentration
of the weak acid.

The principal factors influencing buffer pH are described below.
2.5.1 Ratio of Buffer Components

The ratio of the conjugate base to the weak acid is one of the most important factors determining
buffer pH. According to the Henderson—Hasselbalch equation, the pH depends on the logarithm of
this ratio.

e When the concentrations of the weak acid and its conjugate base are equal, the pH is
approximately equal to the pKa.

e When the concentration of the conjugate base increases relative to the weak acid, the pH
increases.

o When the concentration of the weak acid increases relative to the conjugate base, the pH
decreases.
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For example, an acetate buffer containing acetic acid and sodium acetate has a pH near the pKa of
acetic acid when both components are present in equal concentrations. Changing their ratio allows the
pH to be adjusted to the desired value.

2.5.2 Nature and Strength of the Buffer Components

The pKa of the weak acid determines the pH range in which a buffer system is most effective. A
buffer generally functions most effectively within approximately one pH unit above or below the pKa
of its weak acid.

For example, acetate buffers are suitable for maintaining moderately acidic conditions, whereas
phosphate buffers are useful near neutral pH. The selection of a buffer should therefore consider the
required pH, the pKa of the buffer components, and compatibility with the formulation ingredients.

2.5.3 Total Concentration of Buffer Components

The total concentration of a buffer is the combined concentration of its weak acid and conjugate base.
When the ratio of these components remains constant, increasing or decreasing their total
concentration generally has little effect on the ideal calculated pH.

However, total concentration strongly influences buffer capacity. A more concentrated buffer can
neutralize a greater quantity of added acid or base before undergoing a substantial change in pH. In
practical solutions, changes in concentration may also affect ionic strength and activity coefficients,
resulting in small deviations from the calculated pH.

2.5.4 Temperature

Temperature can influence buffer pH by changing the dissociation constant of the weak acid, the
ionization of water, and the activities of dissolved species. Consequently, a buffer prepared at one
temperature may exhibit a different pH when measured at another temperature.

Temperature is particularly important in pharmaceutical analysis, dissolution testing, stability studies,
and biological experiments. The temperature at which the pH is measured should therefore be
controlled or recorded, and the temperature characteristics of the selected buffer should be considered.

2.5.5 Dilution

Dilution with water decreases the concentrations of both buffer components. If both components are
diluted proportionally and their activity coefficients remain approximately unchanged, their
concentration ratio remains constant; therefore, the pH may change very little.

Nevertheless, dilution can alter ionic strength and activity coefficients, especially in dilute solutions.
These effects may cause a measurable change in pH. Dilution also decreases the buffer capacity

because fewer moles of the buffer components are available to neutralize added acid or base.

2.5.6 Addition of Acids or Bases
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The addition of a small quantity of a strong acid or base produces only a limited pH change because
the buffer components react with the added substance.

In an acidic buffer:

e Added acid reacts with the conjugate base, converting it into the weak acid.
o Added base reacts with the weak acid, converting it into the conjugate base.

For example:

A +H — HA

HA+OH —= A +HO

As the ratio of the buffer components changes, the pH changes accordingly. If excessive acid or base
is added, one buffer component may be depleted, and the solution may lose its ability to resist further
pH changes.

2.5.7 lonic Strength and Activity Coefficients

The pH of a solution is related to hydrogen-ion activity rather than simply its concentration. lonic
strength influences the activity coefficients of dissolved ions and may therefore affect the relationship
between concentration and measured pH.

This effect becomes particularly important in concentrated electrolyte solutions and pharmaceutical
formulations containing salts, electrolytes, or charged drug substances. For accurate analytical work,
ionic strength should be considered when selecting and validating a buffer system.

2.5.8 Presence of Other Ingredients

Pharmaceutical formulations may contain drugs, preservatives, antioxidants, surfactants, polymers,
and other excipients that interact with the buffer system. lonizable ingredients may consume or
release hydrogen ions, while certain excipients may influence ionic strength or the apparent
dissociation behavior of buffer components.

For example, an acidic drug may lower the pH of a formulation if its addition exceeds the available
buffering capacity. Therefore, the final pH should be measured after incorporating the formulation
ingredients rather than being estimated solely from the buffer prepared separately.

Pharmaceutical significance: Control of these factors is essential for maintaining drug solubility,
chemical stability, preservative effectiveness, patient acceptability, and the performance of

pharmaceutical dosage forms.

2.6 Factors Influencing Buffer Capacity
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Buffer capacity is the ability of a buffer solution to resist a change in pH when a small quantity of
strong acid or strong base is added. It depends on the quantity and nature of the buffer components,
their relative proportions, temperature, and the composition of the surrounding medium.

Buffer capacity is commonly represented by the symbol \(\beta\) and can be expressed as:

o B =buffer capacity,

e« dB =small amount of strong base added per unit volume, expressed in equivalents per litre,

e d(pH) = resulting change in pH.
A similar magnitude can be obtained using the amount of strong acid added, with the sign convention
adjusted according to the direction of the pH change. Buffer capacity is commonly expressed in
equivalents per litre per pH unit.
2.6.1 Total Concentration of Buffer Components
The total concentration of the weak acid and its conjugate base is a major determinant of buffer
capacity. At a given component ratio, a more concentrated buffer generally possesses greater capacity

because it contains more material available to react with added acid or base.

For example, a concentrated acetate buffer generally resists pH changes more effectively than a dilute
acetate buffer having the same acid-to-base ratio.

However, increasing the buffer concentration is not always desirable. High concentrations may affect
ionic strength, drug compatibility, taste, tolerability, and the suitability of the formulation for its
intended route of administration.

2.6.2 Ratio of Acid to Conjugate Base

Buffer capacity depends on the relative amounts of the weak acid and its conjugate base. A buffer has
its maximum capacity, under ideal conditions for a monoprotic weak-acid system, when the

concentrations of the two components are approximately equal.

At this point:
HA] ~ [A7]
and

pH ~ pK,
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Both components are then available in substantial amounts to neutralize added base or acid,
respectively.

If one component is present in a much smaller quantity than the other, the buffer becomes less
effective against additions that consume the minor component.

2.6.3 pH Relative to pKa

The buffering action of a weak acid—conjugate base system is strongest near its pKa. In general, the
useful buffering range extends approximately from pKa — 1 to pKa + 1.

Outside this range, one component predominates and the capacity to neutralize the corresponding
added acid or base decreases.

For example, a buffer with a pKa of approximately 4.76 is generally useful for maintaining pH values
near the acidic range, while a phosphate system with a pKa near neutral pH is more suitable for many
near-neutral applications.

2.6.4 Temperature

Temperature may influence buffer capacity by changing the dissociation constant of the buffer
components and the equilibrium between their ionized and unionized forms. It can also affect the pH
response of the system.

Buffers used in temperature-sensitive pharmaceutical processes or biological experiments should
therefore be evaluated at the temperature of intended use.

2.6.5 Dilution

Dilution reduces the total concentration of buffer components and usually decreases buffer capacity.
Even if the pH remains nearly unchanged after proportional dilution, the diluted buffer contains fewer
moles of acid and conjugate base per unit volume and is consequently less able to neutralize added
acid or base.

This distinction is important: a buffer may retain approximately the same pH after dilution while
losing a substantial part of its buffering capacity.

2.6.6 lonic Strength
lonic strength affects the activities of charged species and can alter the effective dissociation behavior
of the buffer components. These changes may influence both the measured pH and the observed

buffering response.

This factor is relevant in formulations containing electrolytes, biological fluids, and analytical
solutions with high salt concentrations.

2.6.7 Addition of Other Substances
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Substances that react with the buffer components or contribute additional acid—base equilibria may
alter buffer capacity. lonizable drugs, acidic or alkaline excipients, and dissolved gases can affect the
amount of acid or base the buffer can neutralize.

For example, absorption of carbon dioxide by an alkaline solution can change its acid—base balance.
Similarly, adding an acidic drug to a formulation can consume part of the buffer's conjugate-base
reserve.

2.6.8 Nature of the Buffer System

Different buffer systems have different pKa values, solubilities, chemical compatibilities, and
temperature responses. The choice of buffer must be appropriate for the required pH and the intended
application.

A buffer should also be selected to minimize interactions with the active pharmaceutical ingredient,
excipients, packaging materials, and analytical reagents.

Pharmaceutical Importance of Buffer Capacity
Buffer capacity is important for:

1. Maintaining the pH of oral, topical, ophthalmic, and parenteral formulations within an
appropriate range.

Improving drug stability when degradation is pH-dependent.

Maintaining suitable conditions for enzyme activity and biochemical reactions.

Supporting reproducible analytical measurements and dissolution studies.

Reducing pH changes during storage and following the addition of compatible formulation
ingredients.

arwbd

The required buffer capacity should be sufficient to maintain formulation performance without
introducing an unnecessarily high concentration of buffer salts.

2.7 General Procedure for Preparing Buffers

Buffer solutions are prepared by combining a weak acid with its conjugate base or a weak base with
its conjugate acid in appropriate proportions. The selected components should provide the required
pH and sufficient buffer capacity while remaining compatible with the intended pharmaceutical or
analytical application.

2.7.1 Selection of the Buffer System

The first step is to select a suitable buffer system based on the target pH. The pKa of the weak acid
should preferably be close to the desired pH because buffering action is generally most effective in
this region.

Common buffer systems include:

e Acetate buffer: suitable for acidic pH ranges.
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e Citrate buffer: useful in acidic formulations and analytical procedures.

e Phosphate buffer: commonly used near neutral pH.

o Borate buffer: useful in selected alkaline-range applications, subject to compatibility and
safety considerations.

o Carbonate—bicarbonate buffer: useful in certain alkaline and physiological applications.

The choice must also consider solubility, toxicity, route of administration, stability, and possible
interactions with the drug and excipients.

2.7.2 Calculation of Buffer Component Proportions

The required ratio of the conjugate base to weak acid can be calculated using the Henderson—
Hasselbalch equation:

A

Rearranging:

[A_] _ 10{;)1-1—;)[{“]

[HA

This relationship is used to determine the relative amounts of the two buffer components required to
obtain the target pH.

For example, if a buffer is required at a pH equal to the pKa of the weak acid, the ratio of conjugate
base to weak acid should be approximately 1:1 under ideal conditions.

For practical preparation, the calculation should use the appropriate pKa at the intended temperature
and should account for whether the formulation is prepared from stock solutions, salts, or solid
reagents.

2.7.3 Calculation of the Required Quantities

After determining the required component ratio, calculate the quantities needed for the desired final
volume and total buffer concentration.

For a buffer prepared from stock solutions, the amount of each component is calculated using:
CiVi = GV,

where:

e C;= concentration of the stock solution,
e V1 =volume of stock solution required,
e C,=desired concentration in the final solution,
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e V.= final volume of the buffer.

The calculation should ensure that the final concentrations and component ratio meet the specified
requirements.

2.7.4 Dissolution of Buffer Components

Accurately weigh the required quantities of the buffer components using a calibrated balance.
Dissolve them in a suitable quantity of purified water or another specified solvent.

If stock solutions are used, measure the calculated volumes accurately and combine them in a clean,
suitable vessel. Stir until the components are completely dissolved.

The solvent should be appropriate for the intended application. Pharmaceutical preparations may
require purified water or water meeting a specified pharmacopoeial standard.

2.7.5 Adjustment of pH

Measure the pH using a calibrated pH meter. If necessary, adjust the pH by adding small quantities of
a suitable acid or base while continuously mixing the solution.

After each addition, allow the solution to equilibrate before taking another reading. Large additions
should be avoided because they can change the buffer-component ratio and ionic strength
substantially.

For accurate measurements, the pH meter should be calibrated using suitable standard buffer solutions
that bracket the expected sample pH. Temperature compensation should be used where appropriate;

automatic temperature compensation corrects the electrode response but does not necessarily correct
the temperature dependence of the buffer's chemical equilibria.

2.7.6 Making Up to the Final Volume

Transfer the solution to a calibrated volumetric flask or other appropriate measuring vessel. Add
solvent until the required final volume is reached, then mix thoroughly to obtain a uniform solution.

The final volume should be adjusted only after the buffer components have dissolved and the solution
has reached the required preparation conditions.

2.7.7 Verification of pH and Concentration

Measure the pH of the final buffer and confirm that it falls within the specified limits. Where required,
verify the concentration, ionic strength, or other relevant quality attributes.

For pharmaceutical use, the buffer should be assessed for compatibility with the active ingredient and
excipients. Sterility, microbial control, and particulate requirements must be addressed when

applicable to the dosage form and route of administration.

2.7.8 Labelling and Storage
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Transfer the prepared buffer into a clean, compatible container and label it with the following
information, as applicable:

e Name and composition of the buffer.

o Nominal concentration and measured pH.

e Date of preparation.

e Storage conditions.

e Expiry or discard date based on established stability or laboratory procedures.
o Relevant safety and handling information.

The buffer should be stored under conditions that minimize evaporation, contamination, and chemical
changes. Buffers sensitive to atmospheric carbon dioxide, light, or temperature should be handled and
stored appropriately.

General Precautions

Use clean glassware and suitable-quality reagents.

Calibrate the pH meter before measurement.

Measure pH at a controlled or recorded temperature.

Add acid or base gradually during pH adjustment.

Avoid contamination during preparation and storage.

Confirm the pH after the solution has been brought to its final volume.
Prepare buffers at a concentration appropriate for the intended use.
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2.8 Indicators

Indicators are substances that exhibit a visible change in colour over a particular pH range. They are
commonly weak organic acids or bases whose ionized and unionized forms have different colours.
Because the relative proportions of these forms depend on pH, the colour of an indicator can be used
to estimate the acidity or alkalinity of a solution.

Indicators are used in pharmaceutical analysis, acid—base titrations, laboratory testing, and
preliminary pH estimation. Although they are useful and convenient, most indicators do not provide
the same precision as a properly calibrated pH meter.

2.8.1 Principle of Acid-Base Indicators

An acid-base indicator generally exists in two forms that differ in colour. For a weak-acid indicator,
the equilibrium may be represented as:

Hn—=H" +In"

where:

e HIn = unionized indicator form,
e In = ionized indicator form.
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The two forms have different colours. When the pH changes, the equilibrium shifts and the relative
proportions of the two forms change, producing a visible colour transition.

The indicator equilibrium can be expressed as:

In~
pH = pKln o log [[H:[—Il]

where pKin is the pKa of the indicator.

The colour transition usually occurs over a range of approximately two pH units centred near the
indicator's pKa. The precise visible transition depends on the indicator, the solution, and the observer.

2.8.2 Types of Indicators

Acid-base indicators may be classified according to the pH range over which they change colour.

Indicator Approximate pH transition Colour change
range

Methyl orange 3.1-44 Red to yellow
Methyl red 4.4-6.2 Red to yellow
Bromothymol blue 6.0-7.6 Yellow to blue
Phenol red 6.8-8.4 Yellow to red
Phenolphthalein 8.2-10.0 Colourless to pink
Thymol blue, first transition 1.2-2.8 Red to yellow
Thymol blue, second transition | 8.0-9.6 Yellow to blue

Note: The colours shown represent the principal transition of each indicator in aqueous solution. The
apparent colour may vary with concentration, lighting, solvent composition, and the presence of other
coloured substances.

2.8.3 Universal Indicator

A universal indicator is a mixture of several indicators selected to produce different colours over a
broad pH range. It provides an approximate indication of pH by comparing the observed colour with a
reference colour chart.

Universal indicators are available as solutions or indicator-impregnated paper strips. They are
convenient for rapid screening, but the result is generally less precise than a measurement obtained
using a calibrated pH meter.

2.8.4 pH Paper and Indicator Strips

pH paper consists of paper impregnated with one or more indicators. When the paper is contacted
with a test solution, its colour changes according to the pH. The resulting colour is compared with a

standard chart to estimate the pH.

Procedure:

Mohanty, L., Kumar, S., Ranjan, R., Umasankar, K., & Chakraborty, S. (2026) Page 61



A Textbook of Physical Pharmaceutics - BP206T Mantra Publication | 2026

1. Select pH paper appropriate for the expected pH range.

2. Apply a small quantity of the test solution to the paper or immerse the strip as directed by the
manufacturer.

3. Allow the colour to develop for the specified time.

Compare the colour with the reference chart under suitable lighting.

5. Record the approximate pH.

e

pH paper is useful for quick testing but may be unsuitable for strongly coloured, turbid, viscous, or
non-aqueous samples. Its accuracy also depends on the quality of the paper and the interpretation of
the colour.

2.8.5 Selection of a Suitable Indicator

The selection of an indicator depends mainly on the expected pH range and the purpose of the
measurement. In acid-base titrations, the indicator's transition range should fall within the steep
portion of the titration curve near the equivalence point.

For example, phenolphthalein is often suitable for a weak-acid-strong-base titration because its
transition range lies within the alkaline region where the pH changes sharply near the equivalence
point. Methyl orange is often suitable for a strong-acid—weak-base titration, where the equivalence
point lies in the acidic region.

An indicator should not be selected solely because its colour change is easy to observe. Its transition
range must be appropriate for the chemical system being examined.

2.8.6 Advantages of Indicators

Simple and rapid to use.

Inexpensive and widely available.

Do not require an electronic instrument.

Useful for routine acid—base titrations.

Suitable for approximate pH estimation and preliminary screening.

arwbdE

2.8.7 Limitations of Indicators

Provide an approximate pH rather than a highly precise measurement.

Colour interpretation may vary between observers.

Coloured or turbid samples can interfere with visual assessment.

The indicator itself may affect a sample when added in excessive quantities.

Many indicators are unsuitable for non-agqueous systems unless specifically validated.

A suitable indicator may be difficult to select when the expected pH transition is narrow or
the sample contains interfering substances.

o~ wdhPE

2.8.8 Pharmaceutical Applications of Indicators

Indicators are used in pharmaceutical laboratories for acid—base titrations, raw-material testing, assay
procedures, and rapid assessment of solution acidity or alkalinity. They may also be used during
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buffer preparation as a preliminary check, although accurate pH adjustment should generally be
performed using a calibrated pH meter when required by the method.

In quality control, the indicator must be suitable for the analytical procedure and should not interfere
with the reaction being measured. For formulations requiring tight pH specifications, instrumental
measurement is preferred because it provides a numerical result that can be documented and
compared with acceptance criteria.
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Chapter 1: Liquid Interface
1.1 Surface and Interfacial Tension
Introduction

A liquid interface is the boundary between two phases, such as liquid-air, liquid-liquid, or liquid—
solid. Molecules present at an interface experience different intermolecular forces from those acting
on molecules in the bulk of a liquid. This difference gives rise to important phenomena such as
surface tension, interfacial tension, wetting, spreading, adsorption, and emulsification.

Surface and interfacial tension are important physical properties in pharmaceutical sciences because
they influence the preparation and stability of emulsions, suspensions, foams, creams, lotions, and
other liquid dosage forms.

Surface Tension

Surface tension is defined as the force acting per unit length along the surface of a liquid,
perpendicular to an imaginary line drawn on that surface. It may also be described as the energy
required to increase the surface area of a liquid by one unit area under appropriate conditions.

The molecules inside a liquid are surrounded by neighbouring molecules and experience
approximately balanced intermolecular forces. However, molecules at the surface experience an
imbalance because the surrounding environment differs above and below the interface. This produces
a tendency for the liquid surface to contract and attain the smallest possible area.

Surface tension is represented by the symbol y or c.

_F
=L

Where:

e v =surface tension
e F =force acting along the surface
e L =length over which the force acts

The Sl unit of surface tension is newton per metre (N/m). It is also commonly expressed in
millinewtons per metre (mN/m).

For example, water has a relatively high surface tension because of strong intermolecular hydrogen
bonding. The high surface tension contributes to the formation of nearly spherical water droplets and

influences the wetting of hydrophobic surfaces.

Interfacial Tension
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Interfacial tension is the force per unit length acting at the boundary between two immiscible phases,
generally two liquids. It arises because the intermolecular interactions between molecules of the two
phases differ from those within each individual phase.

For example, when oil and water are mixed, they tend to separate into two phases. The boundary
between them possesses interfacial tension, which opposes the formation of additional interfacial area.

Interfacial tension is expressed as:

F

’le:E

Where:

o 112 =interfacial tension between phases 1 and 2
e F =force acting along the interface
e L =length of the interface

The Sl unit is N/m, although mN/m is more commonly used in practical measurements.

Difference Between Surface Tension and Interfacial Tension

Surface tension Interfacial tension
Exists at the boundary between a liquid and a gas, | Exists at the boundary between two phases,
usually air. commonly two immiscible liquids.

Results from the difference between molecular | Results from the difference between molecular
interactions at the liquid surface and within the | interactions within the two phases and across

bulk liquid. their interface.
Commonly studied in water—air and oil-air .
y Commonly studied in oil-water systems.
systems.
Influences droplet formation, capillary action, | Influences emulsification, liquid-liquid
and wetting. separation, and emulsion stability.

Can often be reduced substantially by adding

Can be reduced by adding suitable surfactants. suitable surfactants.

Factors Affecting Surface and Interfacial Tension

1. Nature of the liquid: Surface tension depends on the strength of intermolecular forces. Liguids with
stronger cohesive interactions generally exhibit higher surface tension under comparable conditions.

2. Temperature: Surface tension usually decreases as temperature increases because greater molecular
motion reduces the effective cohesive forces at the interface. It approaches zero at the critical
temperature of a pure liquid, where the distinction between liquid and vapour disappears.

3. Dissolved substances: The effect of dissolved substances depends on their chemical nature and
concentration. Some substances increase surface tension, while others, particularly many surface-
active agents, decrease it.
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4. Surface-active agents: Surfactants accumulate at interfaces and reduce the free energy associated
with creating or maintaining an interface. Their addition can lower surface and interfacial tension.

5. Nature of the contacting phases: Interfacial tension depends on the properties of both phases and
their mutual interactions. Consequently, the same liquid may exhibit different interfacial tensions
when in contact with different liquids.
Pharmaceutical Applications
Surface and interfacial tension are important in:

o Preparation and stabilization of emulsions.

e Wetting and dispersion of powders in liquid vehicles.

o Formulation of suspensions and topical preparations.

e Spreading of liquids over skin and other surfaces.

o Detergency and removal of oily contaminants.

e Drug dissolution and contact between liquids and solid dosage forms.
1.2 Surface Free Energy
Definition
Surface free energy is the excess free energy associated with the molecules present at a surface or
interface compared with molecules in the bulk phase. It represents the work required to create
additional surface area under specified conditions.
Molecules at an interface generally have a different energetic environment from molecules in the
bulk. Creating a new surface requires work to bring molecules into this less favourable environment.

The energy associated with this process is referred to as surface free energy.

For a reversible increase in surface area at constant temperature and composition, the relationship is
expressed as:

dG = vdA
Where:
e dG =change in surface free energy
e v =surface tension

e dA = change in surface area

For a constant surface tension:
AG =~vAA

Thus, an increase in surface area requires energy input when the surface tension is positive and
remains constant.
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For a liquid interface, surface tension and surface free energy per unit area are numerically equivalent
under the appropriate thermodynamic conditions. Surface tension is usually expressed in N/m,
whereas surface free energy per unit area is expressed in J/m2. These units are dimensionally
equivalent.

Origin of Surface Free Energy

Molecules in the interior of a liquid experience attractive forces from neighbouring molecules in all
directions. These forces are approximately balanced. Molecules at the surface, however, experience a
different distribution of molecular interactions because they have fewer neighbouring molecules on
the side facing the vapour or another phase.

As a result, the surface has excess free energy. A liquid tends to minimize this energy by reducing its
surface area whenever possible. This explains why small liquid droplets tend to adopt a spherical
shape in the absence of significant external forces.

Factors Affecting Surface Free Energy

1. Nature of the material: The magnitude of surface free energy depends on molecular structure,
intermolecular interactions, and the chemical composition of the material.

2. Surface area: Increasing the area of a surface generally increases the total surface free energy when
the surface free energy per unit area remains constant.

3. Temperature: Temperature influences intermolecular interactions and usually decreases the surface
tension of a liquid as temperature increases.

4. Adsorption: Adsorption of suitable molecules at an interface may reduce its free energy.
Surfactants commonly accumulate at liquid interfaces and lower surface tension.

5. Surface composition and contamination: Impurities, coatings, and adsorbed substances can
substantially change the surface free energy of a material.

Pharmaceutical Significance

Surface free energy is important in pharmaceutical formulation and manufacturing because it affects
the interaction between particles, liquids, and surfaces.

o Powder wetting: Surface free energy influences the ability of a liquid to spread over and
penetrate a powder bed.

e Tablet manufacture: Surface properties can influence adhesion, coating, and interactions
between particles.

e Suspensions: Surface energy affects particle aggregation and the interactions between
dispersed particles and the liquid medium.

e Emulsions: Reducing interfacial free energy facilitates the formation of droplets, although
emulsion stability also depends on interfacial films and other stabilizing mechanisms.

e Drug dissolution: Improved wetting of poorly soluble drug particles may facilitate contact
with the dissolution medium.
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1.3 Measurement of Surface and Interfacial Tension

Surface and interfacial tension are measured using methods that determine the force acting along an
interface, the pressure difference across a curved interface, or the shape of a liquid surface under
controlled conditions.

The selection of a measurement method depends on the nature of the liquid, the expected tension,
sample volume, temperature, and whether the measurement is static or dynamic.

1.3.1 Capillary Rise Method

Principle

When a narrow capillary tube is placed vertically in a liquid, the liquid may rise or fall within the tube
depending on the balance between surface tension, adhesive forces, and gravitational forces. For a

wetting liquid such as water in clean glass, the liquid rises because the adhesive interaction with glass
supports the curved meniscus.

Surface tension can be calculated from the height of the liquid column, the capillary radius, the liquid
density, and the contact angle.

_ rhpg
v= 2cosf
Where:

e v =surface tension

e r=internal radius of the capillary

o h = height of liquid rise above the external liquid level
e p = density of the liquid

e ¢ = acceleration due to gravity

e 0O =contact angle

For a liquid that completely wets the capillary, 0 is approximately 0°, and The cosf ~ 1.
equation becomes:

_ rhpg
T=73

Procedure

Clean and dry a narrow capillary tube.

Place the tube vertically in the test liquid.

Allow the liquid to reach equilibrium.

Measure the height of the liquid column relative to the external liquid level.
Determine the capillary radius and liquid density.

Calculate surface tension using the appropriate equation.

o khwbdhE
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Advantages

o Simple and inexpensive.
e Requires relatively little equipment.
o Suitable for educational demonstrations and selected liquid systems.

Limitations

e Accurate measurement of capillary radius is essential.

e Contamination and irregular capillary surfaces can introduce errors.

e The method depends on the contact angle and is most straightforward when the liquid wets
the capillary completely.

e It is not generally the preferred method for measuring interfacial tension between two
immiscible liquids.

1.3.2 Drop Weight Method

Principle

A drop of liquid forms at the end of a capillary or dropper. As the drop grows, its weight increases
until it detaches. Under controlled conditions, the weight of the detached drop is related to the surface

tension and the dimensions of the drop-forming tip.

In practical measurements, a correction factor is often required because the entire weight of the drop
is not supported by surface tension at the instant of detachment.

The relationship may be represented as:

mg

Where:

vy = surface tension

e m = mass of the detached drop

e @ = acceleration due to gravity

e 1 =radius of the drop-forming tip

This proportionality is useful for understanding the principle; accurate calculations require the
appropriate apparatus-specific equation or calibration factor.

Procedure

Clean the drop-forming tip and apparatus.

Fill the apparatus with the test liquid.

Allow drops to form slowly under controlled conditions.

Collect and weigh a known number of drops or determine the mass of individual drops.
Repeat the measurement to obtain consistent results.

arwbdE
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6. Calculate the surface tension using a validated equation or comparison with a reference
liquid.

Applications

The drop weight method is used in surface-tension measurements and laboratory demonstrations.
With suitable equipment and calibration, related drop-based methods can also be used to investigate
interfacial tension.

1.3.3 Drop Count Method

Principle

The drop count method compares the number of drops formed from a fixed volume of the test liquid
with the number formed from an equal volume of a reference liquid using the same apparatus. Under

appropriate conditions, the number and mass of drops are related to surface tension and liquid density.

A commonly used comparative relationship is:

M _ e
Y2 Pany
Where:

e v 1,72 = surface tensions of the test and reference liquids
e p1, p2= densities of the test and reference liquids
e ng,nz) = number of drops obtained from equal volumes of the respective liquids

The equation assumes comparable apparatus and drop-forming conditions. Appropriate calibration
and corrections may be necessary.

Procedure

Clean the stalagmometer or other drop-count apparatus.

Fill it with the reference liquid.

Count the number of drops produced between two marked points.
Repeat the procedure with the test liquid under similar conditions.
Determine the densities of the liquids if not already known.
Calculate the relative surface tension using the comparative equation.

ok owidE

Advantages
o Simple and economical.
o Useful for comparing surface tensions of liquids.

e Requires only a relatively small volume of sample.

Limitations
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o Drop formation must be consistent.
e Temperature and cleanliness affect the results.
e The method is less suitable when high precision is required.
o Density differences must be considered.
1.3.4 Du Nouy Ring Method
Principle
The Du Nouy ring method measures the force required to detach a ring, commonly made of platinum-—
iridium, from the surface of a liquid. The force needed to pull the ring through the interface is related

to the surface or interfacial tension.

The instrument records the maximum force immediately before the ring detaches. A correction factor
is applied to account for the geometry of the ring and the shape of the liquid film.

In simplified form:

"}{-f\“:

s

Where:

e vy =surface or interfacial tension
o F=measured force, after suitable correction
o L =effective length of the contact line

Procedure

Clean the ring carefully to remove grease and other contaminants.
Place the liquid in a suitable vessel.

Position the ring at the liquid surface or interface.

Raise the ring slowly using the instrument.

Record the maximum force required to detach it.

Apply the appropriate correction and calculate the tension.

o s~ whE

Advantages

o Applicable to surface tension and many liquid—liquid interfacial tension measurements.
o Widely used in laboratory measurements.
o Suitable for comparative studies of surfactant solutions.

Limitations

e Requires careful cleaning and calibration.

e Results can be affected by vibrations, evaporation, and contamination.
e Correction factors are necessary for accurate values.

e Measurement conditions must be controlled.
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1.3.5 Wilhelmy Plate Method
Principle

The Wilhelmy plate method determines surface or interfacial tension by measuring the force exerted
on a thin plate that contacts the liquid surface. The plate is commonly made from platinum or another
suitable material that can be cleaned thoroughly.

The relationship is:

_F
" Pcost

v

Where:

e vy =surface or interfacial tension

e F =measured wetting force after accounting for the plate's weight and other relevant forces
e P =wetted perimeter of the plate

e 0O =contact angle between the liquid and plate

When complete wetting occurs, ¢ ~ 07, socosf ~ L.
Procedure

Clean the plate and confirm that its dimensions are known.

Place the test liquid in the measurement vessel.

Lower the plate until it contacts the liquid surface or interface.
Measure the force acting on the plate.

Account for the plate's weight and buoyancy where relevant.
Calculate surface or interfacial tension using the appropriate equation.

o grwDdRE

Applications

This method is useful for measuring the surface tension of liquids and for studying how surface
tension changes with surfactant concentration. It can also be used to study interfacial tension when a
suitable liquid-liquid arrangement is employed.

1.3.6 Pendant Drop Method

Principle

The pendant drop method determines surface or interfacial tension by analysing the shape of a drop
suspended from a needle or capillary. The drop shape is governed by the balance between surface
tension and gravity. Image-analysis software fits the observed drop profile to a theoretical model to

estimate the tension.

Procedure
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Form a drop of the test liquid at the end of a suitable needle.

Capture a clear image of the drop under controlled conditions.

Enter or measure the liquid density difference between the drop and surrounding phase.
Analyse the drop profile using appropriate software.

Obtain the surface or interfacial tension from the fitted profile.

akrwdPE

Advantages
e Requires relatively small sample volumes.
e Useful for studying liquid-liquid interfaces.
e Can be used to examine changes in tension over time.
Limitations
e Requires suitable imaging equipment and analysis software.
e Accurate results depend on the drop profile, density difference, and temperature.

o Vibration, evaporation, and sample contamination may affect measurements.

Comparison of Measurement Methods

Method Basic principle Main application
Capillary rise Height of liquid rise in a capillary Surface tension of suitable liquids
Drop weight Weight of a drop at detachment Surface tension
Number of drops from a fixed | Comparative surface-tension
Drop count
volume measurement

Force needed to detach a ring from

Du Nodiy ring . Surface and interfacial tension
an interface

Wilhelmy plate Force acting on a wetted plate Surface and interfacial tension
Analysis of drop shape under . . .

Pendant drop y P P Surface and interfacial tension

gravity

1.4 Spreading Coefficient

Definition

The spreading coefficient is a thermodynamic quantity used to predict whether one liquid will spread
spontaneously over the surface of another phase. It is particularly useful in understanding the
spreading of oils over water, the behaviour of liquid films, and the wetting of surfaces by liquid

formulations.

For a liquid spreading over another liquid, the spreading coefficient is commonly expressed as:
S=v—(1n+m2)

Where:

e S =spreading coefficient
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e y.=surface tension of the underlying liquid
e vy =surface tension of the spreading liquid
e y12= interfacial tension between the two liquids

The equation assumes that the relevant surface and interfacial tensions are evaluated under
comparable conditions.

Interpretation of the Spreading Coefficient
1. Positive spreading coefficient (S>0)

When the spreading coefficient is positive, spreading reduces the total interfacial free energy. The
spreading liquid tends to spread spontaneously over the underlying liquid, forming a thin film under
suitable conditions.

2. Negative spreading coefficient (S<0)

When the spreading coefficient is negative, complete spontaneous spreading is not
thermodynamically favoured. The liquid may remain as droplets or form a lens on the surface.

3. Zero spreading coefficient (5=0)

A spreading coefficient of zero represents a limiting condition in which there is no net change in
interfacial free energy associated with the idealized spreading process.

Factors Affecting Spreading

o Surface tension of the spreading liquid.

o Surface tension of the underlying liquid.

o Interfacial tension between the two liquids.
e Temperature.

e Presence and concentration of surfactants.
e Composition and purity of the liquids.

Surfactants may promote spreading by lowering surface or interfacial tension. However, the actual
behaviour also depends on adsorption, interfacial composition, and whether the system reaches
equilibrium.

Pharmaceutical Applications
The spreading coefficient is relevant to:

o Spreading of topical preparations over the skin.

o Distribution of liquid medicines over mucosal surfaces.
e Wetting and coating of solid surfaces.

e Performance of cleansing preparations.

e Formulation of emulsions and other multiphase systems.
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A suitable spreading behaviour may improve coverage and uniformity, but excessive spreading is not
always desirable. For example, a topical formulation should spread adequately without running off the
intended application area.

1.5 Surface-Active Agents

Definition

Surface-active agents, commonly known as surfactants, are substances that accumulate at interfaces
and alter surface or interfacial tension. They contain both a hydrophilic portion, which has affinity for
water, and a hydrophobic or lipophilic portion, which has affinity for oily or non-polar environments.
This dual nature allows surfactants to position themselves at interfaces between water and air, water
and oil, or liquids and solids. Their adsorption can reduce the free energy associated with the interface
and facilitate processes such as wetting, emulsification, foaming, detergency, and solubilization.
Structure of Surface-Active Agents

A typical surfactant molecule consists of two main regions:

1. Hydrophilic head: The polar or ionic part of the molecule that interacts favourably with water.

2. Hydrophobic tail: The non-polar portion, commonly a hydrocarbon chain, that interacts more
favourably with oily substances or other non-polar environments.

When added to water, surfactant molecules tend to accumulate at the air—water interface, with their
hydrophilic heads oriented toward the water and their hydrophobic tails oriented away from it. At an
oil-water interface, the hydrophilic portion generally remains in the agueous phase while the
hydrophobic portion associates with the oil phase.

Classification of Surface-Active Agents

Surfactants are commonly classified according to the charge on their hydrophilic group.

1. Anionic Surfactants

Anionic surfactants carry a negatively charged hydrophilic group in solution. They are commonly
used as detergents, wetting agents, and emulsifiers.

Examples:
e Sodium lauryl sulfate.
e Sodium stearate.

e Sodium dodecylbenzene sulfonate.

Applications: Anionic surfactants are used in cleansing products, shampoos, selected pharmaceutical
formulations, and processes requiring efficient wetting or detergency. Their compatibility with
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cationic substances should be evaluated because ionic interactions may lead to reduced activity or
precipitation.

2. Cationic Surfactants

Cationic surfactants carry a positively charged hydrophilic group, often a quaternary ammonium
group.

Examples:

e Cetrimide.
e Benzalkonium chloride.
e Cetylpyridinium chloride.

Applications: Certain cationic surfactants are used as antimicrobial agents, preservatives, and
conditioning agents. Their activity may be reduced by incompatible anionic substances. Suitability for
pharmaceutical use depends on concentration, toxicity, route of administration, and formulation
compatibility.

3. Non-lonic Surfactants
Non-ionic surfactants do not carry a formal electrical charge on their hydrophilic groups. Their water
solubility commonly results from groups such as polyoxyethylene chains or hydroxyl-containing
structures.
Examples:

e Polysorbate 20.

e Polysorbate 80.

e Sorbitan monooleate.

e Polyoxyl castor oil derivatives.
Applications: Non-ionic surfactants are widely used as emulsifying agents, solubilizers, wetting
agents, and stabilizers. Their compatibility with electrolytes and other formulation ingredients is often
favourable, although it must be assessed for each formulation.

4. Amphoteric Surfactants

Amphoteric surfactants contain groups that may carry positive or negative charges depending on the
pH and molecular structure. Some members may exist as zwitterions over a particular pH range.

Examples:

e Cocamidopropyl betaine.
e Certain amino-acid-derived surfactants.

Applications: Amphoteric surfactants are used in selected cleansing and personal-care formulations
because their properties and charge characteristics can vary with pH.
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Important Properties of Surface-Active Agents

1. Reduction of surface tension: Surfactants adsorb at the liquid surface and reduce the energetic cost
of creating surface area.

2. Reduction of interfacial tension: At a liquid—liquid interface, surfactants may facilitate droplet
formation by reducing interfacial tension.

3. Wetting: Surfactants improve contact between liquids and certain solid surfaces, helping the liquid
spread over or penetrate the material.

4. Emulsification: Surfactants help form and stabilize dispersions of one immiscible liquid in another
by reducing interfacial tension and creating an interfacial film.

5. Foaming: Some surfactants facilitate foam formation and stabilize liquid films around gas bubbles.

6. Micelle formation: Above a characteristic concentration, many surfactants form aggregates called
micelles. Micelles can incorporate poorly water-soluble substances and increase their apparent
solubility.

Critical Micelle Concentration

e The critical micelle concentration (CMC) is the approximate concentration above which
surfactant molecules begin to form micelles in significant quantities under specified
conditions.

e Below the CMC, increasing surfactant concentration generally increases interfacial
adsorption. Near and above the CMC, additional surfactant increasingly contributes to micelle
formation, although the exact behaviour depends on the surfactant system.

e The CMC is affected by the surfactant's molecular structure, temperature, electrolyte
concentration, and the presence of other substances.

Pharmaceutical Applications of Surface-Active Agents
Surfactants are used in pharmaceutical formulations for:

e Emulsification of oil and water.

e Wetting and dispersion of powders.

e Solubilization of poorly water-soluble drugs.

o Preparation of creams, lotions, and topical products.

o Stabilization of selected suspensions and dispersions.

e Cleansing and removal of oily substances.

o Maodification of interfacial properties during drug formulation and processing.

The surfactant must be selected according to its intended function, compatibility, safety, and
concentration. Excessive surfactant may cause irritation, alter drug availability, or affect the stability

of the formulation.

1.6 HLB (Hydrophilic-Lipophilic Balance)
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Definition

Hydrophilic—lipophilic balance (HLB) is an empirical scale used to describe the relative affinity of a
surfactant for water and oil. It is widely used in selecting surfactants for emulsification, wetting,
detergency, and solubilization.

A surfactant with a relatively high HLB generally has greater hydrophilic character, whereas a
surfactant with a relatively low HLB generally has greater lipophilic character.

HLB is particularly useful in pharmaceutical formulation because the selection of an appropriate
emulsifier can influence the type and stability of an emulsion.

Griffin's HLB System

For certain non-ionic surfactants, the HLB value can be estimated using Griffin's equation:

I"Ih
HLB =
20 (4 )

Where:

e Mp=molecular mass of the hydrophilic portion
e M =total molecular mass of the surfactant

This equation is applicable to suitable non-ionic surfactants and is not a universal calculation method
for all surfactant classes.

For some ester-type non-ionic surfactants, an alternative relationship is used:

S
HLB =20 (1 = Z)

Where:

e S=saponification number of the ester
e A =acid number of the fatty acid

This relationship is used when the relevant saponification and acid-number data are available and the
surfactant is appropriate for the method.

Approximate HLB Ranges and Uses

Approximate . N
HLB range General property Typical application

. - Antifoaming applications and
13 Strongly lipophilic selected water-in-oil systems
3-6 Predominantly lipophilic Water-in-oil emulsifiers
7-9 Intermediate behaviour Wetting agents
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8-18 Predominantly hydrophilic Oil-in-water emulsifiers

13-15 Strong detergency character in many systems Detergents

15-20 Highly hydrophilic character Solubilizing agents in selected
systems

Note: These ranges are approximate guides. The functional behaviour of a surfactant also depends on
its molecular structure, temperature, oil phase, concentration, and other formulation ingredients. The
ranges overlap because different applications require different interfacial properties.

Selection of an Emulsifier Using HLB

The required HLB of an oil phase is the HLB value or range associated with an emulsifier system that
provides satisfactory emulsification of that oil in a specified type of emulsion.

To select an emulsifier:

1. ldentify the oil phase and the desired emulsion type.

2. Determine the required HLB of the oil phase from reliable formulation data or experimental
testing.

3. Select one or more surfactants with suitable HLB values.

If necessary, combine two surfactants to obtain a target HLB.

5. Prepare trial formulations and assess droplet size, appearance, phase separation, and stability.

&

When two surfactants are blended, an approximate weighted-average HLB can be calculated:

HLBmix = f}l (HI‘BA) + fH (HLBB)

where fa and fg are the mass fractions of surfactants A and B, respectively, and their sum equals 1.

For example, if a mixture contains 60% of a surfactant with HLB 15 and 40% of a surfactant with
HLB 5:

HLB,, = (0.60 x 15) + (0.40 x 5)

HLB,,, = 11

The mixture therefore has a calculated HLB of 11. This estimate helps guide formulation trials but
does not guarantee emulsion stability.

Importance of HLB in Pharmacy
HLB is useful for:

o Selecting emulsifiers for oil-in-water and water-in-oil emulsions.

e Selecting wetting and solubilizing agents.

e Combining surfactants to achieve a desired emulsifying behaviour.

e Screening surfactants during formulation development.

e Supporting the development of creams, lotions, emulsions, and other multiphase preparations.
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The HLB system is a practical selection guide rather than a complete predictor of formulation
performance. Final selection requires experimental assessment of stability, compatibility, safety, and
intended use.

1.7 Detergency

Definition

Detergency is the process of removing dirt, grease, oily substances, and other contaminants from a
surface by means of a cleaning agent, usually with the assistance of water and mechanical action.
Detergency commonly involves wetting, penetration, displacement of contaminants, emulsification,

dispersion, and solubilization.

Surfactants are major components of many detergents because they reduce surface tension, improve
contact between the cleaning liquid and the surface, and help remove oily contaminants.

Mechanism of Detergency

The cleaning action of a surfactant occurs through several related processes.

1. Wetting of the surface: The cleaning solution spreads over the surface and makes closer contact
with the material to be cleaned. Reduced surface tension and favourable contact-angle behaviour may

improve wetting.

2. Penetration: The cleaning liquid penetrates into pores, crevices, and between the contaminant and
the surface. This helps loosen adhered dirt.

3. Displacement of oily contaminants: Surfactant molecules adsorb at the oil-water and solid-liquid
interfaces. These changes can promote the detachment of oily substances from the surface.

4. Emulsification: Oily contaminants may be broken into small droplets and dispersed in the aqueous
cleaning medium. Surfactants help reduce the interfacial tension and can stabilize the resulting
droplets.

5. Dispersion of solid particles: Dirt particles may become suspended in the cleaning liquid.
Surfactant adsorption can help reduce particle aggregation and facilitate removal during rinsing.

6. Solubilization: Above the CMC, micelles formed by suitable surfactants may incorporate certain
poorly water-soluble substances into their hydrophobic regions, increasing their apparent solubility in

water.

7. Removal by rinsing: The detached and dispersed contaminants are carried away with the cleaning
liquid during rinsing.

Factors Affecting Detergency

1. Nature and concentration of the detergent: The cleaning performance depends on the surfactant
type, concentration, and its ability to wet, emulsify, and disperse contaminants.
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2. Temperature: Increasing temperature may improve the removal of some oily contaminants by
reducing viscosity and changing interfacial properties. However, the effect depends on the detergent,
contaminant, and surface.

3. pH: The pH can affect the ionization of contaminants and cleaning ingredients. Alkaline conditions
may assist in removing some fatty or oily materials, but strong alkalinity can damage sensitive
surfaces or materials.

4. Water hardness: Calcium and magnesium ions may reduce the performance of certain anionic
surfactants by forming poorly soluble salts. Builders or suitable surfactants may be used to reduce this
problem.

5. Mechanical action: Agitation, brushing, spraying, or wiping helps detach contaminants and carry
them away.

6. Contact time: Adequate time allows the cleaning solution to wet the surface and interact with
contaminants.

7. Nature of the surface and contaminant: Surface roughness, porosity, surface energy, and the
chemical composition of the contaminant influence cleaning efficiency.

Pharmaceutical Applications of Detergency

Detergency is important in pharmaceutical manufacturing and laboratory practice, especially for
cleaning equipment, containers, manufacturing surfaces, and reusable instruments where permitted.

Cleaning agents are selected according to the material being cleaned, the type of residue, the required
cleaning process, and the need to remove detergent residues afterward. In pharmaceutical
manufacturing, cleaning procedures must be validated where required to demonstrate that product
residues, cleaning agents, and contaminants are controlled to acceptable levels.

Detergency also contributes to the cleansing action of certain topical and personal-care preparations.
However, a detergent's cleaning performance alone does not establish that it is suitable for direct
application to the skin, mucous membranes, or other biological tissues.

1.8 Types of Monolayers at Liquid Surface

Definition of a Monolayer

A monolayer is a single molecular layer formed at an interface. Surface-active substances may form
monolayers at the air-liquid or liquid-liquid interface because their hydrophilic and hydrophobic
regions have different affinities for the contacting phases.

For example, a surfactant with a polar head and a non-polar hydrocarbon tail may orient its

hydrophilic group toward water and its hydrophobic group toward air. The resulting arrangement
produces a molecular film at the liquid surface.
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Monolayers are important in understanding adsorption, interfacial organization, surface pressure, and
the behaviour of amphiphilic substances.

Classification of Monolayers

Monolayers at a liquid surface are commonly described according to the packing and orientation of
their molecules. In classical surface chemistry, the principal forms include gaseous, expanded, and
condensed monolayers.

1.8.1 Gaseous Monolayer

In a gaseous monolayer, molecules are widely separated and interact relatively weakly with one
another. The surface concentration is low, and the molecules occupy a large area per molecule.

The molecules can move relatively freely along the surface, and the film exerts only a small surface
pressure. As the surface concentration increases, the molecules approach one another and the
monolayer may undergo a transition toward a more condensed state.

1.8.2 Expanded Monolayer

An expanded monolayer is characterized by molecules that are closer together than in a gaseous film
but remain relatively loosely packed. The molecules have greater intermolecular interaction and
occupy less area per molecule than in a gaseous monolayer.

The degree of expansion depends on molecular structure, temperature, and the interactions between
the molecules and the subphase. Amphiphilic molecules with flexible hydrocarbon chains may form
expanded films under suitable conditions.

1.8.3 Condensed Monolayer

A condensed monolayer consists of molecules packed closely together at the interface. The molecules
have stronger lateral interactions and occupy a relatively small area per molecule.

Long-chain amphiphilic compounds with suitable structures may form condensed films, particularly
under conditions that favour close molecular packing. These monolayers generally exhibit higher

surface pressure at a given molecular area than more loosely packed films.

1.8.4 Comparison of Monolayers

Molecular General
Type of monolayer Molecular area -

arrangement characteristic

Molecules widely Weak lateral
Gaseous Large . .

separated interactions

Molecules moderatel . Loosel acked but
Expanded y Intermediate . y P

close interacting

Molecules closel Stronger lateral
Condensed y Small . g .

packed interactions

Mohanty, L., Kumar, S., Ranjan, R., Umasankar, K., & Chakraborty, S. (2026) Page 83




A Textbook of Physical Pharmaceutics - BP206T Mantra Publication | 2026

Surface Pressure of a Monolayer

When an insoluble or poorly soluble surface-active material spreads at a liquid surface, it may lower
the surface tension of the underlying liquid. The surface pressure of the film is defined as the
difference between the surface tension of the clean liquid and that of the liquid covered by the film.

™=" —"7
Where:

e 1= surface pressure of the monolayer
e o = surface tension of the clean liquid surface
e v =surface tension after formation of the monolayer

Surface pressure provides information about the interfacial behaviour and packing of molecules
within the film. By measuring surface pressure at different molecular areas, the organization and
transitions of a monolayer can be investigated.

Factors Affecting Monolayer Formation

1. Molecular structure: The size, shape, polarity, and chain length of the molecules influence their
orientation and packing.

2. Surface concentration: Increasing the amount of surface-active material generally increases the
surface coverage until the film becomes more closely packed.

3. Temperature: Temperature affects molecular motion, lateral interactions, and transitions between
different monolayer states.

4. Nature of the subphase: The pH, ionic strength, and composition of the liquid beneath the
monolayer can affect molecular ionization and intermolecular interactions.

5. Molecular interactions: Attractive and repulsive interactions between neighbouring molecules
influence film stability and packing.

Pharmaceutical Significance of Monolayers

Monolayers provide a useful model for studying the behaviour of surface-active substances at
interfaces. Their study contributes to the understanding of:

e Adsorption of surfactants at liquid surfaces.

e Molecular orientation at interfaces.

e Interfacial films in emulsions and foams.

o Interactions between amphiphilic molecules and aqueous media.

e Surface properties of biologically relevant films, including selected lipid-based systems.

Although monolayer studies provide valuable information about interfacial organization, the
behaviour of a monolayer does not necessarily reproduce the complexity of a multilayer film, an
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emulsion, or a biological membrane. Further evaluation is required before applying monolayer
observations directly to pharmaceutical formulations.
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Chapter 2: Adsorption at Solid Interface
2.1 Liquid Interface
Definition

An interface is the boundary separating two phases, such as solid-liquid, liquid-liquid, solid-gas, or
liquid—gas. A solid-liquid interface is formed when a solid comes into contact with a liquid. The
behaviour of molecules at this boundary differs from that in the bulk phases because the
intermolecular forces and molecular environments are different.

Adsorption at a solid interface is the accumulation of atoms, ions, or molecules from a gas or liquid
on the surface of a solid. The solid on which adsorption occurs is called the adsorbent, while the
substance that accumulates at the surface is called the adsorbate.

For example, when a solution containing a dissolved drug comes into contact with activated charcoal,
some drug molecules may accumulate on the charcoal surface. Activated charcoal acts as the
adsorbent, and the drug molecules act as the adsorbate.

Adsorption at solid-liquid interfaces is important in pharmaceutical sciences because it influences
drug removal, purification, formulation stability, powder wetting, dissolution, and the performance of
adsorbent materials.

Mechanism of Adsorption at a Solid—-Liquid Interface
When a solid is immersed in a liquid containing dissolved substances, molecules or ions may move
from the bulk liquid toward the solid surface. If favourable interactions exist between the adsorbate
and the surface, these species accumulate at the interface.
The adsorption process may involve the following steps:

1. Transport: The adsorbate moves from the bulk liquid toward the solid surface.

2. Diffusion: The adsorbate passes through the liquid boundary layer surrounding the solid.

3. Surface attachment: The adsorbate interacts with available adsorption sites on the solid

surface.
4. Equilibrium: Under constant conditions, adsorption and desorption may reach a dynamic

equilibrium.

The amount adsorbed depends on the nature of the solid, surface area, porosity, temperature,
adsorbate concentration, pH, and the presence of competing substances.

Types of Adsorption
Adsorption at solid interfaces is broadly classified into physical adsorption and chemical adsorption.

1. Physical Adsorption (Physisorption)
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Physical adsorption occurs through relatively weak intermolecular forces, such as van der Waals
interactions, electrostatic interactions, and other non-covalent forces.

Characteristics:

e Generally involves relatively weak interactions.

o Oftenreversible.

e May form one or multiple molecular layers, depending on the system.

e Commonly favoured at lower temperatures, although the actual behaviour depends on the
adsorbate—adsorbent system.

e May occur rapidly when suitable surface sites are accessible.

Physical adsorption is important in the adsorption of many organic compounds from solution onto
porous materials such as activated charcoal.

2. Chemical Adsorption (Chemisorption)

Chemical adsorption involves the formation of stronger chemical interactions between the adsorbate
and the adsorbent surface. These interactions may include the formation of chemical bonds.

Characteristics:

e Involves stronger, more specific surface interactions.

o Often produces a monolayer of adsorbed species at the available reactive sites.
o May be less reversible than physical adsorption.

e May involve an activation-energy barrier.

o Depends strongly on the chemical nature of the surface and adsorbate.

Chemisorption can occur on specially prepared surfaces and functionalized adsorbents. The
distinction between physical and chemical adsorption is useful conceptually, although some systems
exhibit a combination of interaction mechanisms.

Factors Affecting Adsorption at a Solid—Liquid Interface
1. Surface area of the adsorbent: A solid with a larger accessible surface area generally provides more
sites for adsorption. Porous materials may exhibit high adsorption capacity because their internal

surfaces contribute substantially to the total accessible area.

2. Nature of the adsorbent: Surface chemistry, pore-size distribution, porosity, and the presence of
functional groups influence adsorption capacity and selectivity.

3. Nature of the adsorbate: Molecular size, polarity, charge, solubility, and chemical structure
determine how strongly a substance interacts with the surface.

4. Concentration of the adsorbate: Increasing the concentration of an adsorbate in solution often
increases the amount adsorbed until the available sites approach saturation.
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5. Temperature: Temperature can influence adsorption equilibrium and the rate of adsorption. For
many physical adsorption processes, increasing temperature reduces equilibrium adsorption, but the
effect depends on the thermodynamics of the particular system.

6. pH of the solution: pH changes the ionization of many adsorbates and the surface charge of some
adsorbents. These changes may increase or decrease electrostatic attraction and adsorption.

7. Presence of competing substances: Other dissolved compounds may compete for adsorption sites
and reduce the adsorption of the target substance.

8. Contact time and agitation: Adequate contact time is necessary for the system to approach
equilibrium. Agitation can improve mass transfer by reducing the thickness of the liquid boundary
layer around solid particles.
Pharmaceutical Applications
Adsorption at solid-liquid interfaces has several applications in pharmacy:
e Removal of unwanted substances from pharmaceutical solutions.
o Purification and decolourization of selected liquids.
e Adsorption of toxins by suitable activated-charcoal preparations in specific clinical situations.
o Evaluation of drug adsorption onto excipients and packaging materials.
e Study of drug binding to particulate carriers.
e Control of surface interactions in suspensions and other dispersed systems.
2.2 Contact Angle

Definition

The contact angle is the angle formed between a liquid—vapour interface and a solid surface at the
point where all three phases meet. It is commonly represented by the symbol \(\theta\).

The contact angle is an important measure of the wetting behaviour of a liquid on a solid surface. It
helps determine whether a liquid spreads over a solid, partially wets it, or forms nearly spherical

droplets.

Contact angle measurements are useful in pharmaceutical technology for studying the wetting of
powders, granules, tablets, coatings, and other solid materials.

Types of Contact Angle
Contact angles are commonly classified according to their magnitude.

1. Contact angle less than 90° The liquid generally exhibits favourable wetting of the solid surface. A
lower contact angle indicates greater spreading under comparable conditions.

2. Contact angle approximately equal to 0% The liquid exhibits complete or nearly complete wetting
under the conditions of measurement.
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3. Contact angle greater than 90% The liquid exhibits relatively poor wetting and tends to form
droplets rather than spread extensively.

4. Contact angle approaching 180° The liquid exhibits extremely poor wetting, with the droplet
remaining nearly spherical on the surface.

These classifications provide a general guide. Actual wetting behaviour can also depend on surface
roughness, chemical heterogeneity, porosity, and whether the measured contact angle is advancing,
receding, or static.

Young's Equation

For an ideal, smooth, chemically homogeneous, rigid solid surface at equilibrium, the contact angle is
related to the interfacial tensions by Young's equation:

Ysv = YsL + YLv cosf
Rearranging:

Ysv — YSL
YLv

cosfh =

Where:

e Ysy=solid—vapour interfacial tension
e Ys =solid-liquid interfacial tension
e Yypv= liquid-vapour surface tension

e 0 = equilibrium contact angle

Young's equation shows that the contact angle is determined by the balance between the interfacial
tensions of the three phases. A smaller contact angle generally indicates that contact between the
liquid and solid is energetically more favourable.

Measurement of Contact Angle

The contact angle can be measured by the sessile-drop method and other techniques designed for
specific solid surfaces.

Sessile-Drop Method

Principle: A small drop of liquid is placed on a solid surface. The angle at the three-phase contact line
is measured from the shape of the droplet.

Procedure:
1. Clean and dry the solid surface using a suitable procedure.

2. Place the solid sample on a level platform.
3. Deposit a small, controlled drop of the test liquid on the surface.
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4. Capture an image of the droplet from the side using a contact-angle instrument or suitable
imaging system.

5. Determine the angle between the solid surface and the tangent to the liquid—vapour interface
at the contact point.

6. Repeat the measurement at several positions when the surface permits, and report the average
and variability.

Advantages:

o Directly measures the wetting behaviour of a liquid on a solid.
o Requires relatively small sample volumes.
o Useful for comparing different materials and surface treatments.

Limitations:

e Surface contamination can substantially affect results.

e Roughness and porosity may make the apparent contact angle differ from the ideal
equilibrium angle.

e Evaporation and droplet-volume changes may affect measurements.

o Different measurement procedures may yield different static, advancing, or receding contact
angles.

Factors Affecting Contact Angle

1. Surface chemistry: Hydrophilic surfaces generally show lower water contact angles than
hydrophobic surfaces.

2. Surface roughness: Roughness can increase or decrease the apparent contact angle, depending
on the intrinsic wetting behaviour and the way the liquid contacts the surface.

3. Surface contamination: Grease, dust, and other contaminants can alter the interfacial
interactions.

4. Liquid properties: Surface tension, viscosity, polarity, and composition influence wetting.

5. Temperature: Temperature may affect surface tension, viscosity, and interfacial interactions.

6. Surface treatment: Coatings, chemical modification, and plasma treatment can change surface
wettability.

7. Time: On porous or absorbent surfaces, liquid penetration and surface rearrangement can
cause the measured contact angle to change with time.

Pharmaceutical Significance
Contact angle measurements are useful in:

o Evaluating wetting of poorly water-soluble drug powders.

o Studying liquid penetration into tablets and granules.

e Assessing coating uniformity and adhesion.

e Investigating the wettability of packaging and device surfaces.

e Comparing the effects of surfactants on solid-liquid interactions.

e Supporting the development of suspensions and other dispersed formulations.
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2.3 Activated Charcoal
Definition

e Activated charcoal, also called activated carbon, is a highly porous carbonaceous material
processed to develop a large internal surface area. It is widely used as an adsorbent because
its pore structure provides numerous sites for the adsorption of suitable substances.

e Activated charcoal may be manufactured from carbon-rich materials such as wood, coconut
shells, coal, or other suitable precursors. Activation develops porosity and increases the
accessible surface area.

e The adsorption performance of activated charcoal depends on its pore-size distribution,
surface chemistry, particle size, and the chemical properties of the substance being adsorbed.

Structure and Properties

Activated charcoal contains a network of pores of different sizes. Under the International Union of
Pure and Applied Chemistry (IUPAC) classification, pores are commonly grouped as:

e Micropores: Width less than 2 nm.
e Mesopores: Width from 2 to 50 nm.
e Macropores: Width greater than 50 nm.

Micropores can contribute substantially to adsorption capacity for suitable small molecules, while
mesopores and macropores may assist transport into the internal structure. The importance of each
pore category depends on the size and nature of the adsorbate.

Important properties of activated charcoal include:

Large accessible surface area.

Highly developed pore structure.

Ability to adsorb many organic molecules.

Adsorption capacity that varies with the adsorbate and solution conditions.
Potential for regeneration in selected industrial applications.

Surface chemistry that may be modified during manufacture or treatment.

S

Mechanism of Adsorption by Activated Charcoal

When activated charcoal is introduced into a solution containing an adsorbable substance, the
substance moves toward the charcoal surface and may enter its pores. Adsorption occurs through
interactions between the adsorbate and the carbon surface.

The process may involve:

Transport of the dissolved substance through the bulk solution.

Diffusion through the liquid boundary layer.

Entry into accessible pores.

Adsorption onto internal or external surfaces.

Establishment of an equilibrium between the adsorbed and dissolved substances.

agkrwbdE
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The mechanism is influenced by pore accessibility, molecular size, surface chemistry, pH, and
competing solutes. Adsorption does not occur equally for all substances; some molecules have a
greater affinity for activated charcoal than others.

Adsorption Isotherms

An adsorption isotherm describes the relationship between the amount of substance adsorbed and its
equilibrium concentration in solution at a constant temperature. Two common models are the
Langmuir and Freundlich isotherms.

1. Langmuir Adsorption Isotherm

The Langmuir model assumes adsorption onto a finite number of equivalent sites and formation of a
monolayer, without significant interaction between adsorbed molecules.

_ Qma_xKLCe
*TI+EC.

Where:

e (o= amount adsorbed per unit mass of adsorbent at equilibrium

e (max= Maximum adsorption capacity predicted by the model

e K. = Langmuir adsorption constant

e Ce.=equilibrium concentration of the adsorbate in solution
This model is useful when the adsorption data approximately follow its assumptions. Activated
charcoal may exhibit behaviour that deviates from the Langmuir model because its surface and pores
can be heterogeneous.

2. Freundlich Adsorption Isotherm

The Freundlich model is an empirical relationship often used to describe adsorption on heterogeneous
surfaces.

qﬁ — KII‘C;_I.-"'II

Where:

e (e= amount adsorbed per unit mass of adsorbent

o Kg= Freundlich adsorption constant related to adsorption capacity

e Ce=equilibrium concentration

o 1/n=empirical parameter related to adsorption intensity and surface heterogeneity

The Freundlich equation may describe adsorption over a limited concentration range, but it does not
predict a finite saturation capacity in its usual form.

Factors Affecting Adsorption by Activated Charcoal
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1. Surface area and pore structure: Greater accessible surface area may increase adsorption capacity.
However, pores must be accessible to the adsorbate.

2. Molecular size: Large molecules may be unable to enter narrow pores, limiting their adsorption.

3. Chemical structure: Polarity, molecular shape, and hydrophobic interactions influence the affinity
of the adsorbate for the carbon surface.

4. Concentration: Increasing the equilibrium concentration often increases the amount adsorbed until
adsorption approaches a limiting value under the conditions studied.

5. pH: The pH may alter the charge of the adsorbate and the surface chemistry of the charcoal,
affecting adsorption.

6. Temperature: Temperature can change adsorption equilibrium and diffusion rates. The direction
and magnitude of the effect depend on the adsorption process.

7. Contact time: Sufficient time is required for transport into pores and establishment of equilibrium.
8. Competing substances: Other dissolved molecules may compete for the same adsorption sites.
Pharmaceutical Applications of Activated Charcoal

1. Adsorbent in pharmaceutical processing: Activated charcoal is used in selected processes to remove
unwanted coloured substances or impurities from liquids. Its use must be controlled to avoid

undesirable loss of the active pharmaceutical ingredient.

2. Adsorption studies: It serves as a model adsorbent in studies of adsorption isotherms, surface area,
and adsorbate—surface interactions.

3. Treatment of selected poisonings: Activated charcoal is used in clinical toxicology to reduce
gastrointestinal absorption of certain ingested poisons when administered in appropriate
circumstances. It is not effective for every poison and is not suitable in every patient or situation. Its
use requires clinical assessment and appropriate airway protection.

4. Purification: It can be used to adsorb selected organic compounds from solutions during
purification procedures.

5. Environmental and analytical applications: Activated carbon is used in selected methods for
removing contaminants and concentrating analytes.

Limitations and Precautions
Activated charcoal is not universally selective. It may adsorb desirable substances along with

unwanted compounds, and adsorption performance varies considerably between materials and
formulations.
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In clinical use, it does not reliably bind all substances, including many metals, alcohols, and certain
other small or highly polar compounds. It must not be administered routinely without appropriate
clinical guidance, particularly when the patient has an impaired level of consciousness or an
unprotected airway.

2.4 Wetting

Definition

Wetting is the ability of a liquid to maintain contact with a solid surface and spread over it. It occurs
when the interactions between the liquid and solid are sufficiently favourable relative to the

competing interactions within the liquid and at the surrounding interfaces.

Wetting is a fundamental process in pharmaceutical technology because many manufacturing and
formulation operations require liquids to spread over, penetrate, or displace air from solid surfaces.

For example, a poorly water-soluble drug powder may resist contact with water because of
hydrophobic surface characteristics. The addition of an appropriate wetting agent may improve liquid
penetration and dispersion.

Types of Wetting

Wetting is commonly described in terms of spreading wetting, adhesion wetting, and immersion
wetting.

1. Spreading Wetting

Spreading wetting occurs when a liquid spreads across a solid surface, increasing the area of contact
between the liquid and the solid. The spreading coefficient for a liquid on a solid in a surrounding
vapour phase may be expressed as:

S =vysv — (vsL +vLv)
Where:
e S=spreading coefficient
e ysv = solid—vapour interfacial tension
e ysL = solid-liquid interfacial tension
e yuv = liquid—vapour surface tension
When S is positive, complete spontaneous spreading is thermodynamically favoured under the
idealized conditions. When S is negative, complete spreading is not favoured, although partial wetting
can still occur.

2. Adhesion Wetting

Adhesion wetting occurs when a liquid comes into contact with a solid and forms an interface. It
reflects the energetic favourability of contact between the two materials.
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The work of adhesion is commonly expressed using the Young—Dupré equation:

Wy =7vsyv +vov — VsL

Where:

e W, = work of adhesion per unit area
e vysv = solid—vapour interfacial tension
e yuv= liquid-vapour surface tension

e vs. = solid-liquid interfacial tension

A higher work of adhesion indicates a greater energy requirement to separate the two phases
reversibly under the specified conditions.

3. Immersion Wetting

Immersion wetting occurs when a solid is completely immersed in a liquid. The liquid replaces the
solid—vapour interface with a solid-liquid interface.

The work of immersion per unit area can be expressed as:
Wi =vsv —vsc

Where:

o W, =work of immersion per unit area
e vysv = solid—vapour interfacial tension
e vs = solid-liquid interfacial tension

A positive value indicates that replacing the solid—vapour interface with a solid-liquid interface is
energetically favourable under the defined conditions.

Mechanism of Wetting

e When a liquid contacts a solid, the behaviour of the liquid depends on the balance between
liquid cohesion and the interactions between the liquid and solid.

e If liquid-solid interactions are favourable, the liquid tends to spread and establish intimate
contact with the surface. If liquid cohesion dominates relative to liquid-solid attraction, the
liquid may form droplets with a relatively high contact angle.

e For porous powders, wetting may also involve displacement of air from the spaces between
particles and penetration of the liquid into pores. Poor wetting can therefore delay liquid
penetration and contribute to the formation of floating powder masses or persistent clumps.

Factors Affecting Wetting
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1. Surface tension of the liquid: A reduction in surface tension may improve wetting in some systems,
particularly when it facilitates contact with the solid. However, wetting also depends on the solid—
liquid and solid—vapour interfacial tensions.

2. Contact angle: A lower contact angle generally indicates better wetting. A high contact angle
indicates that the liquid does not spread readily over the surface.

3. Nature of the solid: Surface chemistry, roughness, porosity, and contamination influence wetting
behaviour.

4. Nature of the liquid: Polarity, surface tension, viscosity, and composition affect the ability of a
liquid to contact and penetrate a solid.

5. Particle size: Fine powders may present a large surface area but can also trap air and form
agglomerates. Their wetting depends on particle properties and the formulation conditions.

6. Surfactants: Suitable surfactants can improve wetting by adsorbing at interfaces and modifying
surface and interfacial tensions.

7. Temperature: Temperature may affect viscosity, surface tension, and adsorption, thereby altering
wetting and penetration.

8. Agitation: Stirring or mixing can improve liquid—solid contact and help remove trapped air,
although it does not replace the need for suitable interfacial properties.

Wetting Agents

Wetting agents are substances that improve the contact between a liquid and a solid surface. Many
wetting agents are surfactants that reduce surface tension and modify the interfacial properties of the
system. Examples include selected anionic and non-ionic surfactants, such as sodium lauryl sulfate
and polysorbates, when appropriate for the intended formulation.

Wetting agents may be used to:
o Facilitate dispersion of powders in aqueous vehicles.
e Improve penetration of liquids into porous materials.
¢ Reduce floating and clumping of hydrophobic powders.
e Support uniform distribution of active ingredients.

e Improve contact between liquids and solid dosage forms during processing.

The concentration of the wetting agent must be optimized. Excessive surfactant may cause foaming,
alter drug solubility, affect stability, or introduce compatibility and safety concerns.

Pharmaceutical Applications of Wetting

Wetting is important in several pharmaceutical processes:
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1. Suspension preparation: Improved wetting helps liquid vehicles contact hydrophobic drug particles
and facilitates their dispersion.

2. Dissolution of solid drugs: Wetting can increase contact between the dissolution medium and the
solid drug surface, potentially improving dissolution when wetting is a limiting factor.

3. Tablet disintegration: Liquid penetration into a tablet contributes to disintegration. Wetting
behaviour interacts with porosity, disintegrant action, and tablet structure.

4. Granulation: Wetting influences liquid distribution over powders and the formation of granules
during wet granulation.

5. Coating: Good wetting promotes uniform contact of coating solutions or dispersions with tablet and
particle surfaces.

6. Cleaning: Wetting allows cleaning solutions to contact surfaces and penetrate deposits, supporting
the removal of residues.

2.5 Adsorption of Surface-Active Agents
Definition

Adsorption of surface-active agents is the accumulation of surfactant molecules at an interface, such
as a solid-liquid, liquid-air, or liquid-liquid boundary. At a solid-liquid interface, surfactant
molecules may adsorb onto the solid surface and alter its wettability, surface charge, interfacial
energy, and interactions with other particles.

Adsorption of surfactants is important in pharmaceutical formulations because it can improve powder
wetting, modify particle dispersion, stabilize suspensions, and influence the adsorption of drugs or
other ingredients onto solid excipients.

Mechanism of Surfactant Adsorption at Solid Interfaces

Surfactant molecules contain hydrophilic and hydrophobic regions. Their orientation at a solid surface
depends on the chemical characteristics of the solid, the liquid medium, the surfactant structure, and
the concentration.

Several arrangements may occur:

1. Adsorption through the hydrophobic group: On some relatively hydrophobic solid surfaces, the
hydrophobic portion of the surfactant interacts with the solid while the hydrophilic group remains
exposed to the aqueous phase. This may increase the apparent hydrophilicity of the surface.

2. Adsorption through the hydrophilic group: On certain polar or charged surfaces, the hydrophilic
head group may interact with the solid through electrostatic attraction, hydrogen bonding, or other
specific interactions.
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3. Formation of surface aggregates: As surfactant concentration increases, adsorbed molecules may
associate into surface aggregates, depending on the solid surface and solution conditions.

4. Bilayer-like arrangements: Under some conditions, a second layer of surfactant molecules may
associate with the first layer. The orientation and properties of the resulting structure depend on the
interactions among the solid, surfactant, and liquid.

These arrangements are not universal. The adsorption configuration depends on the nature of the
adsorbent and the surfactant and must be determined for the particular system.

Adsorption Isotherms of Surface-Active Agents

An adsorption isotherm describes the relationship between the equilibrium concentration of a
surfactant in solution and the amount adsorbed on the solid at a constant temperature.

For many systems, adsorption increases with surfactant concentration and may approach a plateau
when available adsorption sites become occupied. Some surfactant—solid systems show more complex
behaviour because of surface aggregation, changes in molecular orientation, or multilayer formation.

The Langmuir equation may be used as a simplified model:

_ TuaxKC
1+ KC

Where:

e I =amount adsorbed per unit surface area or mass, depending on the definition used
o T'max= maximum adsorption capacity under the model

e K =adsorption equilibrium constant

e C =equilibrium surfactant concentration in solution

The Langmuir model assumes a finite number of equivalent sites and monolayer adsorption. Real
surfactant adsorption may not follow these assumptions, particularly when surface aggregates or
multilayers form.

Factors Affecting Adsorption of Surface-Active Agents

1. Nature of the solid surface: Surface charge, polarity, porosity, and functional groups influence the
affinity of surfactants for the adsorbent.

2. Surfactant structure: The length and branching of the hydrophobic chain, the nature of the
hydrophilic group, and the charge of the molecule influence adsorption.

3. Surfactant concentration: Increasing concentration generally increases adsorption over an initial
concentration range. At higher concentrations, adsorption may approach a plateau or show more
complex behaviour.
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4. pH: pH can change the ionization and surface charge of both the surfactant and the solid, thereby
influencing electrostatic interactions.

5. Electrolytes: Dissolved salts can screen electrostatic interactions or alter surfactant aggregation and
adsorption. The direction of the effect depends on the surfactant type and surface chemistry.

6. Temperature: Temperature can affect adsorption equilibrium, molecular mobility, and surfactant
aggregation.

7. Contact time: Sufficient time is required for the surfactant to reach the surface and establish the
relevant adsorption equilibrium.

8. Competing substances: Other dissolved compounds may occupy adsorption sites or interact with
surfactant molecules, changing the extent of adsorption.

Effects of Surfactant Adsorption on Solid Surfaces

1. Modification of wettability: Adsorbed surfactants can make a surface more hydrophilic or more
hydrophobic, depending on the orientation of their molecular groups.

2. Change in surface charge: lonic surfactants may alter the surface charge and electrokinetic
properties of particles.

3. Modification of particle dispersion: Adsorbed surfactants may reduce aggregation through
electrostatic repulsion, steric effects, or a combination of these mechanisms.

4. Change in adsorption of other substances: Surfactants may block adsorption sites or create new
interfacial environments that alter the adsorption of drugs, preservatives, or other ingredients.

5. Modification of interfacial energy: Surfactant adsorption changes the energetics of the solid-liquid
interface and can influence wetting and dispersion.

Pharmaceutical Applications
Adsorption of surface-active agents is important in:

1. Wetting of powders: Surfactants adsorb onto powder surfaces and may improve contact with
the liquid vehicle.

2. Suspension formulation: Surface adsorption can influence particle dispersion and aggregation.

Emulsion formulation: Surfactants adsorb at oil-water interfaces and help stabilize droplets.

4. Drug delivery systems: Surface-active agents may modify the interactions between drugs,
carrier materials, and biological fluids.

5. Cleaning and processing: Surfactant adsorption can assist the wetting and removal of residues
from equipment surfaces.

6. Dissolution enhancement: Improved wetting of hydrophobic drug particles may support faster
contact with the dissolution medium.

7. Compatibility studies: Understanding adsorption can help assess drug loss onto excipients,
containers, or other surfaces.

w
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Limitations and Formulation Considerations

Surfactant adsorption does not always improve a formulation. Excessive adsorption may alter particle
charge, promote bridging or depletion flocculation under certain conditions, or change the availability
of the active ingredient. Surfactants may also interact with preservatives, polymers, proteins, and
other excipients.

Therefore, the surfactant type and concentration should be optimized by evaluating wetting, particle
size, dispersion stability, drug content, compatibility, and safety. The final selection should be based
on experimental performance in the intended formulation rather than on surface-tension reduction
alone.
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Chapter 3: Electric Properties of Interface
3.1 Electric Double Layer
3.1.1 Introduction

The electric properties of interfaces are important in understanding the behaviour, stability, and
interactions of colloidal systems, suspensions, emulsions, and pharmaceutical dispersions. When a
solid particle comes into contact with a liquid, the surface may acquire an electrical charge due to
ionization of surface groups, selective adsorption of ions, or the dissolution of surface components.
This surface charge influences the distribution of ions in the surrounding liquid.

The arrangement of the charged surface and the oppositely charged ions present in the liquid forms an
electric double layer (EDL). It plays an important role in determining the electrostatic interactions
between particles and consequently affects the stability of pharmaceutical suspensions and other
dispersed systems.

3.1.2 Definition

The electric double layer is the arrangement of electrical charges at the interface between a charged
surface and a surrounding liquid, consisting of the surface charge and a compensating distribution of
ions in the liquid phase.

For example, when a pharmaceutical solid particle is dispersed in water, its surface may acquire a
negative charge. Positively charged ions from the surrounding liquid are attracted towards the surface,
while negatively charged ions are repelled. This produces a structured distribution of electrical
charges near the particle.

3.1.3 Formation of the Electric Double Layer
The electric double layer may form through several mechanisms:

1. lonization of surface groups: Surface functional groups may gain or lose protons depending
on the pH of the surrounding medium.

2. Selective adsorption of ions: Certain ions present in the liquid may preferentially adsorb onto
the particle surface.

3. Dissolution of surface components: Dissolution or release of ions from the solid may result in
the development of surface charge.

4. Unequal distribution of ions: The charged surface attracts oppositely charged ions and repels
ions of the same charge, creating an ionic distribution near the interface.

The resulting charge distribution influences the electrostatic potential near the surface and the
interactions between neighbouring particles.

3.1.4 Structure of the Electric Double Layer

The electric double layer is commonly described in terms of two principal regions.
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1. Stern layer

The Stern layer is the compact region of ions located close to the charged surface. It contains strongly
attracted counterions and, in some systems, specifically adsorbed ions. The movement of ions in this
region is relatively restricted compared with that in the bulk liquid.

2. Diffuse layer

The diffuse layer is the region beyond the compact layer in which ions are distributed according to
electrostatic attraction, repulsion, and thermal motion. The concentration of counterions generally
decreases with distance from the surface, while the electrical potential gradually approaches the value
of the bulk liquid.

lons
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The boundary between the Stern layer and the diffuse layer is not always sharply defined. The
detailed structure depends on the surface chemistry, ionic composition, pH, and concentration of the
surrounding electrolyte.

3.1.5 Electrical Potential Distribution

The electrical potential is highest in magnitude near the charged surface and generally decreases with
increasing distance from it. The potential distribution depends on the surface charge density, the
dielectric properties of the medium, the concentration and valency of ions, and temperature.

In a simplified description, the electrical potential decreases through the compact and diffuse layers
until it approaches the bulk solution potential. The potential at the surface is called the surface
potential, whereas the potential at the slipping plane is called the zeta potential.

These potentials are related but are not identical.

3.1.6 Pharmaceutical Significance

The electric double layer is important in pharmaceutical formulations for the following reasons:

1. Stability of suspensions: Electrostatic repulsion between similarly charged particles can
reduce aggregation and sedimentation caused by particle association.
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2. Stability of emulsions: Interfacial charge can contribute to the resistance of dispersed droplets
to aggregation and coalescence.

3. Flocculation: Modification of the electric double layer can promote controlled particle
association, which may improve the redispersibility of pharmaceutical suspensions.

4. Drug adsorption: Electrostatic interactions can influence the adsorption of drug molecules,
polymers, and other excipients onto particle surfaces.

5. Nanoparticle formulations: Surface charge and the surrounding ionic environment influence
the dispersion, aggregation, and biological interactions of pharmaceutical nanoparticles.

Thus, understanding the electric double layer helps in designing stable and effective pharmaceutical
dosage forms.

3.2 Nernst Potential

3.2.1 Introduction

The electrical potential at an interface depends on the distribution of ions between two phases and on
the electrochemical equilibrium established between them. When an ion is distributed unequally
across an interface, a potential difference may develop. The Nernst equation describes the relationship
between electrical potential and the activities or concentrations of chemical species involved in an
electrochemical equilibrium.

In interfacial and colloidal science, the term Nernst potential may be used in specific contexts to
describe an equilibrium potential associated with ion distribution or surface processes. It should be
distinguished from the surface potential and zeta potential, which describe different aspects of the
interfacial electrical environment.

3.2.2 Definition

The Nernst potential is the equilibrium electrode potential associated with a specified electrochemical
reaction under particular conditions of temperature and chemical activity.

It is calculated using the Nernst equation, which relates the equilibrium potential to the standard
electrode potential and the reaction quotient.

3.2.3 Nernst Equation

For a general reduction reaction,
Ox +ne” = Red

the Nernst equation is expressed as:

. RT
F InQ

Where:
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o E = electrode potential under the given conditions

e E°=standard electrode potential

e R =universal gas constant

e T =absolute temperature in kelvin

e n=number of electrons transferred

e F =Faraday constant

e Q =reaction quotient, expressed in terms of activities

At a temperature of 25°C, the equation may be written in logarithmic form as:

o g 005916

log,, @

This form assumes that the potential is expressed in volts and that the appropriate standard-state
conventions are used.

For an electrode reaction involving a metal ion,
M +ne =M
the equation becomes:

RT
E=E+—Inay~
™ nk am

where @M*! represents the activity of the metal ion, and the activity of the pure solid metal is taken

as unity.
3.2.4 Factors Affecting the Nernst Potential
The Nernst potential is influenced by the following factors:

1. lon activity or concentration: Changes in the activity of participating ions alter the
equilibrium potential.

2. Temperature: Temperature affects the magnitude of the \(RT/nF\) term.

3. Nature of the electrode reaction: The number of electrons transferred and the chemical species
involved influence the potential.

4. Chemical environment: Changes in pH, complex formation, or other chemical equilibria may
alter the activities of participating species.

5. Standard electrode potential: Different electrode reactions possess different standard
potentials.

3.2.5 Significance in Interfacial and Pharmaceutical Systems

The Nernst equation is useful for understanding electrochemical equilibria and the influence of ion
distribution on electrical potential. Its applications include:
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o Interpretation of electrode potentials during electrochemical measurements.

e Understanding ion-sensitive electrode responses used in pharmaceutical analysis.

o Explaining the influence of ion activity and pH on interfacial processes.

e Supporting the study of electrochemical behaviour in biological and pharmaceutical
environments.

In colloidal systems, the Nernst equation provides a general electrochemical framework. However, the
potential of a charged colloidal surface cannot automatically be calculated from the Nernst equation
alone; surface chemistry, ion adsorption, and the structure of the electric double layer must also be
considered.

3.3 Zeta Potential
3.3.1 Introduction

Zeta potential is an important parameter used to characterize the electrical properties and stability of
colloidal dispersions. Particles dispersed in a liquid often develop surface charges that attract
oppositely charged ions. When a particle moves relative to the liquid, a boundary known as the
slipping or shear plane separates the liquid that moves with the particle from the surrounding bulk
liquid.

The electrical potential at this plane relative to the bulk liquid is called the zeta potential. It provides
useful information about electrostatic interactions between dispersed particles and is widely used in
pharmaceutical formulation development.

3.3.2 Definition

Zeta potential is the electrical potential at the slipping plane of a particle dispersed in a liquid,
measured relative to the electrical potential of the bulk liquid.

Zeta potential is generally expressed in millivolts (mV). It is different from the surface potential
because the slipping plane is located away from the actual particle surface.

3.3.3 Principle of Zeta Potential

When a charged particle is dispersed in a liquid, it attracts counterions and develops an electric double
layer. During particle movement under an applied electric field, the particle and a portion of the
surrounding liquid move together.

The zeta potential reflects the electrical potential at the boundary where this relative movement
occurs. Its magnitude and sign depend on several factors, including:

o Surface chemistry of the particle.

e pH of the dispersion medium.

e Type and concentration of electrolytes.

e Adsorption of surfactants, polymers, or other excipients.
e Temperature and properties of the liquid medium.
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A high magnitude of zeta potential often indicates stronger electrostatic repulsion between similarly
charged particles. However, the stability of a dispersion also depends on steric stabilization, particle
concentration, particle size, and other formulation factors.

3.3.4 Measurement of Zeta Potential
Zeta potential is commonly determined by measuring electrophoretic mobility.

Electrophoretic mobility is the velocity of a charged particle under an applied electric field divided by
the electric field strength.

v
Fﬂe—E

Where:

e Uc= electrophoretic mobility
e Vv =particle velocity
o E = applied electric field strength

The measured electrophoretic mobility is converted into zeta potential using an appropriate
electrokinetic model. For example, the Smoluchowski approximation is commonly used for particles
in aqueous media when the electrical double layer is thin relative to the particle size.

¢ = e

=

Where:

{ = zeta potential

n = dynamic viscosity of the medium
e = electrophoretic mobility

e &= permittivity of the medium

This approximation is not suitable for every system. Other models, such as the Hickel or Henry
approaches, may be more appropriate depending on particle size, ionic strength, and double-layer
thickness.

Zeta potential is commonly measured using electrophoretic light-scattering instruments.

3.3.5 Interpretation of Zeta Potential

The magnitude of zeta potential is often used as an initial indicator of colloidal stability. A larger
absolute value may indicate stronger electrostatic repulsion, whereas a value close to zero may

indicate a greater likelihood of aggregation when electrostatic repulsion is the principal stabilizing
mechanism.

\ Zeta potential magnitude | General interpretation
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Little electrostatic repulsion; aggregation may be more

Near 0 mV .

likely
Approximately 10-20 mV Relatively weak electrostatic stabilization
Approximately 20-30 mV Moderate electrostatic stabilization may be present

Greater than approximately 30 mV in

Often associated with stronger electrostatic stabilization
absolute value

These ranges are approximate guidelines rather than universal limits. The actual stability of a
formulation must be established experimentally because steric effects, particle characteristics, and
medium composition can substantially alter behaviour.

3.3.6 Factors Affecting Zeta Potential

1. pH of the medium: Changes in pH alter the ionization of surface functional groups and may change
both the magnitude and sign of zeta potential.

2. Electrolyte concentration: Increasing ionic strength generally compresses the diffuse layer and
reduces the range of electrostatic interactions.

3. Valency of ions: Multivalent counterions can neutralize surface charge more effectively than
monovalent ions and may promote aggregation or flocculation.

4. Surfactants: lonic surfactants may increase or reverse surface charge, while nonionic surfactants
may provide steric stabilization.

5. Polymers: Adsorbed polymers can alter the slipping plane and provide steric or electrosteric
stabilization.

6. Temperature and medium properties: Changes in viscosity, dielectric properties, and temperature
may affect measured electrophoretic mobility and calculated zeta potential.

3.3.7 Pharmaceutical Applications
Zeta potential is useful in:

1. Suspensions: Evaluating particle interactions and predicting the likelihood of aggregation.

2. Emulsions: Characterizing droplet charge and assessing the contribution of electrostatic
stabilization.

3. Pharmaceutical nanoparticles: Monitoring surface modification and changes during
formulation development.

4. Liposomes and lipid-based carriers: Evaluating the effects of composition and surface
functionalization on interfacial charge.

5. Drug delivery systems: Investigating how formulation properties may influence interactions
with biological fluids and cellular surfaces.

6. Quality control: Comparing batches and monitoring changes during storage or formulation
optimization.
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Zeta potential should be interpreted alongside particle size, polydispersity, visual appearance, and
stability studies rather than being used as the sole measure of formulation quality.

3.4 Effect of Electrolytes

3.4.1 Introduction

Electrolytes are substances that dissociate into ions when dissolved in a suitable solvent. Examples
include sodium chloride, potassium chloride, calcium chloride, and magnesium chloride. In colloidal
and pharmaceutical systems, electrolytes influence the electrical double layer, zeta potential,
electrostatic repulsion, and interactions between dispersed particles.

The addition of an electrolyte can change the stability of suspensions and emulsions by modifying the
charge environment around particles. Depending on the electrolyte concentration, ionic valency, and
surface properties, the resulting effect may include improved stability, aggregation, or controlled
flocculation.

3.4.2 Effect on the Electric Double Layer

When an electrolyte is added to a dispersion, the concentration of ions in the liquid increases.
Counterions are attracted towards a charged particle surface, while ions of the same charge are
repelled.

At higher ionic strength, the diffuse layer generally becomes more compressed. As a result, the
electrical potential decreases more rapidly with distance from the surface, and the range of

electrostatic repulsion between particles becomes shorter.

For a solution containing ions of different charges, ionic strength is calculated as:

Izéz.cfzf

Where:
e | =ionic strength
e ci= molar concentration of ion \(i\)

e zi = charge number of ion \(i\)

The equation shows that ionic strength depends on both ion concentration and the square of the ionic
charge. Consequently, multivalent ions can contribute disproportionately to ionic strength.

3.4.3 Effect on Zeta Potential
Electrolytes can influence zeta potential through several mechanisms:
1. Compression of the diffuse layer: Increased ionic strength reduces the thickness of the diffuse

layer and usually decreases the magnitude of zeta potential.
2. Charge neutralization: Counterions may reduce the effective surface charge of particles.
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3. Specific ion adsorption: Certain ions adsorb onto particle surfaces and may alter the
magnitude or sign of the surface charge.

4. Surface chemical changes: Changes in pH or ion-binding equilibria may modify the
ionization of surface groups.

The exact response depends on the chemical nature of the particles and ions. Therefore, the addition
of an electrolyte does not always produce the same change in zeta potential.

3.4.4 Effect of Electrolyte Valency

The valency of the counterion is an important factor in the stability of charged colloidal systems.
Multivalent counterions can often reduce electrostatic repulsion more effectively than monovalent
counterions.

For example, calcium ions (Ca*") may have a stronger effect on a negatively charged dispersion than
sodium ions (Na*) under comparable conditions. This is because the calcium ion carries a greater

positive charge and may interact more strongly with negatively charged surfaces.

However, the magnitude of this effect also depends on ion-specific adsorption, surface chemistry,
concentration, and possible bridging interactions.

3.4.5 Effect on Colloidal Stability

The stability of a colloidal dispersion depends on the balance between attractive and repulsive forces
between particles. Electrolytes can modify this balance in the following ways:

1. Reduction in electrostatic repulsion

Increasing electrolyte concentration can compress the diffuse layer and reduce the repulsive barrier
between particles. When attractive forces become dominant, particles may aggregate.

2. Coagulation

Coagulation is the formation of larger aggregates through the loss of sufficient repulsive stabilization.
In many charged colloidal systems, the addition of suitable electrolytes can promote coagulation.

3. Controlled flocculation

In pharmaceutical suspensions, carefully controlled particle association may produce loose flocs that
settle readily and are easier to redisperse. This can be beneficial when a compact, difficult-to-
redisperse sediment would otherwise form.

4. Excessive electrolyte concentration

Excessive electrolyte addition may cause unwanted aggregation, changes in viscosity, precipitation, or

other formulation problems. Therefore, electrolyte concentration must be optimized for the intended
product.
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3.4.6 Schulze-Hardy Rule

The Schulze—Hardy rule describes the strong influence of counterion valency on the coagulation of
many lyophobic colloidal systems. In general, counterions with higher valency are more effective at
causing coagulation than counterions with lower valency of the same charge sign.

For example, a trivalent counterion may coagulate a negatively charged colloid at a lower
concentration than a divalent or monovalent counterion.

The rule is a general observation for suitable colloidal systems, not a universal quantitative law for all
pharmaceutical dispersions. Specific adsorption, steric stabilization, and chemical reactions may
produce deviations from the expected behaviour.

3.4.7 Pharmaceutical Applications
The effect of electrolytes is important in several pharmaceutical applications:

1. Suspension formulation: Electrolytes may be used to adjust particle interactions and promote
controlled flocculation.

2. Emulsion stability: Electrolytes can alter droplet charge and influence the tendency of
droplets to aggregate.

3. Nanoparticle formulations: lonic strength affects particle aggregation, zeta potential, and
dispersion stability.

4. Buffer systems: Buffer components contribute to ionic strength and may affect the behaviour
of charged excipients and active ingredients.

5. Protein and biomolecule formulations: Salts may alter electrostatic interactions, solubility,
and aggregation behaviour.

6. Compatibility studies: Electrolyte effects must be considered when selecting excipients and
preparing formulations containing charged polymers or surfactants.

3.4.8 Precautions in Formulation Development

During pharmaceutical formulation development, the type and concentration of electrolyte should be
selected carefully. Important considerations include:

o Determine the effect of electrolyte concentration on zeta potential and particle size.

o Evaluate the influence of pH and ionic strength together.

o Check for precipitation or incompatibility with active ingredients and excipients.

o Assess sedimentation, redispersibility, and physical stability during storage.

e Avoid relying on zeta potential alone to predict the stability of systems that are stabilized
mainly by steric mechanisms.

In conclusion, electrolytes are important formulation variables because they influence the electric
double layer, zeta potential, and interparticle forces. Appropriate control of electrolyte type and
concentration helps achieve the desired physical stability and performance of pharmaceutical
dispersions.
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Unit 3: Colloidal and Coarse Dispersion

Chapterl. Colloidal Dispersions

1.1 Types of Colloidal Dispersions

e 1.1.1 Lyophobic Colloids

e 1.1.2 Lyophilic Colloids

e 1.1.3 Association Colloids
1.2 Optical Properties of Colloids
1.3 Kinetic Properties of Colloids
1.4 Electrical Properties of Colloids
1.5 Size and Shape of Colloidal Systems
1.6 Stability of Colloidal System

e 1.6.1 Peptization

e 1.6.2 Protective Action
1.7 Applications of Colloidal System

Chapter 2. Coarse Dispersions

2.1 Suspensions

2.2 Stokes’ Law (Theory of Sedimentation)

2.3 Effect of Brownian Movement / Sedimentation of Flocculated Particles
2.4 Sedimentation Parameters

2.5 Flocculation and Controlled Structure Flocculation

Chapter 3. Theories of Emulsification and Stabilization

3.1 DLVO Theory

3.2 Monomolecular Adsorption
3.3 Multimolecular Adsorption
3.4 Film Formation

3.5 Solid Particle Adsorption

Chapter 4. Physical Instabilities of Emulsions
4.1 Creaming

4.2 Coalescence and Breaking
4.3 Phase Inversion
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Chapter 1: Colloidal Dispersions
1.1 Types of Colloidal Dispersions
1.1.1 Introduction to Colloidal Dispersions

A colloidal dispersion is a heterogeneous system in which one substance is distributed throughout
another substance in the form of particles of colloidal dimensions. The substance distributed in the
system is known as the dispersed phase, while the medium in which the particles are distributed is
called the dispersion medium.

Colloidal systems occupy an intermediate position between true solutions and coarse dispersions. In a
true solution, the solute exists predominantly as molecules or ions, whereas in a colloidal dispersion,
the dispersed particles are larger and may consist of aggregates of molecules, macromolecules, or
small solid particles. In coarse dispersions, the particles are generally larger and more readily
separated by sedimentation or filtration.

Colloidal particles commonly have dimensions of approximately 1-1000 nm, although the
classification depends on the system and the method used to characterize particle size. Their small
size produces a large surface area relative to their volume, making surface phenomena such as
adsorption, interfacial tension, and electrical charge particularly important.

Colloidal dispersions are widely used in pharmacy because they can improve drug solubilization,
control drug release, modify drug distribution, and enhance the physical properties of pharmaceutical

formulations. Examples include colloidal silver preparations, polymeric nanoparticles, liposomes,
micellar drug delivery systems, and protein dispersions.

1.1.2 Classification of Colloidal Systems

Colloidal systems may be classified according to the affinity between the dispersed phase and the
dispersion medium, the nature of the dispersed phase, and the type of particles present.

Based on their interaction with the dispersion medium, colloids are classified into three major types:

1. Lyophobic colloids

2. Lyophilic colloids

3. Association colloids
1.1.1 Lyophobic Colloids
Definition: Lyophobic colloids are colloidal systems in which the dispersed phase has little affinity
for the dispersion medium. The term lyophobic means “solvent-hating.” When water is the dispersion
medium, these systems are often called hydrophaobic colloids.

Characteristics

1. Low affinity for the dispersion medium: The dispersed particles have limited interaction with
the surrounding liquid.
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2. Relatively difficult preparation: Special methods, such as dispersion or condensation, are
generally required to prepare these systems.

3. Limited stability: Their stability often depends strongly on particle charge and electrostatic
repulsion.

4. Reversible or irreversible coagulation: Addition of electrolytes or changes in the surrounding
conditions may cause aggregation. Coagulation may be difficult to reverse.

5. Strong surface effects: The large surface area of the particles contributes to adsorption and
interfacial phenomena.

6. Need for stabilizers: Protective colloids, surfactants, or polymers may be added to improve
stability.

Methods of preparation
Lyophobic colloids may be prepared by the following methods:
o Dispersion methods: Larger particles are broken down into colloidal dimensions by
mechanical, electrical, or other suitable processes.

e Condensation methods: Small molecules or ions combine to form particles of colloidal
dimensions through chemical reactions or changes in solubility.

Examples
e Gold sol
e Silver sol
e Sulfur sol

e Ferric hydroxide sol
Pharmaceutical significance

Lyophobic systems are useful in developing colloidal preparations and particulate drug delivery
systems. However, they may require careful control of pH, electrolyte concentration, surface charge,
and stabilizer concentration to prevent aggregation.

1.1.2 Lyophilic Colloids

Definition: Lyophilic colloids are colloidal systems in which the dispersed phase has a strong affinity
for the dispersion medium. The term lyophilic means “solvent-loving.” When water is the dispersion
medium, these systems are called hydrophilic colloids.

These systems commonly contain polymers or macromolecules that interact with the solvent through
hydration, hydrogen bonding, electrostatic interactions, or other intermolecular forces.

Characteristics
1. Strong solvent affinity: The dispersed substance interacts readily with the dispersion medium.

2. Relatively easy preparation: Many lyophilic colloids form spontaneously or with mild mixing
when the material is introduced into a suitable solvent.
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3. High stability: Solvation or hydration layers help prevent particles or macromolecules from
aggregating.

4. Reversibility: Many lyophilic systems can be restored by adding the appropriate solvent after
drying, provided the material has not undergone irreversible structural changes.

5. Viscosity effects: Macromolecules may increase the viscosity of the dispersion medium,
depending on their concentration and molecular structure.

6. Protective action: Certain lyophilic colloids stabilize lyophobic particles by forming an
adsorbed protective layer.

Examples

e Gelatin in water

e Acacia in water

e Starch in water

e Certain cellulose derivatives in water

e Aqueous solutions of suitable hydrophilic polymers

Pharmaceutical significance
Lyophilic colloids are important pharmaceutical excipients. They may be used as:

e Suspending agents

e Thickening agents

e Protective colloids

e Emulsion stabilizers

e Film-forming agents

e Binders in tablet formulations

o Materials for gels and controlled-release systems

Their ability to retain water and modify viscosity makes them particularly useful in semisolid
preparations, oral liquids, and polymer-based drug delivery systems.

1.1.3 Association Colloids

Definition: Association colloids are systems formed by substances whose molecules or ions aggregate
into colloidal-sized structures when their concentration exceeds a characteristic value under suitable
conditions.

These substances are commonly known as amphiphilic molecules because each molecule contains a
hydrophilic portion that interacts with water and a hydrophobic portion that has limited affinity for
water.

Surfactants are common examples of substances that form association colloids.

Formation of micelles
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At low concentrations, surfactant molecules generally exist as individual molecules or ions in
solution. As the concentration increases, the molecules begin to aggregate. Above a characteristic
concentration known as the critical micelle concentration (CMC), micelles become prominent.

In an aqueous medium, the hydrophobic portions of surfactant molecules generally orient towards the

interior of the micelle, while the hydrophilic portions remain in contact with water. The arrangement
may differ in non-aqueous media.

Hydrophilic head

Aqueous
solution

Hydrophobic tail

Characteristics

1. They are formed by the aggregation of amphiphilic molecules or ions.

2. Their formation depends on concentration, temperature, solvent composition, and the
chemical structure of the surfactant.

3. They can incorporate poorly water-soluble substances into their hydrophobic regions or other
suitable internal domains.

4. Their structure may be spherical, cylindrical, lamellar, or another morphology depending on
the system.

5. Their aggregation is often dynamic, with molecules exchanging between aggregates and the
surrounding solution.

Examples

e Sodium dodecyl sulfate micelles in water

¢ Micelles formed by suitable nonionic surfactants
o Bile salt aggregates

e Certain mixed surfactant systems

Pharmaceutical significance

Association colloids are important in:
e Solubilization of poorly water-soluble drugs
e Micellar drug delivery

e \Wetting and detergency
o Emulsification
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o Improving the dispersion of hydrophobic substances
e Formulation of selected topical, oral, and parenteral products, subject to excipient safety and
compatibility requirements

1.1.3 Comparison of Lyophobic, Lyophilic, and Association Colloids

Characteristic

Lyophobic colloids

Lyophilic colloids

Association colloids

Depends on the
Affinity for medium | Low High hydrophilic and
hydrophobic portions
_ Usua_llly requires _ a Often forms readily in Forms _by molecular
Formation special preparation . aggregation under
a suitable solvent . -
method suitable conditions
Often  depends  on | Solvation, hydration, Depends on the
- . . balance of molecular
Stability mechanism | surface charge or added | and intermolecular

stabilizers

interactions

interactions and
formulation conditions

Often relatively less | Depends on surfactant
Effect of electrolytes | May be highly sensitive | sensitive, depending on | type and ionic
the system environment
Gelatin, starch, acacia .
Examples Gold sol, sulfur sol . X Surfactant micelles
dispersions
. . Thickening, .
. Colloidal particulate - _g . Drug solubilization and
Pharmaceutical use stabilization, and film ) .
systems micellar delivery

formation

1.2 Optical Properties of Colloids

1.2.1 Introduction

The optical properties of colloidal dispersions arise mainly from the interaction of light with dispersed
particles. Because colloidal particles are sufficiently large to scatter visible light under suitable
conditions, many colloidal systems exhibit optical behaviour different from that of true solutions.

The important optical properties include the Tyndall effect, light scattering, colour, and turbidity.
These properties depend on particle size, shape, concentration, refractive index, wavelength of
incident light, and the optical properties of the dispersion medium.

1.2.2 Tyndall Effect

o Definition: The Tyndall effect is the scattering of a beam of light by particles present in a
colloidal dispersion, making the path of the beam visible when observed from an appropriate

angle.

e When a beam of light passes through a true solution, the dissolved molecules or ions usually
scatter relatively little visible light, so the path of the beam may not be visible. In a colloidal
dispersion, particles scatter light sufficiently for the beam path to become visible.
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e For example, a beam of light passing through a suitable colloidal dispersion may appear as a
luminous cone against a dark background.

Colloidal sol

nghl
ou:ce

Principle

The incident light interacts with the colloidal particles, causing light to be redirected in different
directions. The scattered light becomes visible when sufficient light reaches the observer.

Factors affecting the Tyndall effect

1. Particle size: Scattering depends strongly on particle dimensions relative to the wavelength of
light.

2. Particle concentration: Increasing particle concentration generally increases the amount of
scattered light, although multiple scattering may complicate the relationship.

3. Wavelength of light: Shorter wavelengths may be scattered more strongly by sufficiently
small particles under Rayleigh-scattering conditions.

4. Refractive index difference: A greater difference between the refractive indices of the
particles and the medium generally increases scattering.

5. Particle shape: Non-spherical particles may scatter light differently from spherical particles.

Applications

o Differentiation of many colloidal dispersions from true solutions.

e Qualitative observation of dispersed particles.

o Demonstration of colloidal behaviour in laboratory experiments.

e Study of changes in dispersion characteristics during aggregation or formulation
development.

The Tyndall effect is useful for preliminary observation but cannot independently determine the exact
particle size or establish the identity of a colloidal system.

1.2.3 Light Scattering
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Light scattering is the redirection of incident light when it interacts with particles or inhomogeneities
in a medium. The intensity and angular distribution of scattered light provide information about the
particles.

For sufficiently small particles, where the particle dimensions are much smaller than the wavelength
of light and other assumptions of Rayleigh scattering are satisfied, the scattered intensity from an
individual particle has an approximate wavelength dependence of:

1
-I—so(ﬁ

where I is the scattered-light intensity under the relevant observation conditions and A is the
wavelength of incident light.

This relationship explains why shorter wavelengths may be scattered more strongly than longer
wavelengths in the Rayleigh-scattering regime. It should not be applied indiscriminately to larger
colloidal particles, concentrated dispersions, or systems with significant multiple scattering.

Pharmaceutical applications

Light-scattering methods are used in the characterization of colloidal particles, nanoparticles, and
macromolecules. Dynamic light scattering, in particular, is widely used to estimate the hydrodynamic
diameter and size distribution of particles in suitable dispersions.

1.2.4 Colour of Colloidal Dispersions

Some colloidal dispersions exhibit characteristic colours because of selective absorption and
scattering of light. Their colour may depend on particle size, particle shape, aggregation state,
concentration, and the optical properties of the dispersed material.

For example, gold nanoparticles may display different colours depending on their size, shape, and
degree of aggregation. Changes in colour can therefore provide a qualitative indication of changes in

the colloidal state.

However, colour alone is not a reliable method for determining particle size because several physical
and chemical factors may influence the observed appearance.

1.2.5 Turbidity

Definition: Turbidity is the reduction in the transparency of a liquid caused by the scattering and, in
some cases, absorption of light by suspended particles.

A colloidal dispersion may appear clear, opalescent, or turbid depending on particle characteristics
and concentration. Turbidity is often measured by optical instruments that compare incident light with

transmitted or scattered light.

Factors affecting turbidity
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Particle concentration

Particle size and size distribution

Refractive index of the particles and medium
Particle aggregation

Wavelength and geometry of measurement

Pharmaceutical significance

Turbidity measurements may be used to monitor the physical condition of dispersions, identify
changes associated with aggregation or precipitation, and assess the clarity of selected pharmaceutical
preparations. The method must be validated for the particular formulation because colour, absorption,
and multiple scattering can affect measurements.

1.3 Kinetic Properties of Colloids

1.3.1 Introduction

The kinetic properties of colloids describe the movement and motion-related behaviour of
colloidal particles in a dispersion medium. These properties arise from the thermal energy of
the particles and their interactions with the surrounding molecules.

Colloidal particles are continuously subjected to molecular collisions, which cause random
movement. This movement influences diffusion, sedimentation, particle distribution, and the
stability of colloidal systems.

The major kinetic properties of colloids include Brownian movement, diffusion, and
sedimentation.

1.3.2 Brownian Movement

Definition: Brownian movement is the continuous, random, and irregular movement of
colloidal particles suspended in a fluid due to collisions with the rapidly moving molecules of
the dispersion medium.

The phenomenon is named after Robert Brown, who observed the irregular motion of small
particles suspended in a liquid.

Mechanism

Molecules of the dispersion medium are in continuous thermal motion. They collide with the
surface of a colloidal particle from different directions. Because these collisions are not
perfectly balanced at every instant, the particle undergoes irregular displacement.

Brownian movement is particularly noticeable for small particles. As particle size increases,
the influence of random molecular collisions becomes less significant relative to gravitational
forces.
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Factors affecting Brownian movement

Particle size: Smaller particles generally exhibit more pronounced Brownian movement.
Temperature: Increasing temperature increases the thermal motion of molecules and generally
enhances particle diffusion.

Viscosity: Higher viscosity increases resistance to particle movement and reduces Brownian
mobility.

Density difference: The density difference between the particle and medium affects
gravitational sedimentation and therefore influences the observed motion relative to settling.
Nature of the medium: Solvent properties and particle-medium interactions affect particle
mobility.

Importance of Brownian movement

It helps maintain the random distribution of sufficiently small particles in a dispersion.

It opposes the development of a concentration gradient caused by sedimentation.

It contributes to the diffusion of particles from regions of higher concentration to regions of
lower concentration.

It is important in the movement of nanoparticles and macromolecules in pharmaceutical
systems.

Brownian movement does not guarantee permanent colloidal stability. Particles may still aggregate if
attractive interactions overcome the forces that maintain their separation.

1.3.3 Diffusion

Definition: Diffusion is the spontaneous movement of particles from a region of higher
concentration to a region of lower concentration due to random molecular motion.

In colloidal systems, diffusion occurs because particles undergo continuous random
movement. When a concentration gradient exists, the overall movement of particles tends to
reduce that gradient.

Fick’s first law
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For one-dimensional diffusion under steady-state conditions, the diffusion flux can be expressed as:

de
J=—-D—
dx

Where:

e J=diffusion flux

o D = diffusion coefficient

e = particle concentration

e x =distance

e The negative sign indicates movement down the concentration gradient.

The diffusion coefficient indicates how rapidly particles diffuse through the medium.

For a spherical particle undergoing Brownian motion in a dilute medium, the Stokes—Einstein
equation is:

_ kgT
6

D

Where:

e D = diffusion coefficient

e kg = Boltzmann constant

e T =absolute temperature

e 1= dynamic viscosity of the medium

e 1 =hydrodynamic radius of the particle

This relationship assumes a spherical particle, a Newtonian medium, and conditions under which the
continuum hydrodynamic approximation is applicable.

Factors affecting diffusion

o Particle size and shape

e Temperature

o Viscosity of the medium

e Particle-medium interactions

e Concentration and interactions between dispersed particles

Pharmaceutical significance
Diffusion is important in drug release from colloidal carriers, transport of molecules through
biological fluids, movement of nanoparticles in dispersions, and the distribution of dissolved

substances in pharmaceutical formulations.

1.3.4 Sedimentation
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Definition: Sedimentation is the downward or upward movement of dispersed particles
relative to the surrounding medium under the influence of gravity or another applied force.
When the density of a particle is greater than that of the medium, it tends to move downward
under gravity. When the particle is less dense than the medium, it may move upward.
Sedimentation depends on particle size, particle shape, density difference, medium viscosity,
and the strength of the gravitational or applied field.

For an isolated spherical particle settling slowly in a dilute suspension under laminar
conditions, Stokes’ law gives the terminal settling velocity:

2r? (Pp — Pm)g

9n

v = terminal settling velocity

r = particle radius

pp= particle density

pm= density of the medium

g = acceleration due to gravity

N = dynamic viscosity of the medium

For particles denser than the medium, the equation gives a downward settling velocity. If the particle
is less dense than the medium, the direction of movement is reversed.

Factors affecting sedimentation

Particle size: larger particles generally settle faster.

Density difference: a greater difference between particle and medium densities increases
settling velocity.

Viscosity: increased viscosity decreases settling velocity.

Particle shape: non-spherical particles may experience greater drag than spheres of
comparable volume.

Aggregation: aggregation changes the effective particle size, shape, and density, altering
sedimentation behaviour.

Pharmaceutical significance

Sedimentation is particularly important in suspensions. Excessively rapid settling may lead to non-
uniform drug distribution, whereas controlled flocculation may produce a loose sediment that can be
readily redispersed.

1.3.5 Comparison of Kinetic Properties

Property Meaning Principal significance

Brownian movement

Random  movement caused by | Helps maintain random particle
molecular collisions motion

Diffusion Net movement down a concentration | Promotes  redistribution  of
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gradient particles
Sedimentation Mov_eme_nt caused by gravity or an Inflggnces settling and physical
applied field stability

1.4 Electrical Properties of Colloids
1.4.1 Introduction

e Colloidal particles commonly acquire an electrical charge when dispersed in a liquid. This
charge may arise from ionization of surface groups, selective adsorption of ions, dissolution
of surface components, or other interfacial processes.

e The electrical charge influences the distribution of ions around the particles and the forces
acting between neighbouring particles. These effects are important in determining the stability
of colloidal dispersions.

e The principal electrical properties of colloids include charge development, the electric double
layer, electrophoresis, electro-osmosis, and zeta potential.

1.4.2 Origin of Charge on Colloidal Particles
Colloidal particles may acquire a surface charge through several mechanisms.

1. lonization of surface groups

Functional groups present on a particle surface may ionize in the dispersion medium. For example,
carboxyl groups may lose protons and acquire negative charges under suitable pH conditions.

RCOOH = RCOO~ +H"

The degree of ionization depends on pH and the chemical environment.
2. Selective adsorption of ions

A particle may preferentially adsorb particular ions from the surrounding medium. The adsorption of
these ions may produce a net surface charge.

3. Dissolution of surface components

Some solid materials release ions into the surrounding liquid. Unequal dissolution of ionic species
may contribute to the development of a surface charge.

4. Unequal distribution of ions

The surface charge influences the distribution of ions near the particle, producing an electrical double
layer.

1.4.3 Electric Double Layer
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e The electric double layer consists of the charged particle surface and the surrounding
distribution of ions in the liquid. It is commonly described in terms of a compact Stern layer
and a diffuse layer.

e The surface charge attracts counterions and repels ions of the same charge. The electrical
potential generally decreases with increasing distance from the surface until it approaches the
bulk-liquid potential.

e The double layer influences the electrostatic interactions between neighbouring particles and
therefore contributes to colloidal stability.

1.4.4 Electrophoresis

e Definition: Electrophoresis is the movement of charged colloidal particles relative to a liquid
under the influence of an applied electric field.

e When an electric field is applied, positively charged particles generally move towards the
cathode, while negatively charged particles move towards the anode.

Principle

The applied electric field exerts a force on charged particles. Their movement depends on electrical
forces, viscous resistance, particle characteristics, and the properties of the dispersion medium.

The rate of movement per unit electric field is called electrophoretic mobility:

_’U
IU’F-‘_E

Where:

e U= electrophoretic mobility
e Vv = particle velocity
e E =electric field strength

Applications

o Determination of the direction and mobility of charged particles.

o Estimation of zeta potential.

o Characterization of pharmaceutical nanoparticles and colloidal dispersions.

o Investigation of changes in particle charge after the addition of surfactants, polymers, or
electrolytes.

1.4.5 Electro-osmosis

o Definition: Electro-osmosis is the movement of a liquid relative to a stationary charged
surface or porous material under the influence of an applied electric field.

e When a charged surface is in contact with a liquid, ions in the electric double layer respond to
an applied field. Their movement can drag the surrounding liquid, producing bulk liquid flow.

Applications
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Electro-osmosis is relevant to electrokinetic studies, transport through charged porous materials,
microfluidic systems, and selected analytical techniques.

1.4.6 Streaming Potential and Sedimentation Potential

Streaming potential is the electrical potential difference generated when a liquid is forced
through a charged porous material or along a charged surface.

Sedimentation potential is the potential difference that may develop when charged particles
move relative to a liquid under gravity or another applied force.

Both phenomena arise from the relative movement of charged particles or liquid and the
associated transport of ions. They are useful in studying the electrokinetic behaviour of
interfaces.

1.4.7 Zeta Potential and Colloidal Stability

Zeta potential is the electrical potential at the slipping plane of a particle relative to the bulk
liquid. It is commonly estimated from electrophoretic mobility.

A high absolute zeta potential may indicate stronger electrostatic repulsion between similarly
charged particles. A value close to zero may indicate weaker electrostatic repulsion, making
aggregation more likely when electrostatic stabilization is the main stabilizing mechanism.
However, zeta potential is not the only determinant of stability. Steric stabilization, polymer
adsorption, particle concentration, pH, and electrolyte composition can also influence
aggregation.

1.4.8 Pharmaceutical Significance

The electrical properties of colloids are important in:

no

Suspensions: Surface charge influences particle interactions, aggregation, and flocculation.
Emulsions: Electrical charge on droplets may contribute to resistance against aggregation.
Nanoparticles: Zeta potential helps characterize particle surfaces and monitor formulation
changes.

Drug adsorption: Electrostatic attraction or repulsion affects interactions between drugs,
particles, and excipients.

Stability assessment: Electrokinetic measurements provide information about changes in the
interfacial properties of dispersions.

1.5 Size and Shape of Colloidal Systems

1.5.1 Introduction

The size and shape of colloidal particles are important physical characteristics that influence
their optical, kinetic, electrical, and surface properties. These characteristics affect the
stability, solubilization behaviour, rheological properties, and performance of pharmaceutical
colloidal systems.

Colloidal particles may be spherical, rod-shaped, disc-shaped, fibrous, or irregular. Their
dimensions depend on the nature of the dispersed material, the method of preparation, the
composition of the medium, and the conditions used during processing.
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1.5.2 Size of Colloidal Particles

Colloidal particles are commonly described as having dimensions of approximately 1-1000
nm. This range is a practical classification rather than an absolute boundary because some
systems, particularly macromolecular and self-assembled systems, do not fit neatly into a
single size category.

The size of a colloidal particle may refer to its physical dimensions or its effective size in a
liquid. For particles surrounded by a hydration layer, adsorbed polymer, or surfactant layer,
the measured hydrodynamic size may be greater than the size of the solid core.

Importance of particle size

1.

Surface area: Smaller particles generally have a greater surface area per unit mass, increasing
the area available for adsorption and interfacial interactions.

Dissolution: Reducing particle size may increase the dissolution rate of poorly soluble drugs
by increasing the available surface area.

Sedimentation: Smaller particles generally settle more slowly under comparable conditions,
according to Stokes’ law for isolated spherical particles in the appropriate regime.

Optical properties: Particle size influences the intensity and angular distribution of scattered
light.

Stability: Particle size and size distribution affect collision frequency, aggregation, and the
physical stability of dispersions.

Drug delivery: Particle dimensions influence drug loading, release behaviour, cellular
interactions, and transport through biological environments.

1.5.3 Methods of Determining Particle Size

Several methods are used to determine the size of colloidal particles.

1. Dynamic light scattering (DLS)

Dynamic light scattering measures fluctuations in scattered-light intensity caused by Brownian
movement. The diffusion coefficient is determined from these fluctuations and used to estimate the
hydrodynamic diameter through the Stokes—Einstein relationship.

For a spherical particle:

h —

Where:

kgT
3mnD

dn = hydrodynamic diameter

ke = Boltzmann constant

T = absolute temperature

1 = dynamic viscosity

D = translational diffusion coefficient
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DLS is widely used for nanoparticles and other colloidal dispersions. Its results can be strongly
influenced by a small number of large particles or aggregates, especially in polydisperse samples.

2. Electron microscopy

e Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) provide
images that can be used to examine particle dimensions and morphology. TEM is particularly
useful for observing the internal or projected structure of sufficiently thin specimens, while
SEM provides information about surface morphology.

e Electron microscopy generally examines particles in a prepared specimen rather than directly
measuring their hydrodynamic size in the original liquid.

3. Nanoparticle tracking analysis

Nanoparticle tracking analysis follows the movement of individual particles in a liquid using light
scattering or fluorescence. The movement is used to estimate particle size and, within the method’s
operating range, particle concentration.

4. Other methods

Depending on the material and size range, techniques such as analytical centrifugation, small-angle
scattering, and suitable spectroscopic methods may also be used.

1.5.4 Shape of Colloidal Particles

The shape of colloidal particles affects their hydrodynamic behaviour, packing, surface interactions,
and optical properties.

Common particle shapes include:

e Spherical: Approximately equal dimensions in all directions.

e Rod-shaped: One dimension is substantially greater than the other two.

o Disc-shaped: Two dimensions are relatively large compared with thickness.
o Fibrous: Long, thin structures with a high length-to-diameter ratio.

o lIrregular: Particles that do not possess a regular geometric shape.
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1.5.5 Effect of Shape on Colloidal Properties

1. Sedimentation: Non-spherical particles experience hydrodynamic drag that differs from that of
spheres. Their orientation and shape influence settling behaviour.

2. Diffusion: Rod-shaped and disc-shaped particles may diffuse differently along different directions.
Their diffusion behaviour cannot always be represented accurately by a single spherical-particle
model.

3. Surface area: Particles with different shapes may have different surface areas even when their
volumes are similar.

4. Optical properties: Particle shape affects light scattering and may influence the observed colour of
certain colloidal systems.

5. Aggregation: Shape influences how particles approach and associate with one another. Rod-shaped
or plate-like particles may form structures that differ from those formed by spherical particles.

1.5.6 Pharmaceutical Applications

e Particle size and shape are important in the development of pharmaceutical nanoparticles,
liposomes, polymeric carriers, suspensions, and other dispersed systems. They are evaluated
to help establish product consistency, understand drug-release behaviour, monitor
aggregation, and assess physical stability.

e For reliable characterization, particle size should be interpreted together with particle shape,
size distribution, surface properties, and the nature of the dispersion medium.

1.6 Stability of Colloidal System

1.6.1 Introduction
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e The stability of a colloidal system refers to its ability to maintain its dispersed state and
characteristic properties over a specified period under defined storage and use conditions.

e Colloidal particles possess a large surface area relative to their volume. Consequently, their
behaviour is strongly influenced by surface energy, electrical charge, solvation, adsorption,
and interactions between neighbouring particles.

e A colloidal system may become unstable through aggregation, coagulation, sedimentation,
phase separation, or changes in particle size. Stability can be improved by controlling the
composition of the dispersion medium, pH, electrolyte concentration, surface charge, and the
use of suitable stabilizing agents.

1.6.2 Factors Affecting Colloidal Stability
1. Surface charge

Charged particles of the same sign may repel one another. This electrostatic repulsion can reduce
aggregation when it is sufficiently strong relative to attractive forces.

2. Zeta potential

The magnitude of zeta potential provides information about electrostatic interactions at the slipping
plane. A high absolute value may indicate substantial electrostatic repulsion, although stability
depends on the complete formulation.

3. Electrolyte concentration

Electrolytes can compress the diffuse electrical double layer and reduce the range of electrostatic
repulsion. Depending on the system, this may promote aggregation or coagulation.

4. Solvation and hydration

Solvent molecules associated with particle surfaces can help prevent close contact between particles.
Changes in solvent composition or temperature may alter this protective effect.

5. Particle size

Smaller particles generally show slower gravitational sedimentation under comparable conditions, but
their high surface area may also increase the importance of surface interactions.

6. Temperature

Temperature may influence viscosity, diffusion, solubility, adsorption, and the strength of interactions
between particles. Its overall effect on stability depends on the system.

7. Stabilizing agents

Surfactants and polymers may stabilize colloids by providing electrostatic repulsion, steric barriers, or
a combination of both mechanisms.
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1.6.3 Peptization

Definition: Peptization is the process of converting a freshly formed precipitate into a
colloidal dispersion by adding a suitable substance known as a peptizing agent.

During peptization, ions or molecules from the peptizing agent adsorb onto the surface of the
precipitated particles. This adsorption may produce a suitable surface charge, helping the
particles disperse as colloidal-sized units rather than remaining as large aggregates.

Mechanism of peptization

The process may be described in the following steps:

Ao

A precipitate is formed in a suitable medium.

A small quantity of an appropriate peptizing agent is added.

The agent adsorbs onto the surface of the precipitated particles.

The surface properties of the particles change, often resulting in increased electrostatic
repulsion.

Under suitable conditions, the aggregates disperse to form a colloidal system.

The success of peptization depends on the chemical nature of the precipitate, the peptizing agent, pH,
electrolyte concentration, and the preparation conditions.

Example

A freshly prepared ferric hydroxide precipitate may be converted into a colloidal sol by adding a
suitable quantity of ferric chloride under appropriate conditions. Adsorption of ions modifies the
particle surface and helps disperse the precipitate.

Factors affecting peptization

Nature of the precipitate

Type and concentration of peptizing agent
pH of the medium

Presence of electrolytes

Temperature and mixing conditions

Pharmaceutical significance

Peptization is important in understanding the formation and redispersion of colloidal systems.
The principle is relevant to colloid preparation, dispersion of particulate materials, and the
control of aggregation in selected pharmaceutical formulations.

Peptization should be distinguished from simple mechanical dispersion: peptization involves
changes in the interfacial properties of the precipitate that facilitate its conversion into a
colloidal system.

1.6.4 Protective Action
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e Definition: Protective action is the ability of certain lyophilic colloids or macromolecules to
increase the stability of lyophobic colloidal dispersions by reducing their tendency to
aggregate or coagulate.

e The substances responsible for this effect are called protective colloids. They may adsorb
onto the surfaces of dispersed particles and create a protective layer that changes the
interactions between particles.

Mechanism of protective action
Protective colloids may stabilize a dispersion through several mechanisms:

1. Surface adsorption: The protective material adsorbs onto the surface of the dispersed
particles.

2. Steric stabilization: The adsorbed layer creates a physical barrier that prevents particles from
approaching closely enough to aggregate readily.

3. Hydration: Hydrophilic groups associated with the protective layer interact with water and
help maintain separation between particles.

4. Modification of surface properties: Adsorption may alter surface charge or the distribution of
charges, depending on the nature of the protective material.

The relative importance of these mechanisms depends on the protective colloid, the particle surface,
and the composition of the medium.

Examples of protective colloids

e Gelatin

e Acacia

o Starch and suitable starch derivatives
e Polyvinyl alcohol

e Certain cellulose derivatives

Gold number

e The gold number is a historical measure of the protective power of a protective colloid against
the coagulation of a standard gold sol by a specified electrolyte.

e It is defined as the number of milligrams of a protective colloid required to prevent a
specified colour change in 10 mL of a standard gold sol when a defined quantity of sodium
chloride solution is added under the prescribed test conditions.

A lower gold number indicates greater protective power under the conditions of this test.
The gold number is mainly of historical and teaching importance. It should not be treated as a
universal measure of stabilizing performance in modern pharmaceutical formulations because

protection depends on the particular particles, medium, and stabilizer involved.

1.6.5 Comparison of Peptization and Protective Action

Characteristic | Peptization | Protective action
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Main purpose

Conversion of a  suitable
precipitate into a colloidal
dispersion

Prevention  or reduction of
aggregation in an existing colloidal
dispersion

Substance used

Peptizing agent

Protective colloid or stabilizing agent

Modification of the precipitate

Formation of a stabilizing surface
layer and modification of particle

Principal mechanism

surface to promote dispersion . .
interactions

Conversion of a suitable ferric | Stabilization of a colloidal dispersion

Example . . . . .
P hydroxide precipitate into a sol using gelatin
. . Improved resistance to aggregation or
Outcome Formation of a colloidal system P . goreg
coagulation

1.6.6 Pharmaceutical Importance of Colloidal Stability

Colloidal stability is essential for maintaining the quality, uniformity, and performance of
pharmaceutical products. Changes in particle size, aggregation, sedimentation, or phase
separation may affect dose uniformity, appearance, redispersibility, drug release, and storage
life.

The appropriate stabilization strategy depends on the type of colloid. Electrostatic
stabilization may be useful for charged particles, while steric stabilization may be preferred
when polymers or nonionic surfactants can form suitable protective layers.

Stability must ultimately be confirmed through appropriate experimental studies under the
intended storage conditions.

1.7 Applications of Colloidal System

Colloidal systems have wide applications in pharmaceutical sciences, medicine, food technology,
cosmetics, and other industrial fields. Their usefulness arises from their high surface area, interfacial
properties, ability to carry substances, and capacity to modify the physical behaviour of formulations.

1.7.1 Pharmaceutical Applications

1. Drug solubilization

Association colloids, particularly micelles formed by suitable surfactants, can improve the
apparent solubility of poorly water-soluble drugs. Drug molecules may associate with
hydrophobic regions or other suitable domains within the aggregates.

This approach is useful in developing formulations for compounds with limited agueous
solubility. However, the degree of solubilization and the effect on drug availability depend on
the drug, surfactant, concentration, and conditions of use.

2. Drug delivery systems

Colloidal carriers such as liposomes, polymeric nanoparticles, lipid nanoparticles, and
selected micellar systems can transport active pharmaceutical ingredients.

These carriers may influence drug distribution, protect sensitive substances from degradation,
modify drug release, and alter interactions with biological environments. Their performance
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depends on composition, particle size, surface characteristics, drug loading, and formulation
stability.

3. Suspensions

Colloidal principles are important in formulating suspensions containing finely divided drug particles.
Control of particle size, surface charge, wetting, and aggregation can improve physical stability and
help maintain dose uniformity.

4. Emulsions

Emulsions contain droplets of one liquid dispersed in another immiscible liquid. Surfactants and other
stabilizers adsorb at the liquid—liquid interface and help reduce interfacial tension or prevent droplet

aggregation.

These principles are applied in oral emulsions, topical creams, lotions, and selected lipid-based drug
delivery systems.

5. Gels and semisolid preparations

Certain polymers and colloidal materials form networks or structured dispersions that increase
viscosity and provide gel-like consistency. Such systems are used in topical gels, ophthalmic
preparations, and other semisolid dosage forms when suitable for the intended route.

6. Protective colloids and stabilizers

Lyophilic colloids may act as protective agents, suspending agents, viscosity modifiers, or stabilizers.
Their adsorption and hydration properties can help maintain the dispersion of particles and droplets.

7. Controlled drug release

Colloidal carriers can be designed to release drugs over a defined period through diffusion, matrix
erosion, degradation, or other mechanisms. The release profile depends on the carrier composition,
particle structure, drug properties, and surrounding environment.

1.7.2 Medical and Diagnostic Applications

1. Diagnostic formulations

Colloidal materials may be used in diagnostic reagents and analytical systems. For example, suitably
functionalized gold nanoparticles are used in certain rapid diagnostic tests because their optical
properties can produce a visible signal.

2. Biological macromolecules

Proteins and other biological macromolecules may exist as colloidal-sized entities or form colloidal

assemblies. Understanding their aggregation and interfacial behaviour is important in the development
and storage of biological products.
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3. Nanomedicine

Selected colloidal carriers are investigated and used in nanomedicine to transport drugs or biological
molecules. Their surface chemistry can be modified to influence interactions with biological fluids
and tissues. Clinical performance and safety depend on the particular formulation and its route of
administration.

1.7.3 Cosmetic Applications
Colloidal systems are used in creams, lotions, shampoos, gels, and other cosmetic products.
Their functions include:

e Improving the dispersion of poorly water-soluble ingredients.

e Maodifying viscosity and texture.

e Stabilizing emulsions.

e Enhancing the uniform distribution of ingredients.

e Supporting the formulation of selected particulate delivery systems.

The suitability of a colloidal ingredient depends on its safety, compatibility, concentration, and
intended use.

1.7.4 Food and Industrial Applications

Colloidal systems are important in food products such as milk, cream, sauces, and certain gelled
preparations. They contribute to texture, appearance, consistency, and physical stability.

In industrial applications, colloids are used in paints, inks, coatings, adhesives, water-treatment
processes, and selected separation technologies. Their behaviour is controlled through particle size,

surface charge, adsorption, and interactions with the dispersion medium.

1.7.5 Summary of Applications

Field Examples of colloidal systems Principal function

Pharmaceutical . . . Solubilization, stabilization, and
Micelles, suspensions, emulsions, gels

formulations delivery
- Liposomes, lipid  nanoparticles, | Transport of active substances
Nanomedicine . . e
polymeric nanoparticles and modification of release
Diagnostics Functionalized gold colloids Detection and signal generation

Texture, dispersion, and

Cosmetics Creams, lotions, gels . e
emulsion stabilization

Food technology Milk, cream, gelled products Texture and physical stability

Dispersion, surface coverage,

Industrial applications Paints, inks, coatings
PP g and product performance

Colloidal dispersions are important in pharmaceutical science because their particle size, surface area,
optical behaviour, kinetic properties, and electrical characteristics determine many aspects of
formulation performance. Lyophabic, lyophilic, and association colloids differ in their interactions
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with the dispersion medium and in the mechanisms responsible for their stability. Understanding
Brownian movement, diffusion, sedimentation, surface charge, particle size, and shape helps in
characterizing these systems. Peptization and protective action provide additional approaches to
forming or stabilizing colloidal dispersions. Collectively, these principles support the development of
pharmaceutical suspensions, emulsions, gels, micelles, and nanoparticle-based drug delivery systems.

Mohanty, L., Kumar, S., Ranjan, R., Umasankar, K., & Chakraborty, S. (2026) Page 135



A Textbook of Physical Pharmaceutics - BP206T Mantra Publication | 2026

Chapter 2: Coarse Dispersions

2.1 Suspensions

2.1.1 Introduction

A suspension is a heterogeneous system in which finely divided insoluble solid particles are
dispersed throughout a liquid medium. The solid particles constitute the dispersed phase,
while the liquid forms the continuous phase or dispersion medium.

In pharmaceutical suspensions, the drug may be practically insoluble or only slightly soluble
in the vehicle. The drug is therefore administered as dispersed particles rather than as a true
solution. Suspensions are particularly useful when a drug is chemically unstable in solution,
has an unpleasant taste that can be masked by formulation techniques, or is required in a
dosage form suitable for patients who have difficulty swallowing solid dosage forms.
Suspensions may be formulated for oral, topical, ophthalmic, otic, and parenteral
administration. However, the required particle size, vehicle composition, sterility, tonicity,
and other quality attributes vary according to the route of administration.

2.1.2 Definition

A pharmaceutical suspension is a biphasic liquid dosage form containing finely divided
insoluble solid particles dispersed in a suitable liquid vehicle.

The dispersed particles may settle under the influence of gravity during storage. A properly
formulated suspension should, however, permit easy redispersion and provide a uniform dose
after suitable shaking or mixing.

2.1.3 Characteristics of Suspensions

The important characteristics of pharmaceutical suspensions are as follows:

1.

Heterogeneous nature: Suspensions contain a solid dispersed phase and a liquid continuous
phase.

Insoluble dispersed particles: The drug remains predominantly in the undissolved state,
although a small amount may dissolve in the vehicle.

Particle size: The size of the dispersed particles influences sedimentation, dissolution,
appearance, and physical stability.

Sedimentation: Particles may settle under gravity because of the density difference between
the solid and liquid phases.

Redispersibility: A good suspension should be readily redispersed after settling without
forming a hard, compact sediment.

Dose uniformity: The formulation should provide a uniform concentration of drug when
properly mixed and administered.

Use of excipients: Suspending agents, wetting agents, flocculating agents, buffers,
preservatives, and other suitable excipients may be used to obtain the desired properties.

2.1.4 Classification of Suspensions
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Suspensions can be classified according to their route of administration, particle association, and
concentration of dispersed solids.

1. Based on route of administration
e Oral suspensions
e Topical suspensions
e Ophthalmic suspensions
e Otic suspensions
e Parenteral suspensions
2. Based on particle association
e Flocculated suspensions: Particles form loose aggregates called flocs. These flocs generally
settle more rapidly but produce a loose sediment that is comparatively easy to redisperse.
o Deflocculated suspensions: Particles remain largely separate. They may settle more slowly,
but the sediment can become compact and difficult to redisperse.

3. Based on concentration

e Dilute suspensions
e Concentrated suspensions

The distinction between dilute and concentrated systems depends on the volume fraction of dispersed
solids and the behaviour of the particular formulation.

2.1.5 Components of a Pharmaceutical Suspension
A pharmaceutical suspension may contain the following components.
1. Active pharmaceutical ingredient

The drug is present as dispersed solid particles. Its particle size, crystal form, density, wettability, and
solubility influence the behaviour of the suspension.

2. Dispersion medium

The liquid vehicle carries the dispersed particles. Water is commonly used in aqueous suspensions,
while suitable non-aqueous vehicles may be used when required by the drug or formulation.

3. Wetting agents

Wetting agents help the liquid vehicle spread over the surface of hydrophaobic particles and facilitate
their incorporation into the liquid. Suitable surfactants may be used for this purpose.

4. Suspending agents

Mohanty, L., Kumar, S., Ranjan, R., Umasankar, K., & Chakraborty, S. (2026) Page 137



A Textbook of Physical Pharmaceutics - BP206T Mantra Publication | 2026

Suspending agents increase the viscosity of the continuous phase or form structured vehicles that slow
particle settling. Examples include suitable grades of xanthan gum, sodium carboxymethylcellulose,
and other pharmaceutical polymers.

5. Flocculating agents

Flocculating agents promote controlled aggregation of particles to produce a loose, readily
redispersible sediment. Electrolytes, polymers, or surfactants may be used, depending on the
formulation.

6. Buffers and pH-adjusting agents

These maintain the required pH and may influence drug solubility, particle charge, preservative
activity, and physical stability.

7. Preservatives

Preservatives may be required in multidose aqueous formulations to limit microbial growth. Their
selection depends on the intended route, compatibility, and applicable quality requirements.

8. Other excipients

Sweeteners, flavouring agents, colours, antioxidants, and other excipients may be included when
suitable for the product and route of administration.

2.1.6 Advantages of Suspensions

They allow the administration of drugs that are poorly soluble in the selected vehicle.

They may improve chemical stability when the drug is less stable in solution.

They can provide flexible dose strengths, particularly for oral liquid formulations.

They may facilitate administration to children and patients who have difficulty swallowing
tablets or capsules.

The taste of certain drugs may be masked through suitable formulation approaches.

They can be designed for local or systemic delivery, depending on the route and formulation.

Howbde
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2.1.7 Disadvantages of Suspensions

Particles may settle during storage.

The formulation may require shaking before use.

Poor redispersibility can lead to dose non-uniformity.

Particle growth or aggregation may alter the physical properties of the product.

The formulation may be more difficult to manufacture and maintain than a simple solution.
Agueous suspensions may require appropriate microbial control.

Changes in temperature, pH, or electrolyte concentration may affect stability.

Nook~wbdE

2.1.8 Pharmaceutical Applications of Suspensions

Suspensions are used in a variety of dosage forms:
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e Oral suspensions: Used for drugs that are poorly soluble in water and for liquid formulations
requiring flexible dosing.

e Topical suspensions: Used to distribute insoluble active ingredients over the skin.

e Ophthalmic suspensions: Used when a drug is formulated as suitable fine particles for ocular
administration, with appropriate control of sterility, particle characteristics, and ocular
tolerability.

e Parenteral suspensions: Used for selected injectable products, including certain depot
formulations designed to prolong drug release. These products require route-specific controls
and must not be used intravenously unless specifically designed and authorized for that route.

2.1.9 Ideal Properties of a Pharmaceutical Suspension
An ideal pharmaceutical suspension should:

Contain uniformly dispersed particles of suitable size.

Resist excessive sedimentation during storage.

Avoid formation of a hard cake.

Be easily redispersed by gentle shaking.

Maintain acceptable viscosity for pouring, withdrawal, or administration.

Provide dose uniformity throughout its usable life.

Maintain chemical, physical, and microbiological quality under the specified storage
conditions.

No ak~wbdRE

2.2 Stokes’ Law (Theory of Sedimentation)
2.2.1 Introduction
e Sedimentation is the movement of suspended particles relative to a liquid under the influence
of gravity or another applied force. In pharmaceutical suspensions, particles denser than the
dispersion medium tend to settle downwards, while particles less dense than the medium may
rise.
e The rate of sedimentation is an important factor in determining the physical stability of a
suspension. Stokes’ law provides a theoretical relationship between the settling velocity of a
small spherical particle and its size, density, and the viscosity of the surrounding medium.

2.2.2 Definition of Stokes’ Law

Stokes’ law describes the viscous drag acting on a small sphere moving slowly through a fluid under
conditions of laminar flow.

For a spherical particle moving at velocity v relative to a fluid, the viscous drag force is:
Fp = 6myrv
Where:

e Fp =viscous drag force
e 1= dynamic viscosity of the fluid
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e 1 =radius of the spherical particle
o v =relative velocity of the particle through the fluid

This equation applies to creeping-flow conditions, where inertial effects are negligible and the particle
Reynolds number is very small.

2.2.3 Derivation of Stokes’ Law for Sedimentation

Consider a spherical particle of radius \(r\) and density \(\rho_p\) settling in a liquid of density
\(\rho_m\) and viscosity \(\eta\).

Three forces act on the particle:
1. Gravitational force

The gravitational force acting downwards is:

1
Fy = Zfﬁ“gppg

Where g is the acceleration due to gravity.
2. Buoyant force
The buoyant force acting upwards is equal to the weight of the displaced liquid:

4
F, = Ewr‘?pmg

3. Viscous drag force

The viscous resistance acting upwards during downward settling is:
Fp = 6anrv
At terminal settling velocity, the net force on the particle is zero. Therefore:
F,=F,+Fp

Substituting the expressions for the three forces:

4
E?rrsppg = ?rrrgpmg + Grnro

Rearranging:
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1

g“rgg(aﬂp — Pm) = bmnro

Cancelling common terms and solving for v:

2T2 (pp B p-m.).g
9n

v =

Since particle diameter d=2r, the equation can also be written as:

d’ (Pp — Pm)g
187

v =

This is the Stokes’ law equation for the terminal sedimentation velocity of an isolated spherical
particle.

2.2.4 Explanation of the Equation

dg(Pp — Pn)g
18n

e v =terminal sedimentation velocity

e d = particle diameter

e p = particle density

e pm= density of the dispersion medium
e ¢ = acceleration due to gravity

e 1= dynamic viscosity of the medium

The equation shows that sedimentation velocity is directly proportional to the square of the particle
diameter and the density difference between the particle and the medium. It is inversely proportional
to the viscosity of the medium.

2.2.5 Factors Affecting Sedimentation Velocity

1. Particle size

Sedimentation velocity is proportional to the square of particle diameter under Stokes’ law conditions.

v o d?

Thus, if the diameter of a particle doubles while all other conditions remain unchanged, its theoretical
settling velocity increases fourfold.

2. Density difference
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v o (Pp — Pm)

A greater density difference between the particle and the medium increases the settling velocity. If the
particle density is equal to the medium density, the net gravitational driving force is zero in this
simplified model.

3. Viscosity of the medium

n

Increasing the viscosity of the medium reduces the sedimentation velocity. Suspending agents are
therefore often used to increase vehicle viscosity or develop a structured medium that retards settling.

4. Acceleration due to gravity

Sedimentation velocity is directly proportional to gravitational acceleration in the model. Increasing
the applied acceleration, as in centrifugation, can increase the rate of separation, although the
operating conditions must still be appropriate for the model used.

5. Particle shape

Stokes’ law assumes spherical particles. Irregular, rod-shaped, or plate-shaped particles experience
different drag forces and may settle differently from spherical particles of comparable volume.

2.2.6 Assumptions and Limitations of Stokes’ Law
Stokes’ law is based on the following assumptions:

Particles are spherical and rigid.

Particles are sufficiently small for creeping-flow conditions to apply.

Particles settle independently in a dilute suspension.

The dispersion medium is Newtonian and has a constant viscosity.

The density of the particle and the medium remains constant.

The particle has reached terminal settling velocity.

Brownian movement and interactions between neighbouring particles do not significantly
alter the settling behaviour.

No gk~ wdkE

In actual pharmaceutical suspensions, these assumptions may not always be satisfied. High particle
concentrations, flocculation, non-spherical particles, non-Newtonian vehicles, and changes in particle
size may cause deviations from the predicted velocity.

2.2.7 Pharmaceutical Significance of Stokes’ Law
Stokes’ law is useful for understanding and controlling sedimentation in pharmaceutical suspensions.

e Reducing particle size may reduce the settling velocity.
¢ Increasing vehicle viscosity may retard sedimentation.
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o Matching particle and medium densities, where feasible, can reduce the density difference.

e Controlled flocculation may produce a loose sediment that is easier to redisperse, even if the
flocs settle more rapidly than individual particles.

e The equation provides a theoretical basis for comparing the effects of particle size and
viscosity during formulation development.

Stokes’ law should be used as a theoretical guide rather than as a complete prediction of suspension
shelf life.

2.3 Effect of Brownian Movement / Sedimentation of Flocculated Particles
2.3.1 Effect of Brownian Movement on Sedimentation

e Brownian movement is the continuous, random movement of small particles caused by
collisions with molecules of the surrounding liquid. In pharmaceutical suspensions, it
influences the distribution of fine particles and competes with the directional movement
produced by gravity.

e When a particle settles under gravity, its movement is predominantly downward. At the same
time, random molecular collisions cause fluctuations in its position. For sufficiently small
particles, Brownian movement can be significant compared with gravitational sedimentation.

Effects of Brownian movement

1. Random redistribution: Brownian movement helps redistribute small particles throughout the
dispersion medium.

2. Resistance to concentration gradients: It promotes diffusion from regions of higher particle
concentration to regions of lower concentration.

3. Influence on sedimentation: It may reduce the persistence of concentration gradients that
develop during settling, particularly for very small particles.

4. Effect on aggregation: Random particle motion increases the frequency of particle encounters,
although whether these encounters lead to aggregation depends on the attractive and repulsive
forces between particles.

5. Particle-size dependence: Brownian effects are more pronounced for smaller particles because
their gravitational settling velocity is relatively low and their diffusion coefficient is generally
higher.

Brownian movement does not eliminate sedimentation in all suspensions. Larger particles, particles
with a substantial density difference from the medium, and aggregates may still settle appreciably.

2.3.2 Relationship Between Brownian Movement and Sedimentation

The competition between diffusion and sedimentation can be understood by considering the Stokes—
Einstein equation and Stokes’ law.

The diffusion coefficient for a spherical particle is:

kgT
D=2=
6mnr
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The theoretical sedimentation velocity is:

5= 21‘2(pp _ Pm).‘?
9n

These equations show that:

e Smaller particles generally diffuse more rapidly.

e Sedimentation velocity decreases strongly as particle radius decreases.

e Increasing viscosity reduces both Brownian diffusion and gravitational settling velocity in the
idealized models.

o Increasing temperature generally increases diffusion, while its effect on sedimentation also
depends on the resulting changes in medium viscosity and other properties.

Therefore, fine particles may remain distributed for longer periods, whereas larger particles or
aggregates may settle more rapidly.

2.3.3 Sedimentation of Flocculated Particles

o Definition: Sedimentation of flocculated particles is the settling of loose aggregates of
particles, known as flocs, under the influence of gravity or another applied force.

e In a flocculated suspension, individual particles associate loosely to form larger structures.
These flocs may contain considerable liquid within their structure and often have an irregular,
porous arrangement.

e Because flocs are generally larger than the individual particles, they often settle more rapidly.
However, their porous structure and effective density can differ substantially from those of
compact particles. Consequently, their settling velocity cannot always be predicted accurately
by applying Stokes’ law to the diameter of a solid sphere.

2.3.4 Characteristics of Flocculated Sedimentation
1. Rapid settling

Flocs may settle relatively rapidly because of their larger effective dimensions. The actual settling rate
depends on floc size, structure, density, and the viscosity of the medium.

2. Loose sediment formation

Flocs usually form a loose, porous sediment that contains spaces between aggregates. This sediment
generally occupies a larger volume than a compact sediment formed by closely packed individual
particles.

3. Easy redispersion

Because flocs are loosely associated, gentle shaking may break them apart and redistribute the
particles. This is desirable in pharmaceutical suspensions because it helps maintain dose uniformity.

4. Reduced risk of hard caking
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A well-controlled flocculated suspension may be less likely to form a hard, compact sediment than a
deflocculated suspension. Nevertheless, formulation conditions must be optimized because excessive
aggregation or changes during storage can still impair redispersibility.

5. Supernatant clarification

As flocs settle, the liquid above the sediment may become relatively clear. This is common in systems
where aggregation and sedimentation occur efficiently.

2.3.5 Comparison of Flocculated and Deflocculated Sedimentation

Characteristic Flocculated suspension Deflocculated suspension
Particle association Particles form loose aggregates Particles remain largely separate
Sedimentation rate Often faster Often slower initially
Nature of sediment Loose and porous More compact
Sediment volume Generally larger Generally smaller
May become clear relativel .
Supernatant _y y May remain cloudy for longer
quickly
. - Usually easier when flocculation is | May be difficult if a compact cake
Redispersibility
properly controlled forms
Main formulation . . . . . I
concern Excessive settling or aggregation Hard caking and poor redispersibility

2.3.6 Pharmaceutical Significance

The effects of Brownian movement and flocculated sedimentation are important in the formulation of
suspensions. Brownian movement influences the distribution and diffusion of fine particles, while
controlled flocculation can improve the redispersibility of the sediment.

An effective formulation balances sedimentation rate, sediment volume, vehicle viscosity, particle
interactions, and ease of redispersion. The objective is not necessarily to prevent all settling, but to
ensure that the suspension remains physically acceptable and provides a uniform dose after
appropriate mixing.

2.4 Sedimentation Parameters

2.4.1 Introduction

Sedimentation parameters are quantitative measures used to describe the settling behaviour of
particles and the characteristics of the sediment formed in a suspension.

These parameters help in comparing different formulations and assessing the effects of particle size,
flocculation, viscosity, and other formulation variables. Important parameters include sedimentation

velocity, sedimentation volume, degree of flocculation, and redispersibility.

2.4.2 Sedimentation Velocity
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Definition: Sedimentation velocity is the distance travelled by a particle or sedimentation boundary
per unit time under specified conditions.

v = —

Where:

e Vv =sedimentation velocity
e h=distance travelled
e t=time taken

This expression is a simple average velocity calculation. For an isolated spherical particle settling at
terminal velocity under Stokes’ law conditions, the theoretical velocity can be calculated using:

d? (Pp — pm)g
18

n =

Sedimentation velocity is influenced by particle size, density difference, viscosity, particle shape,
aggregation, and the concentration of dispersed solids.

In a concentrated suspension, particles may interfere with one another’s movement, resulting in
hindered settling. In such cases, the simple Stokes’ law expression may not accurately predict the
observed sedimentation velocity.

2.4.3 Sedimentation Volume

Definition: Sedimentation volume is the ratio of the final volume of sediment to the original volume
of the suspension.

It is represented by F and calculated as:

e F =sedimentation volume
o v = ultimate volume of sediment
e Vo = original volume of the suspension

The sedimentation volume provides information about the extent to which the dispersed particles
occupy space after settling.

Interpretation
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o A relatively large sedimentation volume generally indicates a loose sediment with greater
void space.

e A small sedimentation volume may indicate a more compact sediment.

e The sedimentation volume alone does not establish whether the suspension can be redispersed
easily; redispersibility should also be evaluated.

For example, if 100 mL of a suspension produces an ultimate sediment volume of 25 mL.:

25
F=—=025
100

The sedimentation volume is therefore 0.25, or 25% of the original suspension volume.
2.4.4 Degree of Flocculation

Definition: The degree of flocculation is the ratio of the sedimentation volume of a flocculated
suspension to the sedimentation volume of the corresponding deflocculated suspension under
comparable conditions.

It is represented by B and expressed as:

e (= degree of flocculation
e F =sedimentation volume of the flocculated suspension
e F. =sedimentation volume of the corresponding deflocculated suspension

The subscript co conventionally indicates the reference sedimentation volume of the deflocculated
system after sedimentation has reached its ultimate value.

Interpretation

o A value greater than 1 indicates that the flocculated system has a larger sedimentation volume
than the corresponding deflocculated system.

e A value approaching 1 indicates similar sedimentation volumes under the specified
comparison.

e The degree of flocculation is meaningful only when the two systems are compared under
appropriately controlled conditions.

2.4.5 Redispersibility

o Definition: Redispersibility is the ability of a settled suspension to return to a sufficiently
uniform dispersion after shaking or another specified mixing procedure.

e Redispersibility is a critical practical parameter because a suspension may settle during
storage but must still provide a uniform dose when used.

Mohanty, L., Kumar, S., Ranjan, R., Umasankar, K., & Chakraborty, S. (2026) Page 147



A Textbook of Physical Pharmaceutics - BP206T Mantra Publication | 2026

e |t may be evaluated by recording the number of inversions, shaking cycles, or the amount of
mechanical effort required to redisperse the sediment according to a defined test method.

Factors affecting redispersibility

Degree of flocculation

Strength and structure of particle aggregates
Sediment compaction

Vehicle viscosity

Particle size and distribution

Storage duration and conditions

I A

A suspension with a loose flocculated sediment is often easier to redisperse than one that forms a hard
cake.

2.4.6 Sedimentation Rate
The sedimentation rate describes how rapidly the sedimentation boundary or sediment level changes
with time. In a simple system with a clearly defined settling boundary, the average rate may be

estimated as:

Change in sedimentation distance

Sedimentation rate = - :
Time interval

For complex suspensions, the settling behaviour may change over time because of aggregation,
hindered settling, changes in sediment concentration, or interactions between particles.

Sedimentation rate and sedimentation velocity are sometimes used interchangeably in elementary
descriptions, but their precise meanings depend on the measurement method and whether the quantity
refers to particle motion, a settling boundary, or sediment accumulation.
2.4.7 Pharmaceutical Applications
Sedimentation parameters are used to:

o Compare the physical stability of suspension formulations.

o Assess the influence of flocculating agents and suspending agents.

o Determine whether a sediment is loose or compact.

o Evaluate the ease of redispersion after storage.

o Support formulation optimization and quality control.

No single parameter is sufficient to characterize suspension stability. Sedimentation volume,
sedimentation behaviour, particle size, viscosity, and redispersibility should be considered together.

2.5 Flocculation and Controlled Structure Flocculation

2.5.1 Introduction
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e Flocculation is an important phenomenon in the formulation of pharmaceutical suspensions. It
involves the formation of loose aggregates of dispersed particles through interactions between
the particles. These aggregates are called flocs.

e In suspension formulation, flocculation is often deliberately controlled to obtain a sediment
that is loose and readily redispersible. The objective is to prevent the formation of a compact
sediment or hard cake while maintaining acceptable physical stability during storage.

e Controlled flocculation is therefore an important formulation strategy, particularly for
suspensions containing poorly soluble drugs.

2.5.2 Definition of Flocculation

e Flocculation is the process by which dispersed particles associate to form loose aggregates
that remain distinguishable as individual particles or small clusters within the aggregate.

e The resulting flocs generally have an open structure and contain spaces filled with the
dispersion medium. Their size, porosity, and strength depend on the nature of the particles
and the conditions under which flocculation occurs.

e Flocculation differs from irreversible coagulation in the strength and reversibility of particle
association, although the distinction may not be absolute in every system.

2.5.3 Mechanism of Flocculation

Flocculation occurs when particles approach one another closely enough for attractive interactions to
overcome the barriers that otherwise maintain their separation.

The process may involve the following steps:

1. Particle collision: Particles move through the dispersion medium due to Brownian movement,
sedimentation, or mixing.

2. Particle approach: Colliding particles approach one another under the influence of attractive
forces.

3. Reduction of the repulsive barrier: Electrolytes, changes in pH, or other formulation variables
may reduce electrostatic repulsion.

4. Formation of particle aggregates: Particles associate to form small clusters or flocs.

Growth of flocs: Further particle collisions may increase the size of the aggregates.

6. Sedimentation: The flocs settle under gravity if their effective settling behaviour permits it.

o

The extent of flocculation depends on the balance between attractive and repulsive forces, the
frequency of particle collisions, and the strength of the particle associations.

2.5.4 Types of Flocculation
1. Natural flocculation

Natural flocculation occurs when particles associate because of their inherent surface properties and
the composition of the dispersion medium, without deliberate addition of a flocculating agent.

2. Induced flocculation
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Induced flocculation occurs when a suitable substance or change in formulation conditions promotes
particle association. It may be achieved by adjusting electrolyte concentration, pH, or the
concentration of an appropriate polymer or surfactant.

3. Controlled flocculation

Controlled flocculation is the deliberate adjustment of particle interactions to produce aggregates with
suitable settling and redispersion properties. It aims to balance sedimentation behaviour with ease of
redispersion and acceptable dose uniformity.

2.5.5 Flocculating Agents

Flocculating agents are substances used to promote controlled association of suspended particles.

1. Electrolytes

Electrolytes may reduce electrostatic repulsion by compressing the diffuse electrical double
layer. This allows particles to approach one another more closely and may promote
flocculation.

The effect depends on the type and concentration of electrolyte, the surface charge of the
particles, and the chemical composition of the medium. Excessive electrolyte concentration
may cause uncontrolled aggregation or other formulation problems.

2. Surfactants

Surfactants adsorb at particle interfaces and alter surface properties. Depending on their ionic
character, concentration, and adsorption behaviour, they may promote or inhibit flocculation.
lonic surfactants can modify surface charge, whereas nonionic surfactants may provide steric
stabilization. Their effect must therefore be assessed for the particular system.

3. Polymers

Suitable polymers may promote flocculation through polymer bridging, in which a polymer
chain adsorbs onto more than one particle and links them together.

Under other conditions, polymers can stabilize particles by forming a protective layer. The
final effect depends on polymer concentration, molecular structure, surface affinity, and the
degree of surface coverage.

2.5.6 Controlled Flocculation

Definition: Controlled flocculation is the deliberate adjustment of the interactions between
dispersed particles to produce a loosely aggregated suspension with suitable sedimentation
and redispersion properties.

In a controlled flocculated suspension, particles form flocs that settle to produce a relatively
voluminous and porous sediment. The sediment should be easy to redisperse by gentle
shaking and should not develop a hard cake during the intended storage period.

Controlled flocculation does not necessarily minimize the rate of sedimentation. Instead, it
seeks to improve the overall physical behaviour of the suspension.
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2.5.7 Objectives of Controlled Flocculation
The main objectives are:

To prevent the formation of a hard, compact sediment.

To improve the redispersibility of settled particles.

To produce a loose sediment with suitable sedimentation volume.

To maintain acceptable dose uniformity after shaking.

To reduce the risk of irreversible particle aggregation.

To achieve suitable physical stability throughout the intended shelf life.

I A

2.5.8 Formulation of a Controlled Flocculated Suspension
Controlled flocculation generally involves the following steps.
Step 1: Selection of the dispersed drug

The drug is evaluated for particle size, density, surface charge, wettability, solubility, and
compatibility with the vehicle.

Step 2: Wetting of the particles

A suitable wetting agent may be added when required to facilitate the incorporation of hydrophobic
particles into the liquid medium.

Step 3: Preparation of the dispersion

The drug particles are dispersed in the vehicle using an appropriate mixing procedure to obtain a
reasonably uniform initial distribution.

Step 4: Adjustment of flocculation conditions

A suitable flocculating agent may be added gradually. Alternatively, the pH or electrolyte
concentration may be adjusted to modify particle interactions.

Step 5: Evaluation of floc formation

The sedimentation volume, floc characteristics, and settling behaviour are examined to determine
whether the desired degree of flocculation has been achieved.

Step 6: Adjustment of viscosity

A suitable suspending agent may be incorporated to reduce excessive settling while maintaining
adequate pourability or ease of administration.

Step 7: Evaluation of redispersibility
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The sediment is allowed to form under defined conditions and is then tested for ease of redispersion.
The formulation is adjusted if the sediment becomes too compact or difficult to redisperse.

Step 8: Stability assessment

The suspension is evaluated under appropriate storage conditions for changes in sedimentation
volume, particle size, viscosity, redispersibility, and other relevant quality attributes.

2.5.9 Role of Suspending Agents in Controlled Flocculation

Suspending agents and flocculating agents serve different but complementary functions.

A flocculating agent modifies particle interactions to promote the formation of loose
aggregates. A suspending agent generally increases the viscosity of the continuous phase or
develops a structured vehicle that slows particle settling.

A formulation may contain both types of excipient to achieve an appropriate balance between
sedimentation rate and redispersibility.

Examples of suitable suspending agents include xanthan gum, sodium
carboxymethylcellulose, and other pharmaceutical polymers. Their selection depends on the
route of administration, compatibility, desired rheology, and applicable quality requirements.

2.5.10 Advantages of Controlled Flocculation
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It reduces the likelihood of forming a hard, compact sediment when properly optimized.

It can improve the redispersibility of settled particles.

It may help maintain dose uniformity after shaking.

It allows formulation scientists to adjust sedimentation volume and particle association.

It can improve the practical usability of pharmaceutical suspensions during storage and
administration.

2.5.11 Limitations of Controlled Flocculation

Howbde

o o

Excessive flocculation may cause rapid settling and poor appearance.

Inadequate flocculation may allow the formation of a compact sediment.

The effectiveness of flocculating agents may change with pH and electrolyte concentration.
Incompatible excipients may cause unwanted aggregation, precipitation, or changes in
viscosity.

The optimal flocculation conditions may be specific to a particular drug and vehicle.
Long-term storage may alter particle interactions and sediment characteristics.

2.5.12 Comparison of Flocculated and Deflocculated Suspensions

Feature Flocculated suspension Deflocculated suspension
Particle state Particles form loose aggregates Particles remain largely separate
Settling behaviour Usually faster settling Usually slower initial settling
Sediment structure Loose and porous More compact

Sedimentation volume Generally higher Generally lower
Redispersibility Usually good when properly | May be poor if hard caking
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formulated occurs
. . . Maintain  a  loose, readily | Prevent  excessive  settling
Main formulation objective . . . . . .
redispersible sediment without allowing compaction
o . Excessive aggregation or rapid .
Principal risk settling ggreg P Formation of a hard cake

2.5.13 Pharmaceutical Significance

Controlled flocculation is a valuable approach to suspension formulation because it addresses one of
the major physical problems associated with insoluble dispersed drugs: sediment formation during
storage.

A well-designed suspension may allow some sedimentation while maintaining easy redispersion and
acceptable dose uniformity. The formulation should therefore be optimized by evaluating particle
characteristics, flocculation conditions, vehicle viscosity, sedimentation volume, and redispersibility
together.

Coarse dispersions are important pharmaceutical systems in which the
properties of the dispersed particles strongly influence physical stability and performance.
Suspensions require careful control of particle size, sedimentation, viscosity, and redispersibility.
Stokes’ law provides a theoretical basis for understanding the settling of isolated spherical particles,
while Brownian movement influences the distribution of fine particles. Sedimentation volume, degree
of flocculation, and redispersibility are useful parameters for evaluating formulation behaviour.
Controlled flocculation promotes the formation of a loose sediment that can be readily redispersed,
helping maintain the usability and dose uniformity of pharmaceutical suspensions.
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Chapter 3: Theories of Emulsification and Stabilization

3.1 DLVO Theory

3.1.1 Introduction

DLVO theory is a classical theory used to explain the stability of colloidal dispersions. The
name DLVO is derived from the surnames of the scientists Derjaguin, Landau, Verwey, and
Overbeek. The theory explains the interaction between dispersed particles by considering the
balance between two major forces: van der Waals attractive forces and electrical double-layer
repulsive forces.

In pharmaceutical systems, DLVO theory is particularly useful for understanding the stability
of colloidal particles and, with suitable qualifications, emulsified droplets. It helps explain
why some dispersed systems remain stable for long periods, whereas others aggregate or
undergo separation.

An emulsion consists of two immiscible liquids, generally oil and water, in which one liquid
is dispersed as droplets in the other. Because droplets may collide during storage, their
stability depends partly on whether they can approach closely enough for the attractive forces
to cause aggregation or coalescence.

3.1.2 Principle of DLVO Theory

The principle of DLVO theory is that the overall interaction energy between two dispersed particles is
determined by the combined effects of attractive and repulsive interactions.

The total interaction energy can be expressed as:

Ve =Va+ Vg

Where:

Vr = total interaction energy.
Va= van der Waals attractive interaction energy.
VR = electrical double-layer repulsive interaction energy.

Van der Waals forces tend to draw particles or droplets closer together, whereas electrical double-
layer repulsion tends to keep similarly charged particles apart.

If the repulsive energy barrier is sufficiently high, particles may be prevented from approaching
closely enough to aggregate. If the barrier is reduced, aggregation becomes more likely.

3.1.3 Components of DLVO Theory

1. Van der Waals attractive forces

Van der Waals forces are weak attractive forces that occur between molecules and particles.
In a dispersed system, these forces tend to draw neighbouring particles or droplets together.
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e The strength of attraction depends on factors such as particle size, separation distance,
material properties, and the intervening medium.

e In emulsions, attraction between droplets can promote close approach. However, attraction
alone does not necessarily cause coalescence, because the droplets must also overcome the
interfacial film separating their liquid contents.

2. Electrical double-layer repulsive forces

Many colloidal particles acquire an electrical charge through ionization of surface groups, selective
adsorption of ions, or other surface processes. Charged particles attract oppositely charged ions from
the surrounding medium, producing an electrical double layer.

This double layer is commonly described in terms of:

e Surface charge: the charge present at the particle or droplet interface.

e Stern layer: a region of relatively strongly associated counterions near the surface.

o Diffuse layer: a more mobile distribution of ions extending into the surrounding liquid.

e Zeta potential: the electrical potential at the hydrodynamic slipping plane, which is often used
as an indicator of electrostatic stabilization.

When similarly charged particles approach one another, overlap of their electrical double layers can
produce repulsion. This repulsion may prevent close contact and reduce aggregation.

3. Total interaction energy

The total interaction energy represents the combined effect of attraction and repulsion at different
separation distances. Depending on the relative magnitudes of these forces, the interaction-energy
profile may contain an energy barrier, a shallow secondary minimum, or a deep primary minimum.

o Asufficiently high energy barrier generally favours dispersion stability.

e Ashallow secondary minimum may allow weak, reversible association.

e A deep primary minimum is associated with strong attachment and often irreversible
aggregation.

The actual behaviour depends on the surface chemistry, medium composition, and Kinetic conditions
of the system.

3.1.4 Effect of Electrolytes on Colloidal Stability

e Electrolytes influence the electrical double layer by changing the ionic environment of the
dispersion. Increasing electrolyte concentration often compresses the diffuse double layer and
reduces the range of electrostatic repulsion. Consequently, particles may approach one
another more readily and aggregate.

e The effect depends on electrolyte concentration, ion valency, pH, and the nature of the
dispersed material. Multivalent counterions may be particularly effective at reducing
electrostatic stabilization.
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e In pharmaceutical formulations, electrolytes may be introduced intentionally to promote
controlled flocculation in suspensions. However, excessive electrolyte addition can cause
undesirable aggregation, sedimentation, or loss of physical stability.

3.1.5 Application of DLVO Theory to Emulsions

e DLVO theory can help explain the electrostatic contribution to the stability of charged
emulsion droplets. When droplets carry similar charges, repulsion may reduce the probability
of close contact and thereby limit destabilizing interactions.

e However, emulsion stability cannot always be explained by DLVO theory alone. Surfactant
adsorption, polymeric layers, interfacial film strength, steric repulsion, droplet deformation,
and the drainage of liquid from the film between droplets also play important roles.

e Therefore, DLVO theory is best regarded as a framework for understanding the balance of
attractive and electrostatic repulsive interactions rather than a complete explanation of every
emulsion-stabilization mechanism.

3.1.6 Pharmaceutical Significance
DLVO theory is useful in the formulation and evaluation of:

Pharmaceutical suspensions containing charged particles.

Emulsions stabilized partly by electrostatic repulsion.

Colloidal drug-delivery systems and nanoparticle dispersions.

Formulations in which electrolyte concentration or pH affects particle stability.
Systems requiring controlled flocculation or prevention of aggregation.
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Conclusion: DLVO theory explains colloidal stability through the balance of van der Waals attraction
and electrical double-layer repulsion. It provides a foundation for understanding aggregation and
electrostatic stabilization, while polymeric and interfacial effects must also be considered in complex
pharmaceutical emulsions.

3.2 Monomolecular Adsorption

3.2.1 Introduction

Monomolecular adsorption is an emulsification mechanism in which molecules of a surface-active
agent, commonly called a surfactant, accumulate at the oil-water interface and form an approximately
single-molecule-thick interfacial layer.

Surfactant molecules possess two different regions:

e A hydrophilic portion, which has an affinity for water.
e Alipophilic or hydrophobic portion, which has an affinity for oil.

At the oil-water interface, the molecules orient themselves so that the hydrophilic groups interact
preferentially with water and the hydrophobic groups interact preferentially with oil. This
arrangement reduces the interfacial free energy and helps facilitate the formation of droplets during
emulsification.
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3.2.2 Principle

The principle of monomolecular adsorption is that a surfactant adsorbs at the interface between two
immiscible liquids, reduces interfacial tension, and forms a protective layer around dispersed droplets.

The interfacial free energy associated with an interface can be expressed as:
G =~A
Where:

o G =interfacial free energy.
e v =interfacial tension.
o A =total interfacial area.

For a given interfacial area, reducing interfacial tension lowers the free energy required to create the
interface. This facilitates droplet formation during mixing or homogenization.

Surfactants do not eliminate the energy required for emulsification; rather, they reduce the energy
requirement and can help prevent newly formed droplets from rapidly merging.

3.2.3 Mechanism of Monomolecular Adsorption
The process involves the following steps:

1. Addition of surfactant: A suitable surfactant is added to the oil phase, aqueous phase, or both,
depending on its solubility and formulation procedure.

2. Migration to the interface: Surfactant molecules move toward the oil-water interface.

3. Interfacial orientation: Hydrophilic and hydrophobic portions orient toward their preferred
environments.

4. Reduction in interfacial tension: Adsorption lowers the energy associated with the interface.

5. Formation of a protective layer: The adsorbed molecules create a barrier that can reduce
direct contact between droplets.

6. Improved emulsion stability: Depending on the surfactant, the layer may provide electrostatic
repulsion, steric repulsion, or both.

3.2.4 Examples of Surfactants

Examples of surfactants used in pharmaceutical and related formulations include:
o Polysorbates, such as polysorbate 80.
o Sorbitan esters, such as sorbitan monooleate.
o Lecithin and other suitable phospholipids.

o Sodium lauryl sulfate, where appropriate for the formulation and route of administration.

The selection of a surfactant depends on its hydrophilic—lipophilic balance (HLB), compatibility,
concentration, route of administration, toxicity, and intended emulsion type.
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3.2.5 Factors Affecting Monomolecular Adsorption

1. Nature of the surfactant: Molecular structure and affinity for the oil and aqueous phases determine
interfacial activity.

2. Surfactant concentration: Increasing concentration may improve interfacial coverage up to a
practical limit. Beyond that point, additional surfactant may primarily remain in the bulk phase or
form micelles.

3. Temperature: Temperature can affect surfactant solubility, adsorption, molecular mobility, and
interfacial properties.

4. Nature of the oil phase: Different oils have different interfacial characteristics and may require
different surfactants.

5. pH and electrolytes: These can influence the ionization and interfacial behaviour of ionic
surfactants.

6. Processing conditions: Mixing speed, homogenization, and the rate of droplet formation influence
how quickly surfactant molecules can cover newly created interfaces.

3.2.6 Advantages

Reduces oil-water interfacial tension.

Facilitates droplet formation during emulsification.

May provide electrostatic or steric protection against droplet aggregation.

Can improve the physical stability of suitable emulsions.

Allows formulation of emulsions with relatively small droplets when combined with
appropriate processing.
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3.2.7 Limitations

1. Insufficient surfactant may leave newly formed droplets inadequately covered.

2. Excessive surfactant may cause irritation, incompatibility, or other formulation problems,
depending on the substance and route.

3. Surfactants may be affected by temperature, pH, or electrolytes.

4. A monomolecular layer may not provide adequate resistance to coalescence in every
formulation.

5. The surfactant must be selected for the intended pharmaceutical application and route of
administration.

3.2.8 Pharmaceutical Applications
Monomolecular adsorption is important in the preparation of oral, topical, and other suitable

pharmaceutical emulsions. Surfactants are also used in solubilization systems, self-emulsifying
formulations, and certain lipid-based drug-delivery systems.
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Conclusion: Monomolecular adsorption stabilizes emulsions through surfactant accumulation at the
oil-water interface, reduction of interfacial tension, and formation of an interfacial layer that can
oppose droplet aggregation and coalescence.

3.3 Multimolecular Adsorption

3.3.1 Introduction

Multimolecular adsorption is an emulsification and stabilization mechanism in which
relatively large molecules, such as hydrophilic colloids and polymers, adsorb at the oil-water
interface and form a thick, protective interfacial layer. Depending on the material and
conditions, the adsorbed layer may contain multiple molecular segments, loops, tails, or
associated layers.

Unlike many low-molecular-weight surfactants, these materials can stabilize emulsions not
only by modifying interfacial properties but also by increasing the viscosity of the continuous
phase and providing steric protection.

Hydrophilic colloids commonly used in pharmaceutical and food-related emulsions include
acacia, gelatin, and certain suitable cellulose derivatives or other polymeric materials.

3.3.2 Principle

The principle of multimolecular adsorption is that macromolecules or hydrophilic colloids
associate with the oil-water interface and create a relatively thick protective layer around the
dispersed droplets.

This layer can help prevent droplets from coming into direct contact. When two coated
droplets approach one another, the adsorbed layers may resist compression or
interpenetration, thereby reducing the likelihood of coalescence.

Some hydrophilic colloids also increase the viscosity of the continuous aqueous phase,
slowing droplet movement and reducing collision frequency.

3.3.3 Mechanism of Multimolecular Adsorption

The mechanism generally involves the following stages:

Hydration or dissolution: The hydrophilic colloid is dispersed or dissolved in a suitable
vehicle.

Interfacial approach: The macromolecules approach the oil-water interface.

Adsorption: Appropriate regions of the macromolecules associate with the interface, while
hydrophilic portions remain in or interact with the aqueous phase.

Protective-layer formation: An adsorbed polymeric or colloidal layer develops around the oil
droplets.

Resistance to droplet contact: The layer provides a physical barrier and may produce steric
repulsion.

Additional viscosity effect: If the material increases continuous-phase viscosity, droplet
movement and creaming may be reduced.

The exact mechanism depends on the macromolecule. Some polymers adsorb strongly, whereas
others mainly increase viscosity or may produce bridging flocculation under unsuitable conditions.
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3.3.4 Role of Hydrophilic Colloids

Acacia: Acacia is traditionally used as an emulsifying agent, particularly in the preparation of
certain oil-in-water emulsions. It can form a protective interfacial film around oil droplets.
Gelatin: Gelatin can contribute to interfacial protection and viscosity modification. Its
performance depends on its grade, concentration, temperature, and compatibility with other
formulation components.

Cellulose derivatives: Suitable cellulose derivatives can increase aqueous-phase viscosity and
may contribute to steric stabilization when their adsorption and formulation behaviour are
appropriate.

Other polymeric materials: Selected natural or synthetic polymers may be used to improve
emulsion stability through interfacial protection, viscosity enhancement, or a combination of
these effects.

3.3.5 Factors Affecting Multimolecular Adsorption

Polymer concentration: Adequate concentration is required for effective coverage and/or
viscosity enhancement.

Molecular weight: Molecular size and conformation influence adsorption, layer thickness, and
solution viscosity.

Degree of hydration: Hydration affects polymer expansion, solubility, and protective-layer
behaviour.

pH: The ionization of some polymers and proteins varies with pH.

Electrolytes: Salts may alter polymer conformation, interactions, and hydration.

Temperature: Temperature can affect hydration, viscosity, and the structure of some
macromolecules.

Oil-to-water ratio: The quantity of interfacial area to be covered affects the required amount
of stabilizer.

Mixing conditions: Proper dispersion and hydration are necessary to obtain uniform
performance.

3.3.6 Advantages
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Forms a relatively thick protective layer around droplets.

May provide steric stabilization.

Can reduce the tendency of droplets to coalesce.

May increase continuous-phase viscosity and slow creaming.

Can be useful when a formulation requires both emulsification and viscosity control.

3.3.7 Limitations

Mowbhe

Hydrophilic colloids may require time and suitable conditions for complete hydration.
Excessive viscosity can make manufacturing, pouring, and dose measurement difficult.

Some polymers can cause bridging flocculation when the surface coverage is incomplete.
Microbial growth may be a concern in aqueous formulations containing certain natural
materials, so suitable preservation and manufacturing controls may be necessary.

Stability can be affected by pH, electrolytes, temperature, and polymer compatibility.
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3.3.8 Pharmaceutical Applications

Multimolecular adsorption is useful in selected oral and topical emulsions, creams, lotions,
and other formulations in which hydrophilic colloids or polymers provide interfacial
protection and/or increase the viscosity of the continuous phase.

Conclusion: Multimolecular adsorption stabilizes emulsions through the formation of a
relatively thick interfacial layer, often supplemented by steric protection and increased
continuous-phase viscosity. Its effectiveness depends on the material, concentration, and
formulation environment.

3.4 Film Formation

3.4.1 Introduction

Film formation is an important mechanism of emulsion stabilization in which an emulsifying
agent forms a protective film around the droplets of the dispersed phase. This film separates
adjacent droplets and reduces the possibility of direct contact, aggregation, and coalescence.
The interfacial film may consist of surfactant molecules, hydrated macromolecules, proteins,
or combinations of stabilizing materials. Its composition and structure depend on the
emulsifying agent, the oil phase, the agueous phase, and the preparation method.

Film formation is particularly important because reducing interfacial tension alone is not
sufficient to ensure long-term emulsion stability. The protective film must also resist the
mechanical stresses and thinning that occur when droplets approach one another.

3.4.2 Principle of Film Formation

The principle of film formation is that an emulsifying agent accumulates at the oil-water
interface and produces a continuous or sufficiently coherent layer around each droplet.

When two droplets approach one another, a thin layer of continuous-phase liquid remains
between their surfaces. If this intervening liquid drains away and the protective films become
insufficiently resistant, the droplets may come into direct contact and merge.

A suitable interfacial film helps prevent this process by providing mechanical resistance and
maintaining separation between droplets.

3.4.3 Mechanism of Film Formation

The formation and action of the protective film can be explained through the following steps.

1. Adsorption of the emulsifying agent

During emulsification, the emulsifying agent migrates to the interface between the oil and aqueous
phases. Its molecules or macromolecules become associated with the droplet surface.

2. Orientation at the interface

The emulsifying agent orients according to its affinity for the two phases. For example, the
hydrophilic region of a surfactant generally interacts with water, whereas its hydrophobic region
interacts preferentially with oil.
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3. Development of the interfacial film

As adsorption continues, the molecules or macromolecules form a protective interfacial layer.
Depending on the emulsifier, the film may be relatively thin and mobile or thicker and more
mechanically resistant.

4. Prevention of direct droplet contact

When droplets approach, the interfacial layers help maintain separation. Electrostatic repulsion, steric
hindrance, and the mechanical properties of the film may all contribute to this effect.

5. Resistance to film rupture

A suitable film can withstand deformation and resist excessive thinning of the liquid layer between
neighbouring droplets. This decreases the likelihood of coalescence.

6. Maintenance of emulsion stability

When the interfacial film remains effective during storage, droplets are less likely to merge, and the
emulsion may retain its dispersed structure for a longer period.

3.4.4 Properties of an Ideal Interfacial Film
An effective interfacial film should possess the following properties:

Continuity: The film should cover the droplet surface sufficiently uniformly.

Mechanical strength: It should resist rupture when droplets approach or deform.

Elasticity: It should accommodate changes in droplet shape without breaking easily.

Interfacial activity: The emulsifier should adsorb effectively at the oil-water interface.

Resistance to drainage: The film should help maintain the liquid layer separating adjacent

droplets.

6. Interfacial repair: Where possible, the emulsifier should be able to redistribute or adsorb at
newly created interfacial areas.

7. Compatibility: The film-forming material should be compatible with the drug, oil phase,
aqueous phase, and other excipients.

8. Storage stability: The film should retain its protective properties under the intended storage

conditions.
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Not every emulsifier provides all these properties to the same extent. The choice of emulsifier must
therefore be based on the requirements of the particular formulation.

3.4.5 Factors Affecting Film Formation

1. Nature of the emulsifying agent: Different surfactants and macromolecules produce films with
different thicknesses, strengths, and interfacial properties.

2. Concentration of the emulsifier: Insufficient concentration may result in incomplete surface
coverage. Excessive concentration may increase cost or cause formulation incompatibilities.
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3. Oil-to-water ratio: A greater dispersed-phase volume or smaller droplet size can increase the total
interfacial area requiring coverage.

4. Temperature: Temperature can affect adsorption, interfacial viscosity, film structure, and the
physical properties of the phases.

5. pH and electrolytes: These factors can change the charge, conformation, or interaction of some
film-forming materials.

6. Droplet size: Smaller droplets provide a larger total surface area at a given dispersed-phase volume.
Adequate emulsifier must be available to cover this area.

7. Manufacturing process: The rate of droplet formation and the intensity of homogenization influence
the interfacial area created and the speed at which the emulsifier must adsorb.

3.4.6 Advantages of Film Formation

Reduces direct contact between dispersed droplets.

Helps prevent coalescence and subsequent phase separation.
Can improve the physical stability of pharmaceutical emulsions.
May work together with electrostatic and steric stabilization.
Can protect droplets during storage and handling.
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3.4.7 Limitations

An incomplete or weak film may fail to prevent coalescence.

Some films are sensitive to temperature, pH, and electrolytes.

Newly generated interfaces may remain temporarily unprotected if adsorption is too slow.

A protective film cannot necessarily prevent creaming, because creaming can occur without
droplet fusion.

5. Film formation alone does not guarantee stability against every physical or chemical
instability.

Howpne

3.4.8 Pharmaceutical Applications

Film formation is important in the preparation of oral emulsions, topical creams, lotions, and other
suitable emulsion-based dosage forms. It is also relevant to lipid emulsions and selected drug-delivery
systems in which the interfacial layer contributes to droplet stability.

Conclusion: Film formation stabilizes emulsions by creating a protective layer around dispersed
droplets. The effectiveness of this mechanism depends on the film's continuity, strength, elasticity,
and ability to resist rupture during droplet collisions.

3.5 Solid Particle Adsorption

3.5.1 Introduction
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e Solid particle adsorption is a mechanism of emulsion stabilization in which finely divided
solid particles accumulate at the interface between two immiscible liquids. When the particles
have suitable wettability, they can form a protective layer around the dispersed droplets and
reduce the likelihood of droplet coalescence.

e Emulsions stabilized by solid particles are commonly known as Pickering emulsions, named
after the scientist Spencer U. Pickering, who described the stabilization of emulsions by solid
particles.

e Unlike conventional surfactants, which are molecular or macromolecular substances,
Pickering stabilizers are solid particles that become attached to the oil-water interface. Their
strong attachment to the interface can make them effective stabilizers under appropriate
conditions.

3.5.2 Principle of Solid Particle Adsorption

e The principle is that finely divided solid particles with an appropriate balance of affinity for
oil and water become adsorbed at the oil-water interface.

e The particles arrange themselves around the droplets and form a physical barrier that reduces
direct contact between adjacent droplets. Because particles may be strongly attached to the
interface, they can resist displacement and help prevent coalescence.

e Examples of particles that may be used in suitable systems include silica, certain clays, and
other appropriately surface-treated inorganic or organic particles. Their suitability for
pharmaceutical use depends on their quality, safety, route of administration, and compatibility
with the formulation.

3.5.3 Mechanism of Solid Particle Stabilization

The mechanism involves the following steps.

1. Dispersion of solid particles

Finely divided particles are introduced into the formulation and dispersed in one or both liquid phases.

2. Migration toward the interface

Particles with suitable surface properties move toward the oil-water interface and become partially
wetted by both liquids.

3. Interfacial attachment

The particles become attached to the interface. Their attachment strength depends on particle size,
surface chemistry, contact angle, and interfacial tension.

4. Formation of a particle layer
Particles accumulate around the droplets and may form a densely packed interfacial layer.

5. Prevention of droplet coalescence
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The particle layer acts as a physical barrier. It reduces direct droplet contact and can make it difficult
for neighbouring droplets to merge.

6. Maintenance of emulsion structure

When the particles remain appropriately attached and the formulation is otherwise stable, the
emulsion may resist coalescence during storage.

3.5.4 Role of Particle Wettability

e Wettability is a major factor determining whether solid particles can stabilize an emulsion. It
describes the relative affinity of a particle surface for the two liquid phases.

e The contact angle is commonly used to describe wettability. For a particle at an oil-water
interface, the angle is defined with respect to a specified liquid phase, and the convention
must be stated when interpreting its value.

In general:
o Particles that are preferentially wetted by water tend to favour oil-in-water (O/W) emulsions.
o Particles that are preferentially wetted by oil tend to favour water-in-oil (W/O) emulsions.
e Particles with an appropriate intermediate wettability can attach strongly to the interface and

provide effective stabilization.

These relationships are general tendencies; the actual emulsion type also depends on the formulation
composition and processing conditions.

3.5.5 Factors Affecting Solid Particle Adsorption

1. Particle size: Particle size influences the number of particles available for interfacial coverage and
the energy required to detach them from the interface.

2. Surface wettability: The balance of affinity for oil and water determines the particle's preferred
location and interfacial attachment.

3. Particle concentration: An insufficient amount may result in incomplete droplet coverage, whereas
excessive particles may increase viscosity or produce unwanted aggregation.

4. Surface modification: Chemical treatment or coating can change the hydrophilic or hydrophobic
character of the particles.

5. Qil-to-water ratio: Changes in phase proportions influence the total interfacial area and the amount
of particle stabilizer required.

6. Electrolytes and pH: These can affect the surface charge, dispersion, and aggregation behaviour of
some particles.

7. Mixing and homogenization: Appropriate processing helps distribute particles and produce droplets
with adequate interfacial coverage.
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3.5.6 Advantages

Solid particles may become strongly attached to the oil-water interface.

The particle layer can provide effective protection against coalescence.

Some systems can be formulated with reduced dependence on conventional surfactants.
Interfacial properties can be modified by changing particle size and surface chemistry.
Pickering emulsions may be useful in specialized delivery systems and topical formulations.
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3.5.7 Limitations

Particle wettability must be suitable for the intended emulsion type.

Poorly dispersed particles may aggregate or produce nonuniform formulations.

Excessive particle loading can increase viscosity or impair processing.

Solid particles may alter appearance, texture, or sensory characteristics.

Pharmaceutical applications require careful assessment of particle purity, toxicity, route-
specific safety, and regulatory acceptability.

6. Strong interfacial attachment does not automatically prevent creaming or every other form of
physical instability.
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3.5.8 Pharmaceutical Applications
Solid particle adsorption is of interest in selected topical emulsions, creams, and specialized emulsion-
based drug-delivery systems. It is also investigated in controlled-release systems, encapsulation

technologies, and formulations in which interfacial particle layers offer useful physical protection.

The use of any particular solid particle in a pharmaceutical product must be supported by appropriate
safety, quality, and compatibility data.

3.5.9 Comparison of Emulsification and Stabilization Mechanisms

Mechanism Main stabilizing material Principal action

Explains the balance between van der Waals

DLVO theory Charged particles or droplets attraction and electrical double-layer repulsion

Monomolecular Lowers interfacial tension and forms an
. Surfactant molecules
adsorption adsorbed molecular layer
Multimolecular Hydrophilic ~ colloids  and | Forms a thicker protective layer and may
adsorption polymers increase continuous-phase viscosity
Surfactants, polymers, proteins, | Produces an interfacial film that resists droplet

Film formation L
or combinations contact and coalescence

Forms a particle barrier around droplets, as in
Pickering emulsions

Solid particle

adsorption Finely divided solid particles

Emulsion stabilization depends on several mechanisms that may operate simultaneously. DLVO
theory explains the contribution of attractive and electrostatic repulsive forces, whereas
monomolecular adsorption involves surfactant molecules at the interface. Multimolecular adsorption
and film formation provide protective interfacial layers, while solid particle adsorption stabilizes
droplets through particle attachment at the oil-water interface. The choice of mechanism depends on
the formulation, the intended route of administration, and the desired physical stability.
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Chapter 4: Physical Instabilities of Emulsions
4.1 Creaming
4.1.1 Introduction

e Creaming is a physical instability of an emulsion in which dispersed droplets migrate upward
or downward under the influence of gravity, resulting in the formation of regions with
different droplet concentrations.

e In a typical oil-in-water emulsion containing oil droplets that are less dense than the aqueous
phase, the droplets tend to move upward and form a concentrated layer called a cream layer.
In systems where the dispersed droplets are denser than the continuous phase, downward
sedimentation may occur instead.

e Creaming changes the distribution of droplets within the container but does not necessarily
involve the merging of droplets. Therefore, it is generally considered a reversible physical
instability, provided that the droplets remain separate and can be uniformly redispersed.

4.1.2 Principle of Creaming

Creaming occurs because of the density difference between the dispersed and continuous phases.
Gravity causes droplets to move relative to the surrounding liquid.

When the dispersed droplets are less dense than the continuous phase, they tend to rise. When they are
denser, they tend to settle.

For sufficiently small spherical droplets under ideal dilute conditions, the migration velocity can be
approximated using Stokes' law:

_ @(pa—p)g
187,

The equation describes signed velocity when the density difference is defined as \(\rho_d-\rho_c\).
The direction depends on the sign of this difference.

Where:

o v =terminal migration velocity.

e d=droplet diameter.

e pg= density of the dispersed phase.

e pc= density of the continuous phase.

e g = acceleration due to gravity.

e 1 = dynamic viscosity of the continuous phase.

For the magnitude of the migration velocity:
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This relationship assumes isolated spherical droplets, low Reynolds number, a Newtonian continuous
phase, and negligible interactions between droplets. Real emulsions may deviate from these
assumptions, particularly when droplets are concentrated or flocculated.

4.1.3 Mechanism of Creaming
Creaming generally occurs through the following stages:

Initial dispersion: The dispersed droplets are distributed throughout the continuous phase.
Gravitational migration: A density difference causes droplets to move upward or downward.
Concentration gradient: Droplets accumulate in one region of the container.

Formation of a cream layer: In a typical O/W emulsion, the upper region becomes enriched
with oil droplets.

5. Possible secondary instability: If the concentrated droplets remain close together, they may
undergo flocculation or coalescence if the formulation does not provide sufficient protection.

Mo

Creaming alone does not mean that the emulsion has broken. However, prolonged creaming can
increase the risk of other instabilities by bringing droplets into closer proximity.

4.1.4 Factors Affecting Creaming

1. Droplet size: Creaming velocity is proportional to the square of droplet diameter under Stokes' law
conditions. Larger droplets therefore tend to migrate more rapidly.

2. Density difference: A greater density difference between the two phases generally increases the rate
of gravitational migration.

3. Viscosity of the continuous phase: Increasing continuous-phase viscosity generally slows droplet
movement.

4. Droplet aggregation: Flocculation may increase the effective size of migrating units, potentially
accelerating creaming. The actual effect also depends on floc structure and effective density.

5. Dispersed-phase concentration: At higher droplet concentrations, interactions and hindered
movement may cause deviations from the simple Stokes' law prediction.

6. Temperature: Temperature can alter viscosity, density, and interfacial properties, thereby changing
creaming behaviour.

7. Storage conditions: Prolonged storage and temperature fluctuations can influence the extent and
rate of layer formation.

4.1.5 Methods of Preventing or Reducing Creaming

1. Reduction of droplet size: Homogenization can reduce droplet size and slow gravitational
migration, provided that sufficient emulsifier is available to cover the newly generated surface.
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2. Increasing continuous-phase viscosity: Suitable thickening agents can reduce droplet mobility. The
concentration must be selected so that the product remains usable.

3. Reducing the density difference: Where feasible, selecting compatible phase compositions with a
smaller density difference may reduce gravitational separation.

4. Optimizing emulsifier concentration: Adequate interfacial coverage helps maintain droplet
separation and reduces secondary aggregation.

5. Preventing flocculation when inappropriate: Appropriate control of pH, electrolytes, and stabilizer
concentration can help reduce unwanted droplet association.

6. Optimizing storage conditions: Avoiding unsuitable temperature conditions can help maintain the
intended physical properties of the emulsion.

7. Redispersibility assessment: For products that may develop a cream layer, the formulation should
be evaluated to ensure that gentle shaking restores a uniform dispersion when required.

4.1.6 Advantages and Disadvantages of Creaming

Creaming is primarily an undesirable instability because it may produce a nonuniform product.
Nevertheless, the formation of a cream layer is not always irreversible.

Disadvantages:

e The concentration of droplets becomes nonuniform.

o Dose uniformity may be affected if the product is not adequately redispersed.

e The appearance and acceptability of the product may deteriorate.

e Prolonged droplet concentration can increase the likelihood of further destabilization.

Important distinction: A cream layer that can be readily redispersed without substantial droplet growth
indicates creaming rather than complete breaking. The distinction should be confirmed through
appropriate physical examination.

4.1.7 Pharmaceutical Significance

Creaming is important in oral emulsions, topical creams and lotions, and other pharmaceutical
products containing dispersed liquid droplets. Evaluation of creaming helps determine whether the
formulation maintains acceptable appearance, redispersibility, and dose uniformity throughout

storage.

Conclusion: Creaming is the gravitational separation of droplets within an emulsion. It can often be
reduced by controlling droplet size, density difference, and continuous-phase viscosity. Unlike
coalescence, creaming does not inherently involve the fusion of droplets.

4.2 Coalescence and Breaking

4.2.1 Introduction
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Coalescence and breaking are related but distinct physical instabilities of emulsions.
Coalescence occurs when two or more dispersed droplets merge to form a larger droplet.
During this process, the interfacial film separating the droplets ruptures, allowing their
internal liquid contents to combine.

Breaking, also called cracking in conventional emulsion terminology, is a severe instability in
which the dispersed droplets merge extensively and the emulsion separates into distinct bulk
liquid phases. In most pharmaceutical contexts, breaking is considered an irreversible failure
of the original emulsion structure under ordinary storage or redispersion conditions.
Coalescence can occur before complete breaking. Therefore, coalescence is a mechanism of
droplet growth, whereas breaking is the macroscopic separation that may result from
extensive droplet fusion.

4.2.2 Coalescence

Principle of Coalescence

Coalescence occurs when droplets come into sufficiently close contact and the protective
interfacial film between them becomes unable to maintain separation.

The process is influenced by interfacial film strength, electrostatic and steric barriers, the
drainage of liquid between droplets, and the frequency of droplet collisions.

Mechanism of Coalescence
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Droplet collision: Droplets approach one another because of Brownian motion, gravitational
movement, stirring, or other flow-related processes.

Formation of a thin liquid film: A layer of continuous-phase liquid remains between the
approaching droplets.

Film drainage: The liquid layer becomes thinner as it drains away.

Film rupture: The interfacial layers fail to prevent contact.

Droplet fusion: The droplets merge and form a larger droplet.

Progressive droplet growth: Repeated coalescence can increase droplet size and accelerate
subsequent separation.

Coalescence is more likely when the emulsifier layer is inadequate, weak, or disrupted by unsuitable
storage conditions.

Factors Promoting Coalescence

Insufficient emulsifier concentration.

Inadequate interfacial film strength.

Incompatible formulation ingredients.

Unfavourable changes in pH or electrolyte concentration.

Excessive temperature or temperature cycling.

Repeated droplet collisions.

Poor manufacturing conditions that produce inadequately protected interfaces.
Prolonged storage under conditions that compromise interfacial stability.

4.2.3 Breaking of Emulsions
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Definition

Breaking is the extensive and generally irreversible separation of an emulsion into its constituent
liquid phases. It commonly occurs after substantial coalescence has produced larger droplets that
merge further until the original dispersed structure is lost. For example, an O/W emulsion may
separate into a bulk aqueous layer and a bulk oil layer.

Mechanism of Breaking

The emulsion begins to lose stability.

Droplets collide and undergo coalescence.

Droplet size increases progressively.

The number of independent droplets decreases.

The dispersed phase accumulates into larger regions.

Distinct liquid layers form, resulting in macroscopic phase separation.
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Unlike creaming, breaking cannot generally be corrected by simple shaking because the original
droplet population and interfacial structure have been substantially lost. Re-emulsification may
require a suitable formulation process, and the product may no longer meet its original quality
requirements.

4.2.4 Difference Between Coalescence and Breaking

Feature Coalescence Breaking
Definition Fusion of two or more droplets into larger | Extensive separation into bulk
droplets liquid phases
. - Macroscopic failure of the
Nature Droplet-level instability . P
emulsion
. . Original droplet structure is
Droplet size Generally increases g P
largely lost
. - Usually visible as distinct liquid
Appearance May initially be difficult to observe layers y a
— Generally not reversed by simple shaking at the | Usually irreversible by ordinary
Reversibility N .
individual droplet level shaking
. . . . Can be the final outcome of
Relationship May contribute to breaking .
extensive coalescence
Formulation . . — Usually indicates failure of
o An early sign of emulsion destabilization . y .
significance physical stability

4.2.5 Factors Affecting Coalescence and Breaking

1. Emulsifier selection: The emulsifier must be compatible with the oil and agueous phases and
provide adequate interfacial protection.

2. Emulsifier concentration: Insufficient concentration may leave newly formed droplets inadequately
protected.
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3. Droplet size distribution: Large droplets and nonuniform droplet populations can influence
separation rates and the frequency of droplet interactions.

4. Interfacial film properties: A film with inadequate mechanical strength or poor resistance to rupture
may permit coalescence.

5. Temperature: Excessive heating or temperature cycling can alter interfacial properties and the
physical state of formulation components.

6. pH and electrolytes: These can alter the charge and interactions of ionic emulsifiers or other
stabilizing materials.

7. Phase-volume ratio: A high dispersed-phase volume may increase droplet crowding and the
frequency of contact.

8. Manufacturing conditions: Inadequate homogenization, poor order of addition, or improper cooling
and mixing may compromise formulation stability.

9. Storage conditions: Unfavourable temperatures, prolonged storage, and inappropriate handling can
promote physical instability.

4.2.6 Prevention of Coalescence and Breaking

Select an appropriate emulsifier or combination of emulsifiers.

Use a sufficient concentration of emulsifier to cover the generated interfacial area.

Optimize homogenization to produce a suitable droplet-size distribution.

Use compatible thickening or stabilizing agents where appropriate.

Control pH and electrolyte concentrations.

Avoid unsuitable temperature conditions and excessive temperature fluctuations.

Ensure compatibility among the drug, oil, water, emulsifier, and other excipients.

Conduct physical stability studies under the intended storage conditions.

Monitor droplet size, phase separation, appearance, and redispersibility during product
development.
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4.2.7 Pharmaceutical Significance

Coalescence and breaking are critical quality concerns in oral emulsions, topical creams, lotions, and
lipid-based pharmaceutical formulations. These instabilities can affect appearance, uniformity,
performance, and dose delivery. A formulation that has undergone extensive breaking may not be
suitable for use even if the separated phases can be mixed again.

Conclusion: Coalescence involves the fusion of droplets, while breaking represents extensive loss of
the emulsion structure and separation into bulk phases. Adequate interfacial protection, suitable
processing, and appropriate storage conditions are essential for reducing these instabilities.

4.3 Phase Inversion

4.3.1 Introduction
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Phase inversion is a physical change in an emulsion in which the dispersed phase and
continuous phase exchange roles. An oil-in-water emulsion may change into a water-in-oil
emulsion, or a water-in-oil emulsion may change into an oil-in-water emulsion.

In an O/W emulsion, oil droplets are dispersed throughout a continuous agueous phase. In a
W/O emulsion, water droplets are dispersed throughout a continuous oil phase.

Phase inversion may occur because of changes in phase-volume ratio, temperature, emulsifier
properties, electrolyte concentration, or processing conditions. It may be intentional during
the manufacture of certain products or undesirable when the original emulsion type must be
maintained.

4.3.2 Types of Phase Inversion

Phase inversion is generally classified into two main types.

1. Transitional Phase Inversion

Transitional phase inversion occurs when changes in temperature or composition alter the
preferred curvature or affinity of the emulsifier at the oil-water interface.

This is particularly relevant to certain nonionic surfactants, whose hydrophilic and lipophilic
balance may change with temperature.

For example, the hydration of the ethoxylated hydrophilic groups of some nonionic
surfactants decreases as temperature increases. Under suitable formulation conditions, this
can shift the emulsifier's preference from an O/W emulsion toward a W/O emulsion.

The temperature at which the preferred emulsion structure changes is often called the phase
inversion temperature (PIT) for systems that exhibit this temperature-dependent behaviour.

2. Catastrophic Phase Inversion

Catastrophic phase inversion occurs when the volume fraction of the dispersed phase
becomes sufficiently high that the existing emulsion structure can no longer be maintained
under the prevailing conditions.

For example, the gradual addition of oil to an O/W emulsion may eventually cause the system
to invert into a W/O emulsion, depending on the emulsifier and processing conditions.

This type of inversion is primarily associated with changes in phase-volume ratio, although
emulsifier properties and mixing conditions also influence the transition.

4.3.3 Mechanism of Phase Inversion

The mechanism depends on the type of inversion.

A. Mechanism of transitional inversion
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The original emulsion is prepared using an appropriate emulsifier.
Temperature or composition is changed.

The emulsifier's relative affinity for the oil and aqueous phases changes.
The preferred interfacial curvature shifts.

The original emulsion structure becomes less favourable.
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6. The system may transition to the opposite emulsion type.
B. Mechanism of catastrophic inversion

1. The emulsion is subjected to a change in the dispersed-phase volume or another relevant
processing condition.

Droplets become increasingly crowded.

The original droplet arrangement becomes difficult to maintain.

The interfacial structure reorganizes.

The former dispersed phase may become the continuous phase.

The opposite emulsion type forms if the new structure is favoured by the formulation
conditions.
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Phase inversion does not always occur at a single universal threshold. Its occurrence depends on the
oil and water phases, emulsifier, temperature, composition, and processing history.

4.3.4 Factors Affecting Phase Inversion

1. Oil-to-water ratio

The relative volumes of the two phases are major determinants of emulsion structure. Increasing the
amount of the dispersed phase can promote inversion when the existing structure becomes difficult to
maintain.

2. Type of emulsifier

An emulsifier's affinity for oil and water influences the emulsion type. Hydrophilic emulsifiers
commonly favour O/W emulsions, whereas more lipophilic emulsifiers commonly favour W/O
emulsions, although actual behaviour depends on the entire formulation.

3. Temperature

Temperature can change emulsifier hydration, solubility, interfacial curvature, and the relative
stability of different emulsion structures.

4. Electrolytes

Electrolytes may alter the hydration or interfacial behaviour of some emulsifiers. The direction and
magnitude of the effect depend on the formulation.

5. pH

Changes in pH can affect ionizable emulsifiers and other interfacial materials, potentially changing
their affinity for the two phases.

6. Mixing conditions
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Mixing intensity, order of addition, and the rate at which one phase is incorporated into the other can
influence the structure formed during emulsification.

7. Nature of the oil and aqueous phases

Differences in polarity, viscosity, density, and mutual solubility can affect the preferred emulsion
structure and its resistance to inversion.

4.3.5 Methods of Preventing Undesirable Phase Inversion

1.

Select a suitable emulsifier: Choose an emulsifier or blend appropriate for the required O/W
or W/O system.

Control the phase-volume ratio: Maintain the oil-to-water ratio within the formulation's
acceptable range.

Maintain suitable temperature conditions: Avoid temperature excursions that may alter
emulsifier behaviour.

Control pH and electrolyte concentration: Ensure that these variables remain within the
specified formulation limits.

Optimize the order of addition: Add the phases in a controlled manner according to the
formulation procedure.

Optimize mixing and homogenization: Use appropriate processing conditions to develop and
maintain the intended emulsion structure.

Assess formulation compatibility: Verify that the drug, emulsifier, oil phase, aqueous phase,
and other excipients are compatible.

Perform stability testing: Evaluate the emulsion under appropriate storage and stress
conditions to identify possible changes in emulsion type.

4.3.6 Advantages of Intentional Phase Inversion

Although undesirable phase inversion can compromise product quality, controlled phase inversion
may be useful in certain manufacturing processes.

1.
2.
3.

It can assist the preparation of selected emulsions with small droplet sizes.

It may be used in specialized emulsification processes to modify interfacial structure.
Temperature-induced phase inversion can be exploited in selected nonionic surfactant
systems.

It may support the development of particular emulsion-based delivery systems when carefully
controlled.

These benefits depend on the specific formulation and process. Phase inversion is not inherently
beneficial and must be evaluated for the intended product.

4.3.7 Disadvantages of Uncontrolled Phase Inversion

Mowpnhe

The emulsion may no longer have the intended O/W or W/O structure.
Drug distribution and release characteristics may change.

Product viscosity, texture, and appearance may be altered.

The formulation may become difficult to process or administer.
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5. Phase inversion may occur alongside other instabilities, including coalescence or phase

separation.

6. The product may fail to meet its specified quality requirements.

4.3.8 Pharmaceutical Significance

Phase inversion is important in the development and manufacture of pharmaceutical emulsions,
creams, lotions, and selected lipid-based delivery systems. The intended emulsion type influences the
formulation's handling properties, drug distribution, compatibility, and performance.

For example, an O/W emulsion may be preferred when a water-continuous product is required,
whereas a W/O emulsion may be selected for certain water-resistant topical formulations.

Uncontrolled
characteristics.

inversion can alter these properties and compromise the

4.3.9 Comparison of Physical Instabilities of Emulsions

intended product

. Coalescence and . .
Feature Creaming . Phase inversion
breaking
o N Fusion of droplets; .
. . Gravitational migration . . P Exchange of dispersed

Main mechanism extensive  fusion  may .

of droplets . and continuous phases
cause bulk separation
__— May change as the
. . Usually maintained y . g

Droplet identity . . Lost as droplets merge emulsion structure

during creaming .
reorganizes
Densit difference Phase-volume ratio,

Main driving y . . " | Interfacial film failure and | emulsifier  behaviour,
droplet size, continuous-

factors . . droplet contact temperature, and
phase viscosity ..

composition
. Change in emulsion
Formation of a .
Larger droplets, followed | structure,  sometimes
. . concentrated cream layer . . .

Visual signs potentially by distinct | accompanied by a
or lower concentrated | . . .
laver liquid layers marked change in

y consistency
Coalescence is not undone | Depends on the
. b simple shaking; | system; the original
— Often  reversible by y . p_ g | Sy . g
Reversibility ) . breaking is  generally | emulsion may not be
gentle redispersion . ; . .
irreversible by ordinary | restored simply by
shaking shaking
. . . Control phase ratio,
Reduce droplet size and | Improve interfacial emulsifierp
Prevention gravitational migration; | protection and formulation ’
temperature, and

optimize viscosity

compatibility

processing conditions

Creaming, coalescence, breaking, and phase inversion are important physical instabilities that can
affect pharmaceutical emulsions.
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o Creaming involves gravitational migration of droplets without necessarily changing their
individual identity.

o Coalescence involves the fusion of droplets, while breaking represents extensive separation of
the emulsion into bulk liquid phases.

e Phase inversion involves a change in which liquid forms the continuous phase and which
forms the dispersed phase.

Understanding these mechanisms helps formulators select suitable emulsifiers, optimize droplet size
and viscosity, control manufacturing conditions, and establish appropriate stability-testing procedures.
The ultimate objective is to maintain the intended emulsion structure, acceptable appearance,
uniformity, and performance throughout the product's shelf life.
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Unit IV : Rheological Studies
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Chapter 1. Newtonian Systems and Non-Newtonian Systems
1.1 Introduction to Rheology

Rheology is the branch of science concerned with the flow and deformation of materials under the
influence of an applied force. It describes how liquids flow, how semisolids deform, and how
materials recover their original shape after the applied force is removed. In pharmaceutical sciences,
rheology is important for understanding the consistency, stability, spreadability, pourability, and
performance of pharmaceutical preparations.

Rheological studies are routinely used in the development and quality control of suspensions,
emulsions, creams, ointments, gels, lotions, syrups, and other liquid or semisolid dosage forms. They
also help determine whether a formulation can be mixed, pumped, filled into containers, expelled
from a tube or syringe, and administered conveniently to patients.

The principal quantities used in rheology are shear stress, shear rate, and viscosity.

Shear stress T is the tangential force applied per unit area to cause a material to flow.

e T =shear stress (Pa)
e F =applied tangential force (N)
e A =area over which the force acts m?

Shear rate y describes the rate at which adjacent layers of a fluid move relative to one another. For a
simple fluid flowing between parallel layers, it can be expressed as:

dv

’de_y

Where dv is the difference in fluid velocity between adjacent layers and dy is the distance separating
them.
Viscosity (1)) is a measure of a fluid’s resistance to flow. Dynamic viscosity is expressed as the ratio

of shear stress to shear rate when that ratio is meaningful for the material under the specified
conditions.

T
Tapp = —
v

The term apparent viscosity is particularly important for non-Newtonian materials because their
viscosity may vary with shear rate or with the duration and history of shearing.

1.2 Newtonian Systems
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A Newtonian system is a fluid in which shear stress is directly proportional to shear rate at a constant
temperature and pressure. Its viscosity remains constant when the shear rate changes, provided the
material remains under the same physical and chemical conditions.
The relationship is described by Newton’s law of viscosity:
T =1
Where:
e T=shear stress
e 1= dynamic viscosity

e vy =shear rate

For a Newtonian fluid, a graph of shear stress against shear rate produces a straight line passing
through the origin. The slope of this line represents the dynamic viscosity.

Shear stress
-
|

¥1

- ks
Shear rate y

Characteristics of Newtonian Systems

Constant viscosity: Viscosity remains constant at a given temperature and pressure.

Linear rheological relationship: Shear stress increases proportionally with shear rate.

No yield stress in the ideal model: Flow begins when a nonzero shear stress is applied.

No time-dependent viscosity change: Viscosity does not systematically increase or decrease
with the duration of shearing.

5. Predictable flow behaviour: Flow characteristics can be described using relatively simple
mathematical relationships.

Mo RE

Examples
Examples of Newtonian liquids under suitable conditions include:

e Water.

o Dilute aqueous solutions of certain low-molecular-weight substances.

e Some simple organic solvents.

e Some low-molecular-weight liquids, including glycerol, when measured within a suitable
temperature and shear-rate range.

The classification depends on the conditions of measurement. A material that behaves approximately
as Newtonian under one set of conditions may show more complex behaviour under another.
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Pharmaceutical Significance

Newtonian behaviour is useful when estimating the flow of simple pharmaceutical liquids through
pipes, transfer lines, and filling equipment. It also helps in determining viscosity for routine quality-
control testing when the formulation exhibits a constant viscosity over the relevant shear-rate range.

1.3 Non-Newtonian Systems

e Non-Newtonian systems are materials that do not follow the simple linear relationship
between shear stress and shear rate described by Newton’s law of viscosity. Their apparent
viscosity may change with shear rate, applied stress, time under shear, or the previous
mechanical history of the sample.

e Many pharmaceutical formulations are non-Newtonian because they contain suspended
particles, dispersed droplets, polymers, gums, or structured networks. These components may
align, aggregate, separate, or reorganize when force is applied.

e The principal types of non-Newtonian flow behaviour are pseudoplastic, dilatant, plastic, and
time-dependent systems.

A. Pseudoplastic Flow

e Pseudoplastic flow is also known as shear-thinning flow. In this system, apparent viscosity
decreases as shear rate increases.

e At rest or under low shear, polymer chains, particles, or structural elements may form an
entangled or disorganized arrangement that resists flow. When shear is applied, these
elements may align in the direction of flow, disentangle, or reorganize, resulting in reduced
resistance.

e Examples include many polymer solutions, gum-containing preparations, creams, gels, and
some suspensions.

A common empirical relationship is the power-law model:
T=K4"
For pseudoplastic behaviour, \(n<1\).
Where:
o K =consistency index
e n\) = flow behaviour index

e T = shear stress
e vy =shear rate

The power-law model is useful over a defined range of shear rates but does not describe every non-
Newtonian system at all conditions.

Pharmaceutical importance: A shear-thinning cream or gel may be relatively thick in its container but
become easier to spread when rubbed onto the skin. Similarly, a suitable suspension may flow more
readily during pouring or administration.
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B. Dilatant Flow

o Dilatant flow is also called shear-thickening flow. In this system, apparent viscosity increases
as shear rate increases.

e In concentrated suspensions, particles may move into arrangements that create greater
resistance under rapid deformation. This can increase the force required to maintain flow.

e For the power-law model, dilatant behaviour is represented by (n>1).

e Examples include certain highly concentrated suspensions and dense particle dispersions.
Dilatancy is not a universal property of all suspensions; it depends on particle concentration,
particle interactions, liquid properties, and applied shear conditions.

e Pharmaceutical importance: Excessive shear thickening may complicate pumping, mixing,
homogenization, and filling. Formulation development should therefore evaluate the material
across the shear rates expected during manufacturing and use.

C. Plastic Flow

Plastic materials do not show appreciable continuous flow until the applied shear stress exceeds a
characteristic yield stress. Once this threshold is exceeded, the material flows.

A simple model is the Bingham plastic equation:
T =T+ MY
Where:
o To=yield stress
e = plastic viscosity

e vy =shear rate

The Bingham model is an idealization. Some materials show more complex behaviour and may be
better represented by other yield-stress models.

Examples include certain concentrated suspensions, structured gels, pastes, and semisolid
pharmaceutical preparations.

Pharmaceutical importance: A suitable yield stress can help a suspension resist sedimentation or allow
a cream to remain in place after application. However, excessive yield stress can make a product
difficult to pour, spread, or expel from a container.

D. Time-Dependent Non-Newtonian Behaviour

In time-dependent systems, apparent viscosity changes with the duration of applied shear, even when
the shear rate is maintained at a constant value.

Two important examples are:
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o Thixotropy: viscosity decreases with time under shear and recovers progressively when the
material is allowed to rest.
o Negative thixotropy or rheopexy: viscosity increases with time under shear under appropriate

conditions.

These behaviours are discussed in detail in Section 2.

1.4 Comparison of Newtonian and Non-Newtonian Systems

Characteristic

Newtonian system

Non-Newtonian system

Shear stress and shear rate

Directly proportional

Relationship is  generally
nonlinear or more complex

May depend on shear rate, time,

Viscosity Constant at fixed conditions .
or shear history
Straight line through origin for the | May be curved or show yield-
Rheogram . . .
ideal model stress or hysteresis behaviour
Many creams, gels, polymer
Examples Water and some simple liquids solutions, and concentrated
suspensions
A single viscosity measurement may | Multiple shear rates and
Testing requirement be sufficient if conditions are | sometimes time-dependent

specified

testing are required

Pharmaceutical relevance

Flow estimation and routine viscosity
control

Formulation design, stability
assessment, application
performance, and processability

1.5 Importance of Rheological Classification

Correctly identifying the flow behaviour of a pharmaceutical product supports rational formulation
and process design. For example, a topical gel may need to exhibit low resistance during spreading
but sufficient structure at rest. A suspension may need to flow during shaking and pouring while
resisting rapid sedimentation during storage. An injectable formulation must meet appropriate
requirements for force of injection and delivery through the intended device.

Rheological classification should therefore be based on measurements performed under defined
temperature, shear-rate, and sample-conditioning conditions rather than on a single observation of

thickness.
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Chapter 2. Thixotropy

Thixotropy is a reversible, time-dependent reduction in apparent viscosity or internal structure when a
material is subjected to shear, followed by gradual recovery of its structure when the shear is reduced
or removed. It is particularly relevant to pharmaceutical suspensions, emulsions, gels, creams, and
other structured dispersions. A thixotropic formulation may remain relatively structured during
storage but become easier to pour, spread, or dispense after shaking or application of shear.
Thixotropy must be distinguished from ordinary shear-thinning. In shear-thinning, viscosity decreases
mainly as the shear rate increases. In thixotropy, the duration of shearing and the structural history of
the sample are also important.

2.1 Measurement of Thixotropy

Thixotropy can be evaluated by measuring how the rheological properties of a sample change during
shearing and subsequent rest. The method selected should be suitable for the product’s viscosity,
structure, and expected use.

A. Hysteresis Loop Method

The hysteresis loop method is a common way of evaluating thixotropic behaviour using a rotational
rheometer or an appropriate rotational viscometer.

Principle: The sample is tested over an increasing shear-rate range and then over a decreasing shear-
rate range. If its structure breaks down during the upward sweep and does not recover immediately
during the downward sweep, the two curves differ and form a hysteresis loop.

Procedure:

1. Place a representative sample in the measuring system and ensure that it is loaded
consistently.

2. Allow the sample to equilibrate at the specified temperature.

3. Apply a defined conditioning or pre-shear procedure, if required by the method.

4. Increase the shear rate according to a predetermined program and record the corresponding
shear stress or apparent viscosity.

5. Decrease the shear rate over the same or a defined range and record the response.

6. Plot shear stress against shear rate, or apparent viscosity against shear rate, according to the
selected method.

7. Compare the ascending and descending curves and evaluate the loop using a consistent
calculation procedure.
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The area enclosed by the loop is commonly used as an index of thixotropic behaviour when the axes,
sweep program, and calculation method are held constant. It is not an absolute material constant: the
result depends on the selected shear-rate range, sweep duration, temperature, sample preparation, and
recovery time.

B. Three-Interval Thixotropy Test
A three-interval test provides information about structure breakdown and recovery.

1. Initial interval: The sample is measured under low shear to establish its initial rheological

response.
2. Breakdown interval: A higher shear rate is applied to disrupt the internal structure.
3. Recovery interval: The shear rate is reduced to a low value and the recovery of viscosity or
another selected parameter is recorded with time.

The recovery may be expressed as a percentage:

% Recovery = % x 100
0

Where:

e 1 = Vviscosity measured at a specified time during recovery
e mo= reference viscosity measured during the initial low-shear interval

The exact reference value and measurement conditions must be specified. Recovery percentages from
different protocols should not be compared without checking their methods.

C. Constant-Shear Method

e A sample is subjected to a constant shear rate or shear stress, and its apparent viscosity is
monitored over time. A reduction in viscosity may indicate time-dependent structural
breakdown. The sample is then allowed to rest, and its recovery is assessed by repeating the
measurement.

e This method is useful when the intended application involves prolonged mixing, pumping,
shaking, or spreading.
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Factors Affecting Measurement
The following factors should be controlled:

e Temperature and evaporation.

e Sample composition and preparation.

e Pre-shear and rest period.

e Geometry and gap of the measuring system.
o Applied shear rate or stress.

o Duration of each measurement interval.

e Slippage at the measuring surfaces.

e Air bubbles and sample loading errors.

2.2 Bulges and Spurs

e In classical descriptions of thixotropic rheograms, the ascending and descending curves may
show irregularities described as bulges and spurs. These terms refer to features in the shape of
a rheological curve or hysteresis loop rather than to universally standardized rheological
parameters.

e Their appearance depends on the material’s internal structure and on the conditions under
which the measurement is performed.

e Bulges are local outward expansions or rounded regions of a curve. They may occur when the
sample exhibits a nonuniform change in resistance to flow over part of the shear-rate range.

e Spurs are narrow projections or pointed features that may appear in a rheogram. They can be
associated with abrupt changes in measured response, structural rearrangement, or
experimental artefacts.

e These features should be interpreted cautiously. They are not, by themselves, definitive proof
of a particular mechanism of thixotropy.

Possible Causes

o Breakdown and rebuilding of a structured particle or polymer network.

e Aggregation or rearrangement of dispersed particles.

o Delayed response of the material to a change in shear rate.

o Inadequate sample conditioning or inconsistent pre-shear.

o Wall slip, air bubbles, instrument limitations, or other measurement artefacts.

Pharmaceutical Significance

Bulges and spurs may draw attention to changes in flow behaviour that require further investigation.
For example, irregularities in the rheogram of a suspension or gel may indicate complex structural
responses. However, formulation decisions should be based on repeatable measurements and
appropriate controls rather than on the appearance of a single curve.

When such features are observed, the test should be repeated with controlled sample preparation and
measurement conditions. If necessary, the result should be confirmed using a different geometry or a
complementary rheological test.
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2.3 Negative Thixotropy

Negative thixotropy, commonly called rheopexy, is a time-dependent increase in apparent
viscosity or internal structure during shearing under specified conditions. It is the opposite of
thixotropic breakdown in the sense that continued shearing can cause the material to become
more resistant to flow.

The phenomenon is distinct from dilatant flow. Dilatancy refers to an increase in apparent
viscosity with increasing shear rate, whereas rheopexy refers to a time-dependent increase
under continued shearing at a defined condition.

Mechanism

In a rheopectic material, continued shear may promote structural rearrangement, association,
or formation of a more resistant internal network. The specific mechanism depends on the
composition of the material and may involve particle interactions or changes in a structured
dispersion.

When the applied shear is removed, the structure may relax or reorganize, but the extent and
speed of recovery depend on the material.

Measurement

Negative thixotropy can be investigated by:

akrwbdE

Conditioning the sample using a defined procedure.

Applying a constant shear rate or stress.

Recording apparent viscosity or shear stress as a function of time.

Allowing the sample to rest for a specified interval.

Repeating the measurement to determine whether the observed increase is reproducible and
time-dependent.

An increase in viscosity over time should not be assigned to rheopexy until temperature changes,
solvent loss, evaporation, sample drying, and instrument artefacts have been ruled out.

Pharmaceutical Significance

Rheopectic behaviour may complicate mixing, pumping, filling, or dispensing because the resistance
to flow can increase during prolonged mechanical handling. If such behaviour occurs in a
formulation, its effect on manufacturing and administration must be assessed experimentally.

Rheopexy is less commonly encountered in routine pharmaceutical products than shear-thinning or
thixotropic behaviour, and it should be identified from measured data rather than assumed from a
formulation’s appearance.
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Chapter 3. Determination of Rheological Properties

The determination of rheological properties involves measuring the relationship between applied
force, deformation, flow rate, and time. These measurements help characterize the viscosity and flow
behaviour of pharmaceutical liquids and semisolid preparations.

Rheological testing is performed during formulation development, process optimization, stability
studies, and routine quality control. The selection of the measuring instrument depends on the
viscosity of the sample, its expected flow behaviour, the required accuracy, and the range of shear
rates relevant to the product.

3.1 Viscometers
e A viscometer is an instrument used to measure the viscosity of a fluid. Some viscometers
determine viscosity at a particular flow condition, while rotational instruments can measure
the response at several rotational speeds or shear rates.

e Viscometers are widely used for testing pharmaceutical liquids, polymer solutions,
suspensions, emulsions, creams, ointments, and gels.

Principle of Viscometry
The principle of a viscometer depends on the type of instrument. Viscosity may be determined by
measuring the time required for a liquid to flow through a narrow tube, the resistance experienced by

a moving body in a liquid, or the torque required to rotate a spindle or measuring surface in a sample.

For Newtonian fluids, dynamic viscosity can be determined from the relationship between shear stress
and shear rate:

=
n=-
J'll:rf
Where:
e 1= dynamic viscosity
e T =shear stress

e vy =shear rate

For non-Newtonian materials, the measured viscosity may depend on the applied shear rate and the
sample’s shear history. Therefore, the measurement conditions must be specified.

Types of Viscometers

The principal types of viscometers used in pharmaceutical and related laboratories include the
following.

A. Capillary Viscometers
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Capillary viscometers measure the time required for a liquid to pass through a narrow capillary under
specified conditions.

Examples include Ostwald and Ubbelohde viscometers.
Principle: For a suitable Newtonian liquid under controlled conditions, the time required for flow is
related to its kinematic viscosity. The instrument is calibrated or used with an appropriate reference
liquid to determine the viscosity of the sample.
A simplified relationship is:
v =Kt
Where:
e v =kinematic viscosity
e K =viscometer constant
e t="flowtime
Dynamic viscosity is obtained from:
n = pv
Where p is the density of the liquid.
Advantages
e Simple construction and operation.
o Suitable for many low-viscosity Newtonian liquids.
e Good precision when the instrument is properly calibrated and the test conditions are
controlled.
Limitations
e Unsuitable for many suspensions containing particles that may block the capillary.
e Generally unsuitable for structured semisolids.
e Requires careful temperature control.
o Flow time alone is not sufficient for reliable comparison if density, calibration, or test

conditions differ.

Pharmaceutical applications: Measurement of the viscosity of suitable solvents, liquid excipients, and
simple pharmaceutical liquids.

B. Falling-Sphere Viscometer

A falling-sphere viscometer determines viscosity by measuring the motion of a sphere through a
liquid.
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Principle: Under suitable conditions, the sphere reaches a terminal velocity at which the gravitational
force, buoyancy, and viscous resistance balance one another.

For a small sphere moving through a Newtonian liquid under Stokes-flow conditions:

2r’(ps — p1)g

"= 9v

Where:

e 1 = dynamic viscosity

e 1 =radius of the sphere

e p = density of the sphere

e p = density of the liquid

e g = acceleration due to gravity

e v =terminal velocity of the sphere

If the sphere travels a measured distance L in time t, its average velocity over that distance is v=L/t,
provided terminal velocity has been reached and the measured interval is appropriate.

Advantages

o Relatively simple measurement principle.
o Useful for certain transparent liquids.
e Can be applied to liquids over an appropriate viscosity range.

Limitations

o Requires suitable flow conditions and correction for container-wall effects where necessary.

e Not generally suitable for concentrated suspensions or materials with complex non-
Newtonian behaviour.

e The sphere’s movement may be affected by particles, bubbles, or wall interactions.

Pharmaceutical applications: Viscosity testing of suitable liquid excipients and other homogeneous
liquids.

C. Rotational Viscometer

e A rotational viscometer measures the torque required to rotate a spindle or measuring surface
in a fluid at a specified speed.

e Principle: The resistance offered by the sample to the rotating element is related to the shear
stress and hence to viscosity. The instrument converts the measured torque and rotational
conditions into viscosity using the appropriate geometry and calibration.

¢ Rotational viscometers are especially useful for materials whose viscosity changes with shear
rate. Depending on the instrument and geometry, they can be used for creams, gels,
suspensions, emulsions, and polymer solutions.

Advantages
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e Suitable for many liquid and semisolid pharmaceutical formulations.

o Allows measurement at different rotational speeds.

e Useful for comparing consistency and flow behaviour.

e Some systems permit controlled shear-rate sweeps and time-dependent testing.

Limitations

e Results may depend on spindle or geometry selection.

o Wall slip, sample inhomogeneity, and improper loading may affect measurements.

e Asingle reading may not characterize a non-Newtonian material adequately.

e The reported viscosity must be interpreted with reference to the instrument’s operating
conditions.

Pharmaceutical applications: Routine viscosity testing of creams, lotions, gels, emulsions,
suspensions, and other structured preparations.

D. Cone-and-Plate and Concentric-Cylinder Systems
These are measuring geometries used with rotational rheometers and some rotational viscometers.

e Cone-and-plate geometry: A shallow cone rotates over a flat plate containing the sample. It is
useful for controlled measurements on relatively small sample volumes when the material is
suitable for the selected gap and geometry.

e Concentric-cylinder geometry: A sample occupies the gap between two cylinders, one of
which rotates. The resulting torque is used to characterize the sample’s resistance to flow.

The appropriate geometry depends on particle size, sample structure, required shear range, and the
possibility of wall slip or other measurement artefacts.

General Precautions During Viscometry

Use a representative sample and follow a consistent sample preparation procedure.

Maintain the specified temperature because viscosity is often temperature-sensitive.

Select an appropriate instrument and measuring geometry.

Avoid air bubbles and contamination.

Follow the required calibration and verification procedures.

Record the rotational speed or shear rate, measurement time, temperature, geometry, and any
sample-conditioning steps.

7. For non-Newtonian samples, report the measurement conditions along with the viscosity
value.

o s~ wNRE

3.2 Single-Point Viscometers

A single-point viscosity measurement determines viscosity at one specified operating condition, such
as one rotational speed or one defined shear rate. It provides a convenient value for routine testing
when the measurement condition has been established and is suitable for the product.
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The term single-point describes the measurement approach; it does not necessarily refer to a separate
family of instruments. A rotational viscometer, for example, may be used for either single-point or
multipoint testing.

Principle

The instrument measures the sample’s resistance to flow at the selected condition and
converts the response into a viscosity value using the instrument’s calibration and
measurement geometry.

For a Newtonian fluid, a properly determined viscosity should remain approximately constant
across the relevant shear-rate range at a fixed temperature. For a non-Newtonian fluid, the
measured apparent viscosity may differ at other shear rates.

Procedure

No ok~ wbdpE

Prepare and homogenize the sample according to the prescribed method.

Bring the sample and instrument to the specified temperature.

Select the appropriate spindle or geometry.

Set the specified rotational speed or shear rate.

Allow the reading to stabilize according to the validated or standardized procedure.
Record the viscosity value and the corresponding measurement conditions.

Repeat the measurement as required by the testing protocol.

Advantages

Simple and rapid.

Suitable for routine quality-control testing.

Requires less testing time than a full rheological profile.

Useful when product specifications define a particular measurement condition.

Limitations

Does not reveal the complete relationship between viscosity and shear rate.

May fail to distinguish materials with different flow behaviours that happen to have similar
viscosity at the selected point.

Does not independently establish thixotropy or other time-dependent properties.

Results cannot be compared reliably if the operating conditions differ.

Pharmaceutical Applications

Single-point testing may be used for routine batch-to-batch comparison of a formulation’s
consistency, provided that the instrument, temperature, geometry, speed, sample conditioning,
and acceptance criteria are standardized.

For example, a manufacturer may specify the apparent viscosity of a topical lotion at a
defined rotational speed and temperature. Meeting this specification supports quality control,
but additional measurements may be required during development to characterize the
formulation’s full flow behaviour.
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3.3 Multi-Point Viscometers

Multipoint viscosity testing involves measuring viscosity at several rotational speeds or shear
rates. It provides more information about how a material responds to different levels of
applied shear.

Multipoint measurements are particularly valuable for non-Newtonian pharmaceutical
systems because a single viscosity value may not adequately describe their behaviour during
storage, mixing, pumping, pouring, spreading, or administration.

Principle

The sample is measured at a series of defined speeds or shear rates. The measured torque,
shear stress, or apparent viscosity is recorded at each condition. The results can then be
plotted as a rheogram.

A shear stress—shear rate plot is especially useful for identifying the type of flow behaviour,
while a viscosity—shear rate plot shows how apparent viscosity changes with shear rate.

Procedure

No ook~ wdpE

Prepare the sample using a defined and reproducible method.

Select a suitable instrument and measuring geometry.

Control the sample temperature.

Apply a series of specified shear rates or rotational speeds.

Record the response at each point after the required equilibration period.

If appropriate, repeat the series in reverse order to evaluate hysteresis.

Plot the results and determine whether the material exhibits Newtonian, shear-thinning, shear-
thickening, yield-stress, or time-dependent behaviour.

Report the complete test conditions and relevant results.

Advantages

Provides a broader description of flow behaviour.

Helps identify shear-thinning and shear-thickening.

Can support the assessment of yield-stress behaviour when the instrument and method are
appropriate.

Can be combined with time-dependent testing to assess thixotropy or recovery.

Supports process design and formulation optimization.

Limitations

Requires more time and data analysis than single-point testing.

Results can be influenced by sample history and measurement sequence.

An unsuitable geometry may cause wall slip, particle migration, or other artefacts.

The relationship between rotational speed and shear rate depends on the measuring geometry;
they are not interchangeable in every instrument.

Pharmaceutical Applications
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Multipoint testing is useful during the development of suspensions, emulsions, creams, gels, and
polymer-based formulations. It can help determine whether a product is sufficiently structured at low
shear but flows readily under the higher shear conditions associated with pouring or spreading.

3.4 Comparison of Single-Point and Multi-Point Measurements

Feature

Single-point measurement

Multi-point measurement

Number of conditions

One specified condition

Several specified conditions

Main output

Viscosity at the selected condition

Viscosity or stress response
across a range

Time required

Usually shorter

Usually longer

Characterization  of
Newtonian flow

non-

Limited

More informative

Assessment of shear-thinning
or shear-thickening

Generally insufficient alone

Usually suitable when properly
designed

Assessment of thixotropy

Requires an additional time-

dependent protocol

Possible when combined with
suitable ascending/descending
or time-dependent testing

Typical use

Routine quality control against a
defined specification

Formulation development, flow
characterization, and process
optimization

The choice between single-point and multipoint testing should be based on the purpose of the test. A
validated single-point method may be adequate for routine release testing, whereas multipoint or
rheometric testing may be necessary to understand the formulation’s performance.

Mohanty, L., Kumar, S., Ranjan, R., Umasankar, K., & Chakraborty, S. (2026)

Page 194




A Textbook of Physical Pharmaceutics - BP206T Mantra Publication | 2026

Chapter 4. Viscoelasticity

Viscoelasticity is the property of a material that exhibits both viscous and elastic behaviour when
subjected to deformation. A viscous material dissipates energy and flows under applied stress,
whereas an elastic material stores energy during deformation and can recover its shape when the stress
iS removed.

Many pharmaceutical semisolids and structured dispersions exhibit viscoelastic behaviour because
they contain polymer chains, particle networks, emulsified droplets, or other internal structures.

4.1 Viscous and Elastic Behaviour

Viscous behaviour: A purely viscous material deforms continuously under an applied stress. The
deformation depends on the applied force and the duration of application. Energy is dissipated during
flow.

Elastic behaviour: A purely elastic material deforms under stress but recovers its original shape when
the stress is removed, provided that the deformation remains within its elastic limit.

Viscoelastic behaviour: A viscoelastic material exhibits a combination of flow and recovery. Part of
the applied energy may be stored temporarily, while another part is dissipated. The response depends
on the magnitude and duration of the applied force, the timescale of observation, temperature, and the
material’s internal structure.

4.2 Characteristics of Viscoelastic Materials
The important characteristics of viscoelastic materials include:

1. Time-dependent response: Deformation may continue or recover over time.

2. Partial recovery: The material may recover some, but not all, of its deformation after stress
removal.

3. Energy dissipation: Some of the mechanical energy applied to the material is lost through
internal rearrangement and flow.

4. Structural dependence: The response depends on polymer concentration, molecular structure,
particle interactions, and the composition of the formulation.

5. Dependence on testing conditions: Results may vary with temperature, frequency, strain, and
the duration of loading.

4.3 Measurement of Viscoelastic Properties

e Viscoelastic properties are commonly studied using a rotational rheometer equipped with
suitable measuring geometry.

¢ In oscillatory testing, the sample is subjected to a small, controlled oscillating deformation or
stress. The response is analyzed to determine the elastic and viscous contributions to its
behaviour.

e Two important parameters are the storage modulus and the loss modulus.

e Storage modulus (G') represents the elastic component of the response, or the energy stored
and recovered during oscillatory deformation.
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Loss modulus (G")) represents the viscous component of the response, or the energy
dissipated during oscillatory deformation.

The ratio of the loss modulus to the storage modulus is called the loss tangent:

"

tand = —-

Where:

GF

G' = storage modulus
G" = loss modulus
tan 6 = loss tangent

In general, a larger storage modulus relative to the loss modulus indicates a more elastic-dominant
response under the tested conditions. A larger loss modulus indicates a more viscous-dominant
response. These parameters should be interpreted within the linear viscoelastic range and under the
specified frequency and temperature.

Oscillatory Testing

A typical assessment may include:

Amplitude or strain sweep: Determines the range over which the material’s structure responds
approximately linearly to deformation.

Frequency sweep: Evaluates how the viscoelastic response changes with the timescale of
deformation.

Recovery testing: Examines how the structure responds after the applied deformation or shear
is reduced or removed.

These tests help characterize structured gels, creams, ointments, polymer solutions, and other
formulations whose performance depends on both flow and recovery.

4.4 Pharmaceutical Importance of Viscoelasticity

Viscoelasticity is relevant to the practical performance of many dosage forms.

Gels: A suitable elastic contribution may help a gel retain its structure while still permitting
application.

Creams and ointments: Viscoelastic properties influence spreadability, consistency, and
retention at the application site.

Suspensions and emulsions: The internal structure can influence droplet or particle movement
and may contribute to physical stability.

Mucoadhesive formulations: Viscoelastic properties may affect contact, deformation, and
interaction with biological surfaces, although they do not alone determine adhesion.
Controlled-release systems: The structure and mechanical response of polymeric matrices can
influence hydration, erosion, diffusion, and drug release.
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e Manufacturing: Viscoelasticity may affect pumping, mixing, filling, and the recovery of
product structure after processing.

Viscoelastic testing should complement, rather than replace, appropriate assessments of stability,
performance, safety, and product-specific quality attributes.
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Chapter 5. Psycho-Rheology

Psycho-rheology is the study of the relationship between the physical rheological properties of a
material and the way those properties are perceived by people. In pharmaceutical development, it
connects instrumental measurements of flow and deformation with sensory characteristics such as
thickness, smoothness, spreadability, stickiness, and ease of application. The term is particularly
relevant to topical preparations, oral liquids, gels, creams, ointments, lotions, and other products for
which patient or user experience affects acceptability and use. Instrumental rheological measurements
describe material behaviour under controlled conditions. Sensory perception, however, also depends
on the method of application, the amount of product used, the surface with which it comes into
contact, and individual differences between users.

5.1 Relationship Between Rheology and Sensory Perception

The physical properties of a formulation influence its sensory characteristics in several ways.

A. Thickness and Consistency

Viscosity and yield-stress behaviour can contribute to the perceived thickness of a liquid or semisolid.
A highly viscous preparation may be perceived as thick, although sensory thickness does not depend
on viscosity alone.

B. Spreadability

Spreadability is the ease with which a preparation spreads over a surface under an applied force. It is
influenced by viscosity, yield stress, viscoelasticity, surface interactions, and the rate at which the
product is applied.

C. Stickiness and Tackiness

Stickiness refers to the tendency of a product to adhere to a surface. Tackiness is often associated with
the sensation of adhesion during contact or separation. These properties may be influenced by
polymer composition, moisture content, interfacial behaviour, and viscoelastic response.

D. Smoothness and Grittiness

Smoothness is a sensory impression associated with uniform texture, whereas grittiness may arise
from the presence of perceptible particles or aggregates. Particle size distribution, particle shape,
agglomeration, and the formulation’s lubricating properties can affect these perceptions.

E. Pourability and Ease of Dispensing

The perceived ease of pouring or dispensing depends on the formulation’s flow properties under the
applied force. A product that is too thick may be difficult to pour, while a product that is too thin may

be difficult to control during use.

F. Mouthfeel
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For oral liquids, suspensions, gels, and certain semisolid oral preparations, rheological properties can
influence mouthfeel, coating sensation, smoothness, and perceived thickness. Sensory assessment
must be conducted using suitable methods and appropriate safety procedures.

5.2 Methods Used in Psycho-Rheological Evaluation

Psycho-rheological evaluation combines instrumental measurements with appropriately designed
sensory studies.

A. Instrumental Measurement
Relevant measurements may include:

e Viscosity at defined shear rates.

e Yield stress.

e Spreadability under controlled conditions.

e Oscillatory viscoelastic parameters.

e Adhesion or tack-related measurements.

o Particle size and texture measurements where appropriate.

These measurements provide objective physical data that can be compared with sensory observations.
B. Sensory Evaluation

A structured sensory study may ask trained or appropriately selected participants to assess defined
characteristics using a standardized rating scale.

Possible attributes include:

e Thinness or thickness.

o Ease of spreading.

e Smoothness.

e  Stickiness.

¢ Residue after application.

o Ease of dispensing.

e Perceived uniformity of texture.

Sensory studies should use consistent instructions, suitable reference samples, and an appropriate
experimental design. Blinding and randomization may help reduce expectation bias where feasible.

C. Correlation of Instrumental and Sensory Data

e Instrumental measurements can be compared with sensory ratings to investigate whether
specific physical properties are associated with user perceptions.

e For example, the viscosity of several lotion formulations may be measured at specified shear
rates and compared with participants’ ratings of thickness and ease of spreading. A
relationship may be observed, but it should be established from the actual data rather than
assumed.
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e A formulation may exhibit similar viscosity to another product yet feel different because of
differences in yield stress, elasticity, tackiness, particle characteristics, or the way the product
interacts with the skin.

5.3 Applications of Psycho-Rheology in Pharmacy

Psycho-rheology supports the development of formulations that are not only physically suitable but
also convenient and acceptable to use.

e Topical products: Helps optimize spreadability, smoothness, stickiness, and residue.

e Oral liquids: Supports the evaluation of thickness, pourability, and mouthfeel.

e Gels and ointments: Helps balance ease of application with retention at the intended site.

e Patient acceptability: Identifies sensory characteristics that may affect willingness to use a
formulation.

e Product comparison: Supports comparison of sensory and instrumental properties among
formulations.

e Formulation optimization: Helps select excipient concentrations and processing conditions
that achieve desired physical and sensory characteristics.

Psycho-rheology should be integrated with instrumental testing, stability assessment, and relevant
product-performance studies. Sensory acceptability alone does not establish pharmaceutical quality,
safety, or efficacy.
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Chapter 6. Applications of Rheology in Pharmacy

Rheology has wide-ranging applications in pharmaceutical formulation, manufacturing, quality
control, stability evaluation, packaging, and product use. The rheological properties of a formulation
influence its behaviour during storage, processing, administration, and contact with the intended site
of application.

6.1 Formulation Development

Rheological studies help select suitable excipients and determine their concentrations during
formulation development. Polymers, gums, suspending agents, emulsifiers, and gelling agents may
alter viscosity, yield stress, thixotropy, and viscoelasticity.

The objective is to achieve a suitable balance between product stability and ease of use. For example,
a topical gel should be sufficiently structured to maintain its intended consistency but should also
spread under the force applied during use.

6.2 Suspensions

e In pharmaceutical suspensions, rheology influences sedimentation, redispersibility,
pourability, and dose uniformity.

e A structured vehicle may reduce particle movement by increasing low-shear viscosity or
providing a suitable yield stress. However, a formulation that is excessively viscous may be
difficult to shake, pour, or administer.

e Thixotropic behaviour may be beneficial when a suspension has a relatively structured state
during storage but becomes easier to flow after shaking. The formulation must still be
assessed for sedimentation, caking, dose uniformity, and redispersibility.

6.3 Emulsions and Creams

e Rheology is important in controlling the consistency and performance of emulsions and
creams. Viscosity and viscoelasticity influence spreading, dispensing, and the movement of
dispersed droplets.

e Appropriate rheological properties may support physical stability, but viscosity alone cannot
prevent every type of emulsion instability. Droplet size, emulsifier selection, interfacial-film
strength, density differences, and interactions between droplets must also be considered.

¢ Rheological testing is therefore used alongside physical stability studies to assess the quality
of emulsions and creams.

6.4 Ointments, Gels, and Topical Preparations

The flow and deformation properties of semisolid preparations determine how easily they can be
removed from a container, spread over the skin, and retained at the application site.

Important attributes include:

e Consistency.
e Yield stress.
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o Spreadability.

o Extrudability from a tube.

e Tackiness and adhesion.

e Viscoelastic recovery after spreading.

An ointment that is too stiff may be difficult to apply, whereas one that is too soft may be difficult to
handle or retain at the intended site. Rheological measurements assist in achieving the desired
balance.

6.5 Syringeability and Injectability

e For formulations intended for administration through a syringe or delivery device, flow
behaviour can influence the force required for administration.

e Relevant factors include viscosity, shear-thinning behaviour, yield stress, needle or cannula
dimensions, flow rate, temperature, and the properties of the delivery device.

¢ Rheological testing can help compare formulations and estimate their suitability for delivery
through a specified device. However, injectability must be evaluated using appropriate
device-based tests and product-specific requirements; viscosity alone does not establish
injectability or clinical suitability.

6.6 Ophthalmic Preparations
e Rheology may be important in ophthalmic solutions, gels, and other eye preparations.

Viscosity can influence dispensing, spreading over the ocular surface, and the residence
behaviour of suitable formulations.

e Increasing viscosity may improve retention under some conditions, but excessive viscosity
can affect drop formation, administration, and visual comfort. Formulation design must
balance these factors while meeting applicable sterility, safety, and quality requirements.

6.7 Manufacturing and Processing
Rheological properties influence several pharmaceutical manufacturing operations.

Mixing: Viscosity affects mixing time, circulation, and the energy required to achieve uniformity.

Pumping: Flow behaviour determines the pressure and equipment requirements for transferring a
formulation through pipelines.

Homogenization: Rheology influences how a material responds to mechanical processing and can
affect the selection of suitable operating conditions.

Filling: Viscosity and yield stress affect the rate and consistency of filling containers, tubes, and
syringes.

Coating and spreading: The rheological properties of coating liquids and polymeric solutions
influence application uniformity and film formation.
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Rheological data help engineers select appropriate equipment and process conditions and identify
potential difficulties during scale-up.

6.8 Drug Release and Dissolution

e Rheology can influence drug release from gels, semisolid preparations, suspensions, and
polymeric delivery systems. The viscosity and structure of a vehicle may affect drug
diffusion, matrix hydration, erosion, and contact with the surrounding medium.

e For example, a polymeric gel may slow the movement of a dissolved drug through its
network. However, the effect depends on the polymer structure, drug solubility, drug—
polymer interactions, and release mechanism.

e Rheological properties should therefore be evaluated alongside dissolution or release testing
rather than used as a substitute for direct performance measurements.

6.9 Stability Studies

Changes in rheological properties during storage may indicate physical or structural changes in a
formulation. These changes can arise from aggregation, polymer degradation, changes in hydration,
temperature exposure, or alterations in the internal structure.

Stability studies may monitor:

o Viscosity at a specified shear rate.

e Flow curves.

e Yield stress.

e Thixotropic recovery.

e Storage and loss moduli.

e Changes in consistency or ease of dispensing.

A change in viscosity is not always evidence of product failure, but it should be interpreted against the
formulation’s specifications and its functional requirements.

6.10 Quality Control
Rheological testing is used to assess batch consistency and verify that a formulation meets its defined
specifications. Suitable methods may include single-point viscosity testing for routine control or

multipoint and oscillatory measurements for products requiring more detailed characterization.

A useful quality-control method should specify the instrument, geometry or spindle, temperature,
sample preparation, measurement conditions, calculation method, and acceptance criteria.

Where the product is non-Newtonian, reporting only a viscosity number without the corresponding
test conditions may lead to misleading comparisons.

6.11 Packaging and Dispensing

The rheology of a formulation affects its movement through bottles, tubes, pumps, droppers, and other
dispensing systems.
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e Low viscosity may support rapid pouring but may increase the risk of uncontrolled

dispensing.

e High viscosity may improve handling in some products but make dispensing difficult.
e Yield stress can influence whether a formulation remains in place until a sufficient force is

applied.

e Shear-thinning behaviour may allow a product to flow more easily during dispensing.
e Elasticity and structural recovery can affect the shape and retention of a dispensed gel or

cream.

Packaging compatibility and dispensing performance should be evaluated using the intended container

and delivery system.

6.12 Summary of Pharmaceutical Applications

Pharmaceutical area

Relevant rheological properties

Main purpose

Suspensions

Viscosity, yield stress, thixotropy

Control sedimentation,
redispersibility, and pouring

Emulsions and creams

Viscosity, shear-

thinning

viscoelasticity,

Control consistency, spreading,
and processing

Ointments and gels

Yield stress, spreadability, recovery

Optimize  application  and

retention

Oral liquids

Viscosity, flow behaviour

Improve pouring, dispensing,
and acceptability

. . L . Balance administration and
Ophthalmic preparations Viscosity and flow behaviour . .
residence behaviour
Assess  delivery through a

Injectable formulations

Viscosity and shear-dependent flow

specified device

Manufacturing

Flow curves and viscosity

Optimize mixing, pumping, and
filling

Drug delivery systems

Viscosity and viscoelasticity

Investigate diffusion, hydration,
and matrix behaviour

. . L . Detect changes in physical
Stability testing Changes in viscosity and structure . g Py
consistency
Defined viscosity or rheological | Ensure batch-to-batch

Quality control

profile

consistency

Packaging and dispensing

Flow, yield stress, and recovery

Improve controlled dispensing

User acceptability

Instrumental and sensory properties

Relate physical behaviour to
ease of use

Rheology is an essential tool in pharmaceutical science because it explains how formulations respond
to applied force and how their flow and deformation properties affect product quality. The distinction
between Newtonian and non-Newtonian behaviour helps determine the appropriate method of
measurement, while thixotropy, negative thixotropy, and viscoelasticity provide additional
information about structural changes and time-dependent responses.

The selection of a suitable viscometer and testing procedure is particularly important for non-
Newtonian formulations. Single-point measurements may be sufficient for defined routine quality-
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control purposes, whereas multipoint and time-dependent tests provide a more complete
understanding of complex pharmaceutical systems. By integrating rheological measurements with
stability testing, manufacturing studies, drug-release evaluation, and sensory assessment, formulators
can develop products with appropriate consistency, processability, performance, and user
acceptability.
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Chapter 1. Particle Size and Size Distribution
1.1 Introduction to Micromeritics

Micromeritics is the branch of pharmaceutical science concerned with the study of small particles and
their physical characteristics, including particle size, particle size distribution, particle shape, surface
area, porosity, density, and flow properties. These characteristics play an important role in the
formulation, processing, manufacturing, storage, and performance of pharmaceutical dosage forms.

Most pharmaceutical materials, such as powders, granules, suspensions, emulsions, and particulate
drug delivery systems, consist of particles of different sizes and shapes. Their physical properties
influence important pharmaceutical processes, including powder mixing, granulation, drying,
filtration, compression, dissolution, sedimentation, and drug release.

For example, a drug with a smaller particle size generally possesses a larger surface area per unit
mass, which may improve its dissolution rate when other factors remain constant. Similarly, the
particle size distribution of a powder influences its packing density, flowability, segregation tendency,
and uniformity during tablet and capsule manufacturing.

The study of micromeritics is therefore essential for achieving consistent product quality,
manufacturing efficiency, dose uniformity, and reproducible therapeutic performance.

1.2 Particle Size

Particle size refers to the dimensions of an individual particle. In pharmaceutical powders, particles
may be spherical, irregular, elongated, plate-like, or needle-shaped. Consequently, the size of an
irregular particle cannot always be represented by a single direct measurement. Instead, an equivalent
diameter is often used to describe its size.

An equivalent diameter is the diameter of a hypothetical sphere that has a specified property equal to
that of the actual particle. Depending on the method of measurement, the equivalent diameter may be
based on projected area, volume, sedimentation behavior, or another physical characteristic.

Commonly used equivalent diameters include:

1. Martin diameter: The length of a line that divides the projected area of a particle into two
equal halves.

2. Feret diameter: The distance between two parallel tangents touching opposite sides of a
particle. It is often measured at a specified orientation.

3. Projected-area diameter: The diameter of a circle having the same projected area as the
particle.

4. Volume-equivalent diameter: The diameter of a sphere having the same volume as the
particle.

5. Stokes diameter: The diameter of a sphere that settles at the same terminal velocity as the
particle under specified conditions.

6. Sieve diameter: A size designation based on the ability of a particle to pass through a
specified sieve aperture.
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These measurements may produce different values for the same irregular particle because each
method characterizes a different physical property.

1.3 Units of Particle Size

Particle size is expressed using units appropriate to the dimensions of the material.

Unit Equivalent value Common application

Metre (m) 1m Large particles and bulk materials
Millimetre (mm) 10~* m Coarse granules and powders

Micrometre (um) 10°®m Pharmaceutical powders and fine particles
Nanometre (nm) 107" m Nanoparticles and colloidal systems

The appropriate unit depends on the material and the measurement technique. Micrometres are
commonly used for conventional pharmaceutical powders, while nanometres are used for many
nanoscale drug delivery systems.

1.4 Particle Size Distribution
Particle size distribution refers to the proportion of particles present within different size ranges in a
powder or particulate system. Pharmaceutical powders rarely contain particles of exactly the same

size. Instead, they usually contain a mixture of small, medium, and large particles.

The distribution of particle sizes is important because two powders with the same mean particle size
may have different physical and pharmaceutical properties if their distributions differ.

For example, one powder may contain particles concentrated within a narrow size range, whereas
another may contain both very fine and very coarse particles. The second powder may show different

packing, flow, segregation, dissolution, and compaction characteristics.

Particle size distribution can be represented graphically using frequency distribution curves and
cumulative distribution curves.

1.4.1 Frequency Distribution

A frequency distribution indicates the proportion or number of particles falling within a particular size
interval.

Particle size is represented on the horizontal axis, while the frequency or percentage of particles is
represented on the vertical axis.

A narrow frequency distribution indicates that most particles have similar sizes. A broad distribution
indicates a greater variation in particle dimensions.
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Frequency distributions may be expressed on a number, surface-area, or volume basis. The basis must
be stated because each gives a different representation of the same powder.

1.4.2 Cumulative Distribution
A cumulative distribution represents the percentage of particles that are smaller than or equal to a
specified particle size, or the percentage that is larger than a specified size, depending on the

convention used.

For pharmaceutical particle characterization, the cumulative undersize distribution is frequently used.
It indicates the percentage of particles below a particular size.

The following parameters are commonly used to describe cumulative particle size distributions:
o Dao: Particle diameter below which 10% of the measured distribution lies.
e Dso: Median particle diameter below which 50% of the measured distribution lies.

o Dgo: Particle diameter below which 90% of the measured distribution lies.

These values are commonly reported for volume-based distributions obtained by techniques such as
laser diffraction. They should not automatically be interpreted as number-based percentiles.

The span is used to describe the breadth of a particle size distribution:

Dgy — Dy

Span =
g D

Where:

o Djo= 10th percentile particle diameter
o Dso = median particle diameter
o Dgo=90th percentile particle diameter

A smaller span generally indicates a narrower distribution, whereas a larger span indicates a broader
distribution. However, interpretation should consider the measurement method and the characteristics
of the material.

1.5 Types of Particle Size Distribution

Particle size distributions may be classified as follows:

1. Narrow distribution: Most particles fall within a relatively small size range. Such distributions may
be desirable when consistent dissolution, packing, or processing behavior is required.

2. Broad distribution: Particles cover a wide range of sizes. Smaller particles may occupy spaces
between larger particles, potentially improving packing density, although excessive fines can impair
flow and increase cohesion.
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3. Unimodal distribution: The distribution has one principal peak, indicating one dominant particle
size population.

4. Bimodal distribution: The distribution has two principal peaks, indicating two distinct particle
populations or size groups.

5. Multimodal distribution: The distribution contains more than two principal peaks and may arise
from mixtures of materials or manufacturing processes that generate several particle populations.

The suitability of a particular distribution depends on the intended pharmaceutical application. A
narrow distribution may be useful for certain suspension formulations, while a controlled broader
distribution may be advantageous for packing or compaction.

1.6 Factors Affecting Particle Size and Size Distribution

Several factors influence the particle size and size distribution of pharmaceutical materials.

1. Nature of the material: Hard, brittle, soft, elastic, or fibrous materials behave differently during size
reduction.

2. Method of size reduction: Hammer mills, ball mills, fluid energy mills, cutter mills, and roller mills
produce different particle size distributions depending on their operating principles and settings.

3. Operating conditions: Feed rate, rotor speed, grinding time, mill loading, screen aperture, and
energy input influence the resulting particle dimensions.

4. Agglomeration: Fine particles may adhere to one another because of electrostatic forces, moisture,
or intermolecular interactions. Agglomeration can affect the measured size and the behavior of the
powder.

5. Material moisture: Moisture may cause particles to stick together or form larger aggregates. In
some materials, it may also alter mechanical properties and affect size reduction.

6. Particle breakage and attrition: Repeated collisions and friction during processing may generate
fines and broaden the distribution.

7. Storage and handling: Vibration, compaction, humidity, and temperature may alter the degree of
agglomeration or cause particle breakage.

1.7 Significance of Particle Size and Size Distribution in Pharmacy

Particle size and size distribution are important in almost every stage of pharmaceutical
manufacturing.

1. Dissolution rate: Smaller particles generally provide a larger surface area per unit mass and may
dissolve faster when other factors, including solid form, wetting, and solubility, remain constant. This
can be particularly important for poorly water-soluble drugs.
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2. Bioavailability: For certain drugs, faster dissolution may improve the rate or extent of absorption.
However, particle size reduction does not necessarily improve bioavailability in every formulation
because solubility, permeability, precipitation, and physiological conditions also influence drug
absorption.

3. Content uniformity: Differences in particle size and density between an active pharmaceutical
ingredient and excipients may cause segregation during blending and handling. This can result in non-
uniform distribution of the drug in individual dosage units.

4. Powder flow: Particle size influences interparticle forces. Fine powders often show greater
cohesion because surface forces become more significant relative to particle weight. Coarser particles
may flow more freely under suitable conditions.

5. Mixing and blending: Differences in particle size, density, and shape may cause segregation. A
suitable particle size distribution can support uniform mixing, although an excessively broad
distribution may also promote separation.

6. Tablet compression: Particle size affects packing, rearrangement, deformation, bonding, and the
mechanical strength of tablets. Its effect depends on the compressibility and deformation behavior of
the material.

7. Capsule filling: Particle size distribution influences powder flow, packing, filling consistency, and
the reproducibility of capsule fill weight.

8. Suspension stability: Particle size affects sedimentation rate. Smaller particles generally settle more
slowly under comparable conditions, although aggregation, viscosity, and density differences also
play important roles.

9. Filtration: Particle dimensions influence filter selection, filtration rate, cake resistance, and the
retention of solid particles.

10. Inhalation products: Particle aerodynamic size is a major determinant of the deposition of inhaled
particles in different regions of the respiratory tract.

11. Pharmaceutical product stability: Particle size may affect moisture uptake, chemical degradation,
aggregation, and changes in physical form during storage.

12. Quality control: Particle size and distribution are routinely evaluated to establish material
specifications, assess batch-to-batch consistency, and monitor manufacturing processes.
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Chapter 2. Particle Shape and Surface Area

2.1 Particle Shape

Particle shape refers to the external geometry and form of an individual particle. Pharmaceutical
particles may have different shapes depending on their chemical composition, crystal structure,

method of crystallization, milling conditions, and manufacturing history.

Unlike ideal spheres, many pharmaceutical particles are irregular. Their shape influences packing,
flowability, surface contact, compaction, dissolution, and interactions with other particles.

Particle shape should be considered together with particle size because two particles of similar
equivalent diameter may have different surface areas and mechanical behavior.

2.2 Types of Particle Shape

1. Spherical particles

These particles have approximately equal dimensions in all directions. They generally offer relatively
uniform packing and may exhibit favorable flow properties when surface roughness, cohesion, and

size distribution are controlled. Spherical particles are commonly encountered in spray-dried powders,
pellets, and certain engineered pharmaceutical particulates.

2. Irregular particles

These particles have uneven dimensions, edges, or surface contours. They may interlock with adjacent
particles and exhibit greater friction, potentially reducing flowability. Their packing and compaction
behavior depends on the degree of irregularity and surface texture.
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3. Needle-shaped or acicular particles

These particles are elongated and have one dimension substantially greater than the others. They may
become entangled, form aggregates, and show poor flowability. Their orientation can also affect
packing, filtration, and compaction.

4. Plate-like particles

These particles have a relatively large, flat surface and a small thickness. They may align during
handling or compression, influencing packing, flow, and the mechanical properties of the final dosage
form.

5. Rod-shaped particles

These particles have an elongated form but are generally less needle-like than acicular particles. Their
aspect ratio and orientation may influence flowability, packing, and the formation of particle
networks.
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2.3 Methods of Characterizing Particle Shape

Particle shape can be evaluated by microscopy, image analysis, and other suitable particle-
characterization techniques.

2.3.1 Microscopic Examination
Optical microscopy is used to observe particles at suitable magnifications. It provides information
about particle dimensions, shape, surface appearance, aggregation, and the presence of foreign
particles.
Scanning electron microscopy provides high-resolution images of particle surfaces and external
morphology. It is useful for examining fine powders, crystals, granules, and engineered particulate
systems.
Advantages:

o Direct visual examination of particles.

o Identification of irregularities and aggregation.

o Useful for comparing batches and evaluating changes after processing.
Limitations:

e Sample preparation may alter the arrangement of particles.

e Only a limited number of particles may be examined.

e Two-dimensional images do not provide complete three-dimensional information.

e Manual measurements may introduce observer-dependent variation.
2.3.2 Image Analysis
Image analysis uses digital images and software to determine particle dimensions and shape
descriptors. It may be performed using optical microscopy, electron microscopy, or automated
imaging instruments.
Common shape descriptors include:

Aspect ratio

The aspect ratio describes the relationship between the longest and shortest dimensions of a particle.

Aspect ratio =

-

Where:

e L =longest measured particle dimension
e W = shortest measured particle dimension
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A value closer to 1 generally indicates a more equidimensional particle, while a higher value indicates
greater elongation.

Circularity

Circularity indicates how closely the two-dimensional projected outline of a particle resembles a
circle.

4w A
Circularity — %
Where:

e A= projected area of the particle
e P =perimeter of the projected outline

For an ideal circle, circularity is 1. Irregular outlines generally have lower values. The result depends
on image resolution and perimeter measurement.

Sphericity

Sphericity describes how closely the three-dimensional shape of a particle approaches that of a sphere.
One common definition is:

B Surface area of a sphere with the same volume

o=

Actual surface area of the particle

A perfect sphere has a sphericity of 1. For particles of the same volume, less spherical particles
generally have larger surface areas.

Elongation and roundness

Elongation describes the degree to which a particle is extended along one axis. Roundness describes
the smoothness of corners and edges. These properties help distinguish particles that may have similar
sizes but different handling or compaction characteristics.

2.4 Significance of Particle Shape in Pharmacy

Particle shape has several important pharmaceutical implications.

1. Flowability: Spherical and relatively smooth particles often flow more readily than irregular, rough,
or elongated particles. However, flow also depends on particle size, cohesion, moisture, and

electrostatic effects.

2. Packing properties: Particle shape affects how particles arrange themselves in a container or die.
Different shapes produce different void spaces and packing densities.
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3. Compression and tablet formation: Shape influences the contact area between particles, particle
rearrangement, deformation, and bonding during compression.

4. Dissolution: Irregular particles may possess greater surface area than spherical particles of
comparable volume. Their dissolution behavior also depends on wetting, porosity, surface chemistry,
and solid-state properties.

5. Segregation: Differences in shape can affect particle movement during vibration, transport, and
blending. This may contribute to separation of powder components.

6. Filtration: Needle-shaped, plate-like, and irregular particles may form filter cakes with different
porosities and flow resistances.

7. Suspension performance: Shape can affect drag forces, settling behavior, particle orientation, and
aggregation.

8. Inhalation and deposition: Particle morphology may influence aerodynamic behavior, dispersion,
and the performance of dry powder inhalers.

9. Product appearance: Shape influences the appearance, surface texture, and uniformity of
pharmaceutical powders, granules, and pellets.

10. Process reproducibility: Monitoring particle morphology helps identify changes in crystallization,
milling, granulation, and drying processes.

2.5 Surface Area

Surface area is the total area of the external surface of a particle or collection of particles. In
pharmaceutical science, surface area is important because many physical and chemical processes
occur at the interface between a solid and its surrounding medium.

The surface area of a powder depends on particle size, shape, roughness, and porosity. For a given
mass of material with comparable density and shape, reducing particle size generally increases the

total exposed surface area.

Surface area is commonly expressed in square metres m?, while specific surface area is expressed as
area per unit mass or volume.

2.6 Types of Surface Area
1. External surface area

External surface area is the area of the outer surfaces of particles that are exposed to the surrounding
environment. It is influenced by particle dimensions, shape, and surface roughness.

2. Internal surface area
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Internal surface area refers to the surface area within pores and internal channels that can be accessed
by the relevant measurement method. It is particularly important in porous materials and adsorbents.

3. Specific surface area

Specific surface area is the total surface area per unit mass of a material. It is commonly expressed as
m?/g or m¥kg

A
Sm - —
m

Where:

e Sm= specific surface area
e A =measured surface area
e m = mass of the material

For a collection of nonporous spherical particles of uniform diameter, the specific surface area can be
estimated as:

e Sm = specific surface area
e p = particle density
e d = particle diameter

This equation assumes smooth, nonporous spheres of uniform size. Actual pharmaceutical powders
may deviate from these assumptions because of irregular shapes, rough surfaces, porosity, and size
distribution.

2.7 Relationship Between Particle Size and Surface Area

Particle size and surface area are inversely related for particles of similar shape and density. When a
large particle is divided into smaller particles, the total external surface area increases even though the
total mass remains approximately unchanged.

Consider a solid particle divided into smaller particles. The smaller particles expose more surface to
the surrounding medium, increasing the available interface for wetting, dissolution, adsorption, and
chemical interaction.

For spherical particles, the total surface area of a given mass increases as the particle diameter
decreases. This relationship is particularly relevant to poorly water-soluble drugs, where particle size
reduction may increase the dissolution rate.
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However, extremely fine particles may exhibit increased cohesion, agglomeration, electrostatic
charging, and handling difficulties. Therefore, particle size reduction should be optimized rather than
performed without considering the overall formulation.

2.8 Methods for Determination of Surface Area

2.8.1 Gas Adsorption Method

Gas adsorption is widely used to determine the specific surface area of powders. A gas, commonly
nitrogen, is allowed to adsorb onto the surface of a sample under controlled conditions. The amount of
gas adsorbed at different relative pressures is measured.

The Brunauer—Emmett-Teller (BET) method uses adsorption data to estimate the amount of gas
required to form a monolayer on the accessible surface of the material. From the monolayer capacity

and the molecular cross-sectional area of the adsorbate, the specific surface area can be calculated.

The BET equation is commonly expressed as:

P 1 C—-1P

V{PU_P) _V:rnc+ I[J]'IC?U

Where:

e P =equilibrium pressure of the adsorbate

e Po = saturation vapour pressure of the adsorbate

e V =volume of gas adsorbed at the measured pressure
e VVm = monolayer gas adsorption capacity

e C =BET constant related to the energy of adsorption

A plot of P/[V(Po-P)] against P/Py can be used to estimate the monolayer capacity, from which
specific surface area is calculated.

Advantages:

o Suitable for measuring the specific surface area of many powders and porous materials.

e Provides information about accessible internal and external surfaces.

o Useful for evaluating adsorbents, excipients, catalysts, and porous drug carriers.
Limitations:

e Sample degassing may alter moisture-sensitive or thermally sensitive materials.

o Results depend on the adsorbate, pretreatment, and measurement conditions.

o Not all internal surfaces may be accessible to the adsorbate.

2.8.2 Air Permeability Method

The air permeability method estimates the specific surface area of a powder by measuring the
resistance offered by a packed powder bed to the passage of air.
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A known quantity of powder is packed under specified conditions, and air is passed through the bed.
The pressure drop and flow rate are measured. The resistance to airflow is related to the
characteristics of the particle bed, including particle size, surface area, porosity, and packing structure.

Advantages:

o Useful for routine comparative testing.
e Can be applied to powders that form reproducible packed beds.
e May be suitable for process monitoring.

Limitations:

e Results depend on bed porosity and packing conditions.

o lrregular particle shape and broad size distributions may affect interpretation.

e The method may provide an indirect estimate rather than a direct measurement of total
accessible surface area.

2.8.3 Calculation from Particle Size

For ideal spherical, nonporous particles of known density and diameter, specific surface area may be
estimated using:

, _ 6
‘S'Ul - pd
This method is simple and useful for theoretical estimation. However, it does not account fully for

roughness, internal porosity, or irregular particle morphology. Consequently, calculated values may
differ from those obtained by gas adsorption or permeability methods.

2.9 Significance of Surface Area in Pharmacy

1. Drug dissolution: A greater exposed surface area generally increases the rate of dissolution when
other factors remain constant. This is important for poorly soluble drugs and immediate-release
formulations.

2. Drug absorption: Improved dissolution may enhance absorption for drugs whose absorption is
dissolution-limited. The effect depends on drug solubility, permeability, gastrointestinal conditions,
and formulation properties.

3. Adsorption: Surface area affects the adsorption of active ingredients, preservatives, and other
substances onto excipients or carrier materials.

4. Chemical stability: Increased surface exposure may increase contact with oxygen, moisture, or
other reactive substances. In some materials, this may accelerate degradation.

5. Moisture uptake: Powders with high accessible surface area may interact more extensively with
environmental moisture, depending on their surface chemistry and porosity.
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6. Powder flow: Fine particles with high specific surface area may exhibit stronger interparticle
interactions, which can reduce flowability and increase cohesion.

7. Suspension formulation: Surface area influences wetting, dispersion, adsorption of stabilizers, and
the amount of surfactant required to cover particle surfaces.

8. Granulation: Surface area affects liquid distribution, binder interaction, and the formation of
interparticle bonds during wet granulation.

9. Filtration: Particle surface characteristics and specific surface area can influence filter cake
structure, liquid retention, and filtration resistance.

10. Drug delivery systems: Surface area is important in nanoparticles, porous carriers, liposomes with
solid components, adsorbent systems, and other engineered delivery platforms. It may affect drug
loading, release, and interaction with biological fluids.
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Chapter 3. Methods for Determination and Significance

The determination of particle size, particle size distribution, particle shape, and surface area is
essential for characterizing pharmaceutical materials. Different methods measure different particle
properties; therefore, the selection of a method depends on the particle size range, sample
characteristics, required accuracy, and intended application.

3.1 Methods for Determination of Particle Size and Size Distribution

3.1.1 Sieve Analysis

Sieve analysis is a conventional method used to determine the particle size distribution of relatively
coarse powders and granules. It separates particles according to their ability to pass through sieves
having specified aperture sizes.

Principle

When a powder sample is passed through a series of sieves arranged in decreasing aperture size,
particles are separated into fractions according to their sieve passage characteristics.

Apparatus

The apparatus generally consists of:

A set of standard sieves with different aperture sizes.
A sieve shaker or mechanical shaking device.

A receiving pan and cover.

A weighing balance.

Procedure

1. Select a suitable set of sieves and arrange them in descending order of aperture size, with the
largest aperture at the top.

Accurately weigh the powder sample.

Place the sample on the uppermost sieve.

Shake the sieve stack for a specified period under controlled conditions.

Collect and weigh the material retained on each sieve and in the receiving pan.

Calculate the percentage retained and percentage passing through each sieve.

o gk wn

The percentage retained on a sieve is calculated as:

% Retained — Mass retained on the sieve < 100
Total mass of the sample

The cumulative percentage retained is obtained by adding the percentage retained on the sieve under
consideration to the percentages retained on all sieves above it.

The percentage passing is calculated as:
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% Passing = 100 — % Cumulative retained

Advantages
e Simple and economical.
e Suitable for coarse powders and granules.
e Allows direct recovery and weighing of particle-size fractions.
e Useful for routine quality control.
Limitations
e Not suitable for very fine particles that pass through or clog the sieve apertures.
e Elongated particles may pass depending on their orientation.
o Agglomeration and electrostatic effects can affect separation.
e Results depend on shaking conditions, sample loading, and sieve integrity.

Pharmaceutical applications

Sieve analysis is used to characterize granules intended for tablet compression, evaluate size
distribution after milling, assess raw materials, and monitor granulation and screening processes.

3.1.2 Optical Microscopy

Optical microscopy is used to examine individual particles and estimate their dimensions using a
calibrated microscope or image-analysis system.

Principle

Particles are magnified and observed under a microscope. Their dimensions are measured using an
eyepiece scale, calibrated stage micrometer, or digital image-analysis software.

Procedure
1. Calibrate the microscope using a suitable stage micrometer.
2. Disperse a representative quantity of the sample on a slide.
3. Select an appropriate magnification.
4. Observe and measure a sufficient number of particles.
5. Record the relevant particle dimensions.
6. Calculate the mean size and, when required, the size distribution.

Advantages

o Provides direct visualization of particles.

o Allows assessment of both size and shape.

e Helps identify agglomerates and foreign particles.

e Suitable for examining crystalline and irregular particles.

Limitations
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o Requires representative sampling and appropriate dispersion.

e Manual measurements may be time-consuming.

e Very small particles may be below the practical resolution of the instrument.
o Results depend on the selected diameter definition and particle orientation.

Pharmaceutical applications

Optical microscopy is used to examine powders, crystals, suspensions, emulsions, and other
particulate systems. It is particularly useful when particle morphology must be assessed alongside
particle dimensions.

3.1.3 Sedimentation Method

The sedimentation method determines particle size by measuring the rate at which particles settle
through a fluid under gravity or an applied centrifugal field.

Principle

For sufficiently small, isolated particles settling under laminar-flow conditions, Stokes’ law relates the
terminal settling velocity to particle diameter.

d*(p, — ps)g
18n

=

Where:

e v =terminal settling velocity

e d=-equivalent spherical particle diameter
e p = particle density

o pf ={fluid density

e @ = acceleration due to gravity

e 1 = dynamic viscosity of the fluid

Rearranging the equation gives:

18nv

d=4 ——
(pr — pr)g

If the distance travelled and settling time are known, settling velocity can be estimated as:
v =

h
t

Where:

e h=settling distance
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e t =settling time
Procedure

Disperse the powder in a suitable liquid that does not dissolve or react with the sample.
Prepare a uniform suspension while minimizing aggregation.

Allow the particles to settle under controlled conditions.

Measure the settling time or concentration change at a specified position.

Calculate the equivalent particle diameter using the applicable sedimentation relationship.

akrwbdE

Advantages

o Useful for certain fine powders.
e Can provide size distribution information.
o Based on a well-established physical relationship.

Limitations

e Requires knowledge of particle and fluid densities.

e Assumes suitable settling conditions and approximately spherical equivalent behavior.

e Aggregation, convection, non-Newtonian behavior, and particle interactions can affect results.
o Not suitable when the particles dissolve, swell, or react with the dispersion medium.

Pharmaceutical applications

Sedimentation methods are useful in characterizing fine powders, pigments, and particulate
dispersions, provided that the sample satisfies the method’s assumptions.

3.1.4 Electrical Sensing Zone Method

The electrical sensing zone method, commonly associated with the Coulter principle, measures
particle size by detecting changes in electrical resistance as particles pass through a small aperture.

Principle

Particles suspended in an electrolyte pass through an aperture separating two electrode-containing
regions. Each particle displaces a volume of conducting liquid, producing a transient change in
electrical resistance. The magnitude of the electrical pulse is related to the volume of the particle.

Procedure

Prepare a representative particle suspension in a suitable electrolyte.
Introduce the suspension into the instrument.

Allow particles to pass individually through the sensing aperture.

Record the electrical pulses generated by the particles.

Convert pulse magnitudes into equivalent particle volumes and diameters.
Generate the particle size distribution.

o0k~ whPRE
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Advantages

e Provides particle-by-particle measurements.

e Can produce number-based size distributions.

o Useful for relatively uniform, dispersed particles.

e Can provide information about particle concentration.

Limitations

e Requires an appropriate electrolyte and suitable dispersion conditions.

e Aperture blockage may occur with unsuitable samples.

e Coincidence of multiple particles can distort results.

e Conductive, porous, or irregular materials may require careful method selection and
interpretation.

Pharmaceutical applications

The method may be used for suitable suspensions, emulsions, cells, and particulate formulations
where the particles can be measured reliably within the instrument’s operating range.

3.1.5 Laser Diffraction Method

Laser diffraction is a widely used technique for measuring particle size distribution across a broad size
range.

Principle

A dispersed sample is illuminated by a laser beam. Particles scatter light at angles that depend on their
size. Larger particles generally scatter more strongly at smaller angles, whereas smaller particles
produce relatively greater scattering at wider angles. The measured scattering pattern is analyzed
using an appropriate optical model to estimate a particle size distribution.

Procedure
1. Select a suitable dry-dispersion or wet-dispersion configuration.
2. Prepare the sample while avoiding unnecessary aggregation or particle breakage.
3. Introduce the sample into the measurement zone.
4. Record the scattered light pattern.
5. Analyze the scattering data using the selected optical model.
6. Report the particle size distribution, including suitable percentiles such as D10, D50, and
D90.
Advantages

e Rapid measurement.

e Suitable for broad particle size distributions.

e Requires relatively little sample preparation time.

e Provides reproducible distributions when dispersion and optical parameters are controlled.
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Limitations
e Results depend on dispersion quality and optical-model assumptions.
e Agglomerates may be measured as larger particles if they are not dispersed adequately.
e The method reports equivalent sizes rather than direct geometric dimensions.
o Highly irregular particles and complex mixtures may require careful interpretation.

Pharmaceutical applications

Laser diffraction is used in raw-material testing, milling studies, granule characterization, inhalation
powder development, suspension formulation, and pharmaceutical process control.

3.1.6 Dynamic Light Scattering

Dynamic light scattering (DLS) is primarily used to characterize particles dispersed in liquids within
the nanoscale and submicron ranges, depending on the instrument and sample.

Principle
Particles suspended in a liquid undergo Brownian motion. Their movement causes fluctuations in the

intensity of scattered light. Analysis of these fluctuations provides a diffusion coefficient, which is
converted into a hydrodynamic diameter using the Stokes—Einstein relationship.

kgT
dy —
" 3mnD

Where:

e dH = hydrodynamic diameter

e kB = Boltzmann constant

e T =absolute temperature

e H = dynamic viscosity of the dispersion medium
D =translational diffusion coefficient

The hydrodynamic diameter includes the effects of the particle surface, associated solvent, and any
surface-bound layer that influences its motion through the liquid.

Advantages
o Suitable for many nanoparticle and colloidal systems.
¢ Rapid measurement.
¢ Requires relatively small sample quantities.
e Can be used to assess changes in particle size during storage.

Limitations

e Highly sensitive to dust, aggregates, and large particles.
e Broad or multimodal distributions may be difficult to interpret.
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e Results depend on viscosity, temperature, and dispersion conditions.
o Hydrodynamic diameter is not necessarily equivalent to the dry particle diameter.

Pharmaceutical applications

DLS is used to characterize nanoparticles, liposomes, polymeric colloids, nanosuspensions, and other
liquid-dispersed systems. It is particularly useful for evaluating aggregation and physical stability.

3.2 Methods for Determination of Particle Shape
Particle shape is determined mainly through direct imaging and image-analysis techniques.
1. Optical microscopy: Used to observe particle outlines, elongation, and general morphology.

2. Scanning electron microscopy: Provides detailed images of surface morphology and particle
structure.

3. Digital image analysis: Calculates dimensions and shape descriptors, including aspect ratio,
circularity, and projected area.

4. Automated dynamic imaging: Measures particles as they move through an imaging zone and can
provide both size and shape information for suitable samples.

The choice of method depends on particle dimensions, sample state, required resolution, and whether
a two-dimensional or three-dimensional description is needed.

3.3 Methods for Determination of Surface Area

The principal methods include gas adsorption, air permeability, and estimation from particle
dimensions.

Method Basic principle Main application

Gas adsorption (BET) Measu_res gas adsorbed onto | Specific surfgce area of powders and
accessible surfaces porous materials
Estimates surface area from

Air permeability resistance to airflow through a | Routine powder characterization
packed bed

Calculation from | Uses particle dimensions and | Theoretical estimation for idealized

particle size density particles

Gas adsorption is particularly useful when accessible internal surface area is important. Air
permeability is useful for comparative measurements under controlled packing conditions, while
calculated surface area is most appropriate when the assumptions regarding shape, density, and
porosity are reasonable.

3.4 Comparison of Particle Size Determination Methods

Method Measured property | Major advantages \ Important limitations
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Limited for fine

. . . . . Simple, economical, .
Sieve analysis Sieve-equivalent size . P particles; affected by
suitable for granules . . .
particle orientation
Optical . . . Direct size and shape | Limited resolution and
. Projected dimensions . .
microscopy observation sampling
. . . Requires known
. . Stokes-equivalent Useful for suitable fine q' .
Sedimentation . . density and  valid
diameter particles . .
settling assumptions
Electrical sensing | Particle volume- | Individual particle | Requires suitable
zone equivalent size measurements electrolyte and aperture
. . ical-equivalent si Rapi n D i i
Laser diffraction O_ptl(_:a t_equwae t size | Rapid and broad epend_s on dispersion
distribution measurement range and optical model
Dynamic light | Hydrodynamic Useful  for  nanoscale | Sensitive to aggregates
scattering diameter dispersions and large particles

The values obtained by these methods are not always directly interchangeable. When comparing
results, the measurement principle, equivalent diameter, distribution basis, dispersion conditions, and
sample preparation must be considered.

3.5 General Significance of Micromeritics in Pharmaceutical Science

Micromeritics supports pharmaceutical product development and manufacturing by establishing the
physical characteristics of powders and particulate materials.

1. Raw-material characterization: Particle size, shape, and surface area help establish specifications
for active pharmaceutical ingredients and excipients.

2. Formulation development: These properties assist in selecting suitable materials and determining
appropriate processing conditions.

3. Manufacturing control: Monitoring micromeritic properties helps control milling, blending,
granulation, drying, filtration, and compression.

4. Dosage-unit uniformity: Appropriate control of particle size and related properties helps minimize
segregation and supports consistent distribution of the active ingredient.

5. Dissolution and drug release: Particle dimensions and surface area can influence wetting,
dissolution, and release from certain formulations.

6. Physical stability: Particle characteristics affect aggregation, sedimentation, caking, and the
behavior of dispersed systems.

7. Quality assurance: Standardized measurement methods allow comparison between batches and help
detect process-related changes.

8. Regulatory documentation: Particle size and other relevant physical attributes may form part of
material specifications, development studies, and quality-control documentation when they are critical
to product performance.
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In conclusion, particle size, particle size distribution, particle shape, and surface area are fundamental
micromeritic properties that influence the processing and performance of pharmaceutical materials.
Appropriate selection and application of measurement techniques are essential for reliable
characterization. By controlling these properties throughout formulation development and
manufacturing, pharmaceutical scientists can improve process consistency, product quality, and the
performance of dosage forms.
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Chapter 4. Flow Properties of Powders
4.1 Introduction

Flow properties of powders refer to the ability of powder particles to move relative to one another and
flow under the influence of gravity or an applied force. Powder flow is an important physical
characteristic in pharmaceutical manufacturing because many operations involve the movement,
transfer, mixing, filling, compression, and packaging of particulate materials.

Pharmaceutical powders are composed of particles that differ in size, shape, density, surface
roughness, moisture content, and electrostatic charge. These characteristics influence the interactions
between particles and determine whether a powder flows freely or exhibits cohesion, bridging,
arching, or blockage.

Powder flow is not an intrinsic property that can always be described by a single measurement. It
depends on the properties of the material, the stress applied to the powder, the geometry of the
equipment, environmental conditions, and the method used for measurement. Therefore, several
complementary tests are commonly employed to evaluate powder flowability.

Good powder flow is essential for uniform die filling during tablet compression, consistent capsule
filling, accurate powder dispensing, efficient blending, and reliable operation of pharmaceutical
processing equipment. Poor flow can lead to variations in tablet weight, inconsistent drug content,
production interruptions, and reduced manufacturing efficiency.

4.1.1 Factors Affecting Powder Flow
Powder flow is influenced by several physical and environmental factors.

1. Particle size: Particle size strongly affects interparticle forces. Fine particles often show greater
cohesion because adhesive forces become significant relative to particle weight. Larger particles may
flow more readily under suitable conditions, although excessively large or irregular particles can also
cause processing problems.

2. Particle size distribution: A broad particle size distribution may improve packing because smaller
particles occupy spaces between larger particles. However, differences in particle size may promote
segregation during vibration, transportation, and handling. The overall effect on flow depends on the
distribution and the properties of the particles.

3. Particle shape: Spherical and relatively smooth particles generally flow more readily than irregular,
elongated, needle-shaped, or plate-like particles. Irregular particles may interlock and resist
movement.

4. Surface roughness: Rough surfaces increase mechanical interlocking and friction between particles.
This may reduce flowability, particularly when the powder contains fine or irregular particles.

5. Moisture content: Moisture can form liquid bridges between particles and increase cohesion. The
extent of this effect depends on the material, relative humidity, and amount of adsorbed water. Some
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materials may show improved flow at a particular moisture level, whereas excessive moisture
commonly promotes agglomeration.

6. Electrostatic charge: Electrostatic forces may cause particles to adhere to equipment surfaces or to
one another. This can result in poor discharge, uneven filling, and accumulation of powder on
processing equipment.

7. Bulk density: Bulk density affects the gravitational force acting on particles and influences powder
packing. However, density alone is not a reliable predictor of flowability.

8. Interparticle forces: Van der Waals forces, electrostatic interactions, capillary forces, and
mechanical interlocking may resist particle movement. These effects are particularly important in fine
powders.

9. Environmental conditions: Relative humidity, temperature, and air movement can alter moisture
adsorption, electrostatic charging, and particle cohesion.

10. Equipment design: Hopper angle, outlet diameter, wall material, surface finish, vibration, and
feed-system design influence the movement of powder through processing equipment.

4.1.2 Determination of Flow Properties of Powders

Powder flowability is evaluated using several methods. Common tests include angle of repose, bulk
and tapped density, Carr’s compressibility index, Hausner ratio, and flow-through-orifice testing.
These methods provide useful comparative information, but no single test fully describes powder flow
under every manufacturing condition.

4.1.2.1 Angle of Repose

Definition

The angle of repose is the maximum angle formed between the surface of a freely formed powder
heap and the horizontal plane. It provides an indirect indication of powder flowability.

Principle
When powder is allowed to fall through a funnel onto a horizontal surface, it forms a conical heap.
The slope of the heap depends on particle size, shape, friction, cohesion, and the conditions under

which the powder is deposited.

Powders that form flatter heaps generally exhibit lower angles of repose, whereas powders that form
steeper heaps generally exhibit higher angles.

Apparatus
e Funnel with a suitable outlet.

e Stand or support.
o Flat horizontal surface.

Mohanty, L., Kumar, S., Ranjan, R., Umasankar, K., & Chakraborty, S. (2026) Page 231



A Textbook of Physical Pharmaceutics - BP206T Mantra Publication | 2026

e Measuring scale or ruler.
e Powder sample.

Procedure

Fix the funnel at a specified height above a horizontal surface.

Close the funnel outlet and introduce a known quantity of powder.

Allow the powder to flow through the funnel under controlled conditions.
Permit a conical heap to form without disturbing it.

Measure the height and radius of the heap.

Calculate the angle of repose.

o gk wbdE

Formula

!
tanf = i
?i

Therefore,

6 = tan" (E)
r

Where:

e 0 =angle of repose
e h =height of the powder heap
o 1 =radius of the base of the heap

Advantages

e Simple and inexpensive.

o Requires relatively basic apparatus.

o  Useful for preliminary comparison of powders.

e Can help identify changes in flow following granulation or addition of a glidant.

Limitations

o Results are influenced by funnel height, outlet diameter, discharge rate, and powder handling.

o Cohesive powders may not flow consistently through the funnel.

e The method does not directly measure flow under the stresses encountered in industrial
hoppers or tablet presses.

¢ Results may vary between operators and apparatus configurations.

Pharmaceutical applications

The angle of repose is used for preliminary evaluation of pharmaceutical powders and granules,
comparison of formulations, and assessment of changes in flowability following processing.
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4.1.2.2 Bulk Density
Definition

Bulk density is the mass of a powder divided by the total volume occupied by the powder, including
the spaces between particles.

Principle

When a known mass of powder is placed in a graduated cylinder or suitable measuring vessel without
deliberate compaction, the volume occupied by the powder is measured. The bulk density is then
calculated.

Apparatus

e Graduated measuring cylinder or suitable volumetric vessel.
e Weighing balance.

e Powder sample.

e Spatula or funnel, where required.

Procedure
1. Weigh a known quantity of powder.
2. Transfer the powder carefully into a graduated cylinder without intentional tapping or
compression.
3. Record the initial bulk volume.

4. Calculate bulk density using the measured mass and volume.

Formula

M

szvb

Where:
e pb =bulk density
e M =mass of the powder
e Vb = untapped bulk volume
Advantages
e Simple and rapid.
e Requires basic laboratory equipment.
o Useful for assessing powder packing and volumetric filling behavior.

Limitations

e Results depend on how the powder is transferred into the vessel.
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o Fine or cohesive powders may pack differently during sampling.
o Bulk density alone does not establish whether a powder will flow freely.

Pharmaceutical applications

Bulk density is useful in capsule filling, hopper capacity calculations, powder packaging, formulation
development, and the evaluation of granules intended for tablet compression.

4.1.2.3 Tapped Density
Definition

Tapped density is the mass of a powder divided by the volume it occupies after being subjected to a
specified tapping procedure.

Principle

Repeated tapping causes particles to rearrange and occupy a smaller volume. The resulting tapped
volume is used to calculate tapped density.

Apparatus

e Graduated cylinder.

e Tapped-density tester.
e Weighing balance.

e Powder sample.

Procedure
1. Weigh a known quantity of powder.
2. Transfer it into a graduated cylinder.
3. Record the initial bulk volume.
4. Subiject the cylinder to a specified number of taps or tap until the volume reaches the required

endpoint.
Record the final tapped volume.
Calculate the tapped density.

o o

Formula

e pt=tapped density
e M =mass of the powder
e Vit =tapped volume
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Tapped density is generally greater than or equal to bulk density because tapping reduces the void
space between particles.

Pharmaceutical applications

Tapped density is used to evaluate packing behavior, calculate compressibility indices, compare
powder batches, and support the assessment of materials used in tablets and capsules.

4.1.2.4 Carr’s Compressibility Index

Definition

Carr’s compressibility index, also called the Carr index, is a numerical measure derived from bulk
density and tapped density. It provides an indirect indication of the tendency of a powder bed to
consolidate under tapping.

Principle

A powder that undergoes a substantial reduction in volume during tapping shows a larger difference
between bulk and tapped density. This difference is expressed as a percentage of tapped density.

Formula

Carr’s Index (%) = PP 100

Pt

Where:

e pt =tapped density
e pb =bulk density

Procedure

Determine the bulk density of the powder.

Determine the tapped density using a specified procedure.

Substitute both values into the equation.

Calculate the percentage compressibility index.

Interpret the result using suitable reference guidance and material-specific experience.

agkrwbdE

Advantages

o Easy to calculate.

e Requires data from routine density measurements.

o Useful for comparing batches and formulations.

e Commonly used during preformulation and powder characterization.

Limitations

Mohanty, L., Kumar, S., Ranjan, R., Umasankar, K., & Chakraborty, S. (2026) Page 235



A Textbook of Physical Pharmaceutics - BP206T Mantra Publication | 2026

e Results depend on the tapping method and endpoint.
o Does not directly measure flow rate or hopper discharge.
o Powders with similar indices may behave differently under shear or consolidation.
e Highly cohesive powders may produce variable measurements.
4.1.2.5 Hausner Ratio

Definition

The Hausner ratio is the ratio of tapped density to bulk density. It is used as an indirect indicator of
powder packing and flow behavior.

Formula

Hausner Ratio = P

Ph
Where:

e pt =tapped density
e pb =bulk density

Relationship with Carr’s index

Carr’s index and the Hausner ratio are related because both are calculated from bulk and tapped
densities.

Carr’s Index (%) = 100 (1 — i)
H
Where H is the Hausner ratio.

Pharmaceutical applications

The Hausner ratio is used for preliminary screening of powders, evaluation of granulation effects, and
comparison of flow-related properties during formulation development.

4.1.2.6 Flow Through an Orifice
Definition

Flow through an orifice is a direct method of assessing the ability of a powder to discharge through an
opening under specified conditions.

Principle

A known quantity of powder is allowed to flow through an orifice of defined diameter. The time
required for discharge or the mass discharged per unit time is measured.
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Apparatus

Powder flow funnel or hopper with a defined outlet.
Stand or support.

Weighing balance.

Stopwatch or data-acquisition system.

Powder sample.

Procedure

1. Select an appropriate funnel or hopper with a defined outlet diameter.

2. Weigh a known quantity of powder.

3. Introduce the powder into the apparatus using a standardized loading procedure.

4. Open the outlet and allow the powder to discharge.

5. Record the discharge time or the mass discharged over a specified interval.

6. Repeat the measurement under the same conditions when required.
Advantages

e Measures powder discharge more directly than density-based indices.

o Useful for comparing formulations and granules.

e Can identify blockage, intermittent discharge, or failure to flow.
Limitations

Results depend on orifice size, hopper geometry, sample mass, and loading procedure.
Cohesive powders may bridge or form arches over the outlet.

A powder that flows through a laboratory funnel may not necessarily perform well in a large

industrial hopper.

Pharmaceutical applications

This test is useful for evaluating granules intended for tablet presses, powder feed systems, filling
equipment, and other operations requiring consistent discharge.

4.1.3 Comparison of Conventional Flow Determination Methods

Method

Property evaluated Main advantage Main limitation

Angle of repose

Heap formation and | Simple preliminary | Sensitive to apparatus

surface slope assessment and procedure
. . . . Does not directly
Bulk density Initial powder packing | Easy and rapid measure flow
Tapped density Packing after tapping Supports  comparative Depe_n_ds on tapping
assessment conditions
) Relative volume . Indirect measure of
Carr’s index . Easy calculation
reduction flow
Hausner ratio Ratl(.) of tapped to bulk Useful for screening _Cannot_ fully _predlct
density industrial behavior
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Discharge through an | More direct assessment | Strongly dependent on

Orifice flow .
opening of flow geometry

No single test is sufficient to characterize every aspect of powder flow. A combination of
conventional and advanced tests provides a more reliable understanding of the material.

4.2 Significance of Flow Properties of Powders

Flow properties are important because pharmaceutical manufacturing requires powders to move
predictably through processing equipment. Poor flow may lead to inconsistent product quality,
equipment blockage, processing delays, and increased manufacturing costs.

4.2.1 Tablet Manufacturing

During tablet compression, powder or granules must flow into the die cavity before compression.
Poor flow may result in incomplete or inconsistent die filling, causing tablet-weight variation and
potentially affecting content uniformity.

Good flow supports consistent filling at the operating speed of the tablet press. However, tablet
quality also depends on particle size distribution, blend uniformity, compressibility, and the operating
conditions of the machine.

4.2.2 Capsule Filling

Capsule-filling machines require a controlled and reproducible supply of powder. Inadequate flow
may lead to inconsistent filling, variable capsule mass, and interruptions in production.

Appropriate flow properties improve the reliability of powder transfer and volumetric or dosator-
based filling operations.

4.2.3 Powder Mixing and Blending

Flow behavior affects particle movement during blending. A powder with poor flow may form
stagnant regions or move unevenly through the mixer.

Differences in particle size, density, or shape may also cause segregation. Therefore, good flowability
must be balanced with adequate resistance to segregation to maintain blend uniformity.

4.2.4 Granulation
Flow properties influence the handling of granules before compression or capsule filling. Granulation
is often used to improve the flow of cohesive powders by producing larger, more manageable

agglomerates.

The effectiveness of granulation depends on granule size, strength, moisture content, porosity, and
size distribution.

4.2.5 Powder Transfer and Handling
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Pharmaceutical manufacturing involves the transfer of powders through hoppers, chutes, feeders,
containers, and conveying systems. Poor flow may cause bridging, rat-holing, accumulation on
equipment surfaces, and irregular discharge.

Understanding flow properties helps engineers select suitable hopper geometry, outlet dimensions,
wall materials, and flow-assistance systems.

4.2.6 Content Uniformity
Inadequate flow may contribute to segregation and inconsistent delivery of active pharmaceutical
ingredients. This is particularly important when the drug is present in a low concentration or when the

formulation contains components with markedly different physical properties.

Flowability should therefore be evaluated together with mixing performance and segregation
tendency.

4.2.7 Packaging and Filling

Consistent powder flow is important in filling sachets, bottles, and other powder containers.
Variations in discharge may cause filling delays, inconsistent fill mass, dust generation, or material
loss.

4.2.8 Filtration and Drying Operations

Although flowability indices do not directly measure filtration or drying performance, particle
characteristics associated with flow can also influence filter-cake structure, powder-bed permeability,

and handling after drying.

The relationship depends on particle size, shape, porosity, moisture, and the structure of the powder
bed.

4.2.9 Quality Control and Process Validation

Flow tests help identify batch-to-batch variation in raw materials and granules. They can also be used
to assess the effects of milling, granulation, drying, blending, and the addition of suitable flow aids.

For reliable quality control, testing conditions and acceptance criteria should be defined and justified
for the specific material and process.

4.2.10 Manufacturing Efficiency
Good and reproducible flow reduces the likelihood of processing interruptions caused by blockage,
irregular feeding, or material accumulation. It supports consistent operation of automated equipment

and may reduce waste, downtime, and the need for manual intervention.

4.3 Methods of Enhancement of Powder Flow
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Powder flow can be improved by modifying particle properties, controlling environmental conditions,
changing formulation composition, or optimizing equipment design. The method selected depends on
the cause of poor flow and the requirements of the final dosage form.

4.3.1 Particle Size Optimization

Fine powders often show greater cohesion because the influence of surface forces becomes significant
relative to particle weight. Increasing particle size within an appropriate range may improve
flowability.

However, particle size should not be increased indiscriminately because the drug may require a small
particle size for dissolution or content uniformity. The optimum particle size must balance flow,
dissolution, stability, and dosage-form performance.

4.3.2 Particle Shape Modification

Spherical or relatively equidimensional particles generally show less interlocking than highly irregular
or elongated particles.

Particle morphology may be modified through controlled crystallization, granulation, spray drying, or
other suitable manufacturing techniques. The resulting material must be evaluated for its flow,
dissolution, compactability, and stability.

4.3.3 Granulation

Granulation is one of the most common methods of improving the flow of cohesive pharmaceutical
powders. Fine particles are converted into larger granules that generally have improved handling
characteristics.

Granulation may be performed by wet or dry methods.

Wet granulation: A suitable binder solution or liquid is used to form granules, followed by drying and
sizing where required.

Dry granulation: Powder particles are compacted into slugs or ribbons, which are subsequently milled
into granules.

Granulation can improve flow and reduce dust formation. However, excessive granule fines, weak
granules, or overly large granules may still cause poor flow or segregation.

4.3.4 Addition of Glidants
Glidants are excipients added in small quantities to improve powder flow. They may reduce
interparticle friction, modify surface interactions, or reduce the effects of fine particles adhering to

one another.

Examples include:
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o Colloidal silicon dioxide.
e Talc, where appropriate for the formulation and intended route of administration.

The effectiveness of a glidant depends on its concentration, particle characteristics, mixing time, and
compatibility with the formulation.

Mechanism of action

Glidants may improve flow by modifying the surfaces of powder particles, reducing contact
interactions, and decreasing the tendency of fine particles to form cohesive aggregates.

Advantages
e May improve flow without requiring major changes to the manufacturing process.
e Useful for certain directly compressible powder blends.
e Can reduce problems associated with irregular feeding and die filling.
Limitations
e The effect is material-specific.
e Excessive quantities or unsuitable grades may affect tablet strength, dissolution, or other
product attributes.
e Mixing conditions influence the final performance.
Glidant selection and concentration should therefore be established experimentally.
4.3.5 Moisture Control
Moisture can increase cohesion by forming liquid bridges between particles. Hygroscopic powders
may absorb water from the surrounding environment, resulting in agglomeration, caking, or irregular

discharge.

Flow may be improved by controlling humidity, using appropriate drying procedures, and storing
powders in suitable moisture-resistant containers.

However, excessive drying may increase electrostatic charging or alter material properties. Moisture
limits should be established according to the characteristics of the material and the requirements of the
formulation.

4.3.6 Control of Electrostatic Charge

Electrostatic charging may cause fine powders to adhere to equipment surfaces or to one another. This
can lead to poor discharge, dust accumulation, and irregular filling.

Possible control measures include:

e Appropriate grounding and bonding of conductive equipment.
e Selection of suitable equipment materials.
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o Control of relative humidity within material-specific limits.
e Use of appropriate antistatic measures where compatible with the formulation and
manufacturing process.

Electrostatic controls must be selected with consideration of pharmaceutical product quality,
personnel safety, and combustible-dust hazards.

4.3.7 Optimization of Particle Size Distribution

A suitable particle size distribution can improve packing and flow. In some formulations, smaller
particles occupy voids between larger particles and increase packing density.

However, an excessive fine fraction may increase cohesion, while a very broad distribution may
promote segregation. Therefore, the distribution should be optimized according to the intended
process.

4.3.8 Optimization of Mixing Conditions

Appropriate blending helps distribute glidants and other excipients throughout the powder.
Insufficient mixing may produce uneven flow improvement, whereas excessive mixing can

sometimes reduce the effectiveness of a glidant or cause segregation.

The optimum mixing time, sequence of addition, and mixer operating conditions should be
determined for the specific formulation.

4.3.9 Equipment Design and Flow Assistance
Poor flow may sometimes be caused by the design of the equipment rather than by the powder alone.
Potential improvements include:

e Using suitable hopper angles and outlet dimensions.

o Selecting wall surfaces that reduce friction.

e Avoiding abrupt changes in the powder-flow path.

o Using appropriate feeders and discharge mechanisms.

e Applying controlled vibration or other flow-assistance systems where suitable.

Vibration and mechanical agitation must be used carefully because they may promote segregation,
compaction, or changes in the powder bed.

4.3.10 Comparison of Flow Enhancement Methods

Method Main mechanism Important consideration
Alters the balance between . .
. . N . Must preserve dissolution and
Particle size optimization surface forces and particle . .
. content uniformity
weight
Reduces interlocking  and | Requires control of morphology

Particle shape modification

improves particle movement and processing
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Granulation

Produces larger, more

manageable particles

Granule strength and size
distribution must be controlled

Addition of glidants

Modifies surface interactions
and reduces cohesion

Concentration and  mixing
conditions require optimization

. Limits moisture-related | Material-specific moisture
Moisture control . . i .
cohesion and caking limits are required
. Reduces electrostatic attraction | Must be compatible  with
Electrostatic control .
and adhesion product and process safety
Reduces blockage and improves | Must  consider the actual

Equipment optimization

discharge

powder-flow behavior

Controlled vibration or agitation

Assists powder movement

May cause segregation or
compaction

In practice, improving powder flow usually requires a combination of material characterization,
formulation optimization, and equipment assessment rather than relying on a single intervention.
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Chapter 5. Advanced Flow Properties of Powders
5.1 Introduction

Conventional powder-flow tests, such as angle of repose, Carr’s index, and Hausner ratio, are useful
for preliminary assessment. However, these methods do not fully describe the behavior of powders
under the different stresses encountered during pharmaceutical manufacturing.

In industrial equipment, powders may experience consolidation, shear, compression, vibration, and
changes in air pressure. Their behavior may also change with time under load. Consequently, a
powder that performs well in a simple laboratory test may still show bridging, rat-holing, irregular
discharge, or inconsistent feeding in a production-scale hopper.

Advanced powder-flow characterization uses specialized instruments to evaluate the mechanical and
dynamic behavior of powders under controlled conditions. These measurements may include shear
strength, flow function, wall friction, permeability, compressibility, and dynamic flow energy.

The powder flow tester is an important instrument in this area because it allows more detailed
assessment of powder behavior and supports the selection of suitable processing conditions and
equipment designs.

5.2 Advanced Flow Properties
5.2.1 Powder Cohesion

e Cohesion is the tendency of powder particles to remain attached to one another because of
interparticle forces. It may arise from van der Waals forces, electrostatic interactions, liquid
bridges, or mechanical interlocking.

e Cohesive powders may resist movement and form arches over hopper outlets. Under suitable
conditions, they may also develop stable channels through the powder bed, leading to rat-
holing.

e Cohesion is especially important when handling fine powders, low-density materials, and
moisture-sensitive pharmaceutical ingredients.

5.2.2 Consolidation

e Consolidation refers to the reduction in the volume of a powder bed under an applied load.
During storage or processing, powder may become more densely packed as particles
rearrange or deform.

e The degree of consolidation affects porosity, permeability, density, and the force required to
initiate flow.

e A powder that consolidates strongly may exhibit different discharge behavior after prolonged
storage than it does immediately after loading.

5.2.3 Shear Strength

e Shear strength is the resistance of a powder bed to deformation or failure when a shearing
force is applied.
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e When a powder is consolidated, particles develop a network of contacts. A sufficient shear
stress must be applied to overcome this resistance and cause movement.

e Shear strength measurements are important for predicting whether powders will discharge
from hoppers and for assessing the possibility of blockage.

5.2.4 Flow Function

e A flow function describes the relationship between the consolidation stress applied to a
powder and its unconfined yield strength. It is commonly determined using a shear-cell
method.

e The unconfined yield strength is the stress required to cause a previously consolidated powder
specimen to fail under unconfined conditions.

e A commonly used measure of flowability is the flow function coefficient:

ffe=2

Te
Where:

o ffc = flow function coefficient
e ol =major principal consolidation stress
e oC =unconfined yield strength

A larger ffc generally indicates a more freely flowing powder, while a smaller value indicates greater
cohesion relative to the consolidation stress.

Common approximate classifications are shown below. These are general guidelines, and
interpretation should follow the relevant test method and instrument guidance.

Flow function coefficient ffc

General classification

Less than 1

Non-flowing or very cohesive

1-2 Very cohesive
2-4 Cohesive
4-10 Easy-flowing
Greater than 10 Free-flowing

The flow function coefficient should be interpreted together with the consolidation conditions, the
stress range examined, and the properties of the powder.

5.2.5 Wall Friction

e Wall friction is the resistance that develops between a powder and the surface of a container,
hopper, chute, or other processing equipment.
e It depends on the powder characteristics, wall material, surface finish, moisture content, and

normal stress.
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High wall friction may impede discharge from a hopper and contribute to stagnant zones or
irregular flow. Wall-friction measurements help in evaluating suitable equipment materials
and hopper-wall angles.

5.2.6 Powder Compressibility Under Load

Compressibility under load describes the change in powder volume or bed height when
pressure is applied.

This property is important because powder beds may become denser during storage, transport,
feeding, or compaction. Changes in density may affect permeability, flow resistance, and the
consistency of powder delivery.

Compressibility measurements are also useful in understanding the behavior of materials
intended for tablet compression, although powder-bed compressibility and tablet
compactability are distinct properties.

5.2.7 Permeability

Permeability refers to the ability of air or another fluid to pass through the void spaces within
a powder bed.

A powder bed with low permeability may retain air during filling or consolidation. This can
affect discharge, feeding, and the behavior of powders during processes such as fluidization
or pneumatic transport.

Permeability depends on particle size, particle shape, bed porosity, and the arrangement of
particles. It is particularly important for fine powders and materials that trap air during
processing.

5.2.8 Dynamic Flow Properties

Dynamic flow properties describe powder behavior during movement rather than under static or
slowly applied conditions. They may be evaluated using instruments that measure forces or energy
required to move a blade through a powder bed.

These measurements can provide information about:

Resistance to movement during mixing or feeding.

Powder cohesion and agglomeration.

Effects of aeration and consolidation.

Changes in flow behavior during processing.

Differences between conditioned and unconditioned powder samples.

Dynamic measurements are particularly useful when the powder is expected to undergo repeated
movement or when conventional static tests do not adequately predict equipment performance.

5.1 Powder Flow Tester

5.1.1 Definition
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A powder flow tester is an instrument used to characterize the flow behavior of powders under
controlled laboratory conditions. Depending on its design, the instrument may measure shear strength,
flow function, wall friction, compressibility, permeability, or dynamic flow energy.

Powder flow testers are used to obtain reproducible measurements that help assess the suitability of a
powder for manufacturing operations. They are particularly valuable when conventional flow tests
provide insufficient information about the behavior of cohesive materials or powders subjected to
consolidation.

Different commercial instruments use different measurement principles. Therefore, the exact
components, procedure, calculations, and reported parameters depend on the type of powder flow
tester being used.

5.1.2 Principle

The principle of a powder flow tester depends on the measurement technique.

In a shear-cell-based instrument, a powder specimen is first consolidated under a defined stress. A
shearing force is then applied to determine the stress required to cause failure of the powder bed.
Measurements obtained at different consolidation stresses are used to construct a flow function.

In a dynamic powder tester, a blade or other measuring element moves through a powder sample
along a controlled path. The instrument measures the forces or energy associated with the movement.
These measurements provide information about the resistance of the powder to displacement under

specified conditions.

Thus, powder flow testers characterize the mechanical response of powders under defined stress or
movement conditions rather than relying solely on the appearance of a powder heap.

5.1.3 Construction

A typical advanced powder flow tester may contain the following components, depending on its
design.

1. Sample container or test cell

The sample container holds the powder during testing. It is designed to maintain a defined sample
volume and, where required, to withstand consolidation and shear stresses.

2. Shear cell or measuring vessel
In shear-based instruments, the shear cell contains the powder specimen and allows controlled
application of normal and shear forces. Some systems use a ring-shaped or other specialized cell

geometry.

3. Loading or consolidation system
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This system applies a specified normal load or consolidation stress to the powder. It may use weights,
pneumatic pressure, mechanical actuators, or an instrument-controlled loading mechanism.

4. Shearing mechanism

The shearing mechanism applies relative movement between the powder specimen and the relevant
test surfaces. The force required to cause powder failure is recorded.

5. Dynamic measuring blade or probe

In dynamic testers, a blade or probe moves through the powder along a programmed path. The
geometry and movement of the blade depend on the instrument design.

6. Force and displacement sensors

These sensors measure the forces acting on the test element and, where applicable, its displacement,
torque, or movement.

7. Control unit

The control unit establishes the test conditions, such as speed, applied load, movement pattern, and
measurement sequence.

8. Data acquisition and analysis software

The software records the measured signals and calculates parameters such as flow function, wall
friction, compressibility, or dynamic flow energy, depending on the instrument.

9. Environmental control system, where available

Some instruments allow controlled temperature or humidity conditions to reduce environmental
variability during testing.

5.1.4 Working Procedure

The working procedure varies according to the type of instrument. The following procedure describes
a general approach to advanced powder-flow testing.

Step 1: Sample preparation

A representative powder sample is collected and prepared according to the relevant test method.
Excessive handling, drying, grinding, or sieving should be avoided unless specifically required
because these operations may alter the properties being measured.

Step 2: Instrument preparation

The instrument is checked, calibrated where necessary, and configured according to the selected
method. The appropriate sample cell, measuring element, and test settings are selected.
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Step 3: Sample loading

The powder is introduced into the test cell or measuring vessel using a standardized procedure. The
sample quantity and loading method should be consistent because variations can affect the results.

Step 4: Conditioning or consolidation

For shear-cell testing, the powder is consolidated under a defined normal stress. The conditioning
procedure establishes a reproducible initial state before the failure measurement.

For dynamic testing, the powder may undergo a specified conditioning sequence, such as controlled
aeration or consolidation, depending on the method.

Step 5: Application of shear or movement

In shear-cell testing, a shearing force is applied while the relevant normal stress is maintained. The
force required to produce failure is recorded.

In dynamic testing, the measuring blade or probe follows a programmed movement through the
powder. The instrument records the forces and movement-related parameters.

Step 6: Data recording

The instrument records the measured forces, stresses, displacement, or energy values. For shear-cell
testing, multiple stress conditions may be required to characterize the flow function.

Step 7: Data analysis

The recorded values are analyzed using the instrument’s validated calculation procedure. The output
may include flow function coefficient, wall-friction data, compressibility, permeability, or dynamic
flow energy.

Step 8: Interpretation

The results are interpreted in relation to the material, the specified test conditions, and the intended
manufacturing process. Comparisons are most reliable when the same method and conditions are
used.

Step 9: Cleaning and documentation

The test cell and other sample-contact components are cleaned according to laboratory procedures.
The sample identity, environmental conditions, instrument settings, and results are documented.

5.1.5 Important Measurements Obtained Using a Powder Flow Tester

Measurement Description Pharmaceutical relevance

Relationship  between consolidation | Helps assess cohesive behavior

Flow function stress and unconfined yield strength and hopper discharge
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Flow function | Ratio of major principal consolidation | Provides a comparative
coefficient stress to unconfined yield strength indication of flowability

- Resistan to  movement tween rts h r an ntainer
Wall friction esistance  to oveme between | Supports hopper and containe

powder and a wall surface

design

Compressibility

Change in powder volume or bed height
under load

Helps assess packing and

consolidation behavior

Permeability

Ability of air to pass through a powder
bed

Relevant to aeration, feeding,
and powder handling

Dynamic flow energy

Energy associated with movement of a
measuring blade through powder

Helps characterize dynamic
resistance and process behavior

Not every powder flow tester measures all these properties. The available measurements depend on
the instrument’s design and the test accessories used.

5.1.6 Advantages of Powder Flow Testers

1. More detailed characterization: Advanced instruments can provide information about cohesion,
consolidation, shear strength, and dynamic behavior that is not obtained from conventional tests
alone.

loads, and measurement

2. Controlled testing conditions: Instrument-controlled

procedures improve reproducibility.

movement,
3. Identification of flow problems: The results can help identify powders that may be prone to
bridging, rat-holing, or irregular discharge.

4. Equipment design support: Shear and wall-friction measurements can support the selection of
hopper geometry, outlet dimensions, and wall materials.

5. Formulation development: The effect of granulation, glidants, moisture, particle size, and other
formulation variables can be evaluated.

6. Batch comparison: Standardized measurements allow comparison of raw materials, intermediate
products, and finished powder blends.

7. Process optimization: Advanced flow data can support the development of more reliable powder
transfer, feeding, and filling operations.

5.1.7 Limitations of Powder Flow Testers

1. Instrument cost: Advanced powder flow testers may require substantial investment and
maintenance.

2. Specialized operation: Correct sample preparation, instrument setup, and data interpretation require
trained personnel.

3. Method dependence: Results depend on the instrument design, test conditions, sample preparation,
and analysis method.
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4. Limited direct transferability: Laboratory measurements do not automatically predict behavior in
every industrial process because equipment geometry, scale, loading history, and environmental
conditions may differ.

5. Material variability: Changes in moisture, particle size, electrostatic charge, and sample handling
may affect the results.

6. Need for complementary testing: Advanced measurements should be interpreted alongside
conventional tests and process-specific observations when appropriate.

5.1.8 Pharmaceutical Applications of Powder Flow Testers

Powder flow testers have several applications in pharmaceutical research, development, and
manufacturing.

1. Raw-material evaluation: They help characterize the flow behavior of active pharmaceutical
ingredients and excipients before formulation.

2. Tablet manufacturing: Advanced flow measurements support the evaluation of powder blends and
granules intended for feeding and die filling.

3. Capsule filling: They help investigate irregular powder discharge and differences in flow behavior
that may affect filling consistency.

4. Hopper and feeder design: Shear-strength and wall-friction data can support equipment design and
the selection of suitable operating conditions.

5. Formulation optimization: The effects of glidants, granulation, particle size modification, and
moisture control can be investigated systematically.

6. Process troubleshooting: Measurements can help identify whether poor discharge is associated with
cohesion, consolidation, wall friction, or other material-related factors.

7. Quality control: Advanced testing may be incorporated into material characterization and process-
control strategies where flow behavior is critical to product guality.

8. Scale-up studies: Laboratory data can inform scale-up decisions, although confirmation under
representative manufacturing conditions remains necessary.

5.1.9 Conventional Flow Tests and Advanced Powder Flow Testing

Feature Conventional flow tests Advanced powder flow testing

Angle of repose, Carr’s index, | Shear-cell testing, wall-friction testing,
Examples . . . X

Hausner ratio, orifice flow dynamic flow testing

Preliminary  screening  and | Detailed characterization under defined

Main purpose . . o
routine comparison stress or movement conditions

Basic laboratory apparatus or

Equipment .
auip simple testers

Specialized instruments and software

Mohanty, L., Kumar, S., Ranjan, R., Umasankar, K., & Chakraborty, S. (2026) Page 251




A Textbook of Physical Pharmaceutics - BP206T Mantra Publication | 2026
Heap formation, packing, | Shear strength, flow function, wall
Information obtained | density ratios, discharge | friction, dynamic resistance, and other
behavior instrument-dependent properties
. Particularl ful for investigatin
_ Useful for routine articularly  usefu 0 |vest|gat! g
Industrial relevance o complex flow problems and supporting
characterization . .
equipment design
May not represent industrial | Higher cost, specialized operation, and

Limitations

stress conditions

method-dependent interpretation

5.1.10 Precautions During Powder Flow Testing

Reliable powder-flow measurements require careful control of the sample and testing conditions.

O NGk~ LWDNPRE

experience.

Use a representative sample and avoid segregation during sampling.

Maintain consistent sample preparation and loading procedures.

Record temperature and relative humidity when they may affect the material.

Avoid unnecessary changes in moisture content or particle size before testing.

Use the correct instrument settings and follow the applicable operating procedure.

Ensure that the test cell and measuring surfaces are clean and undamaged.

Perform replicate measurements when appropriate to assess variability.

Interpret the results using the relevant method, instrument guidance, and material-specific

9. Do not use a single laboratory value as the sole basis for predicting industrial powder

behavior.

10. Where flow problems are critical, confirm the findings under representative process

conditions.

Flow properties of powders are essential for the reliable processing of pharmaceutical materials.
Conventional tests, including angle of repose, bulk and tapped density, Carr’s index, Hausner ratio,
and flow-through-orifice testing, provide useful preliminary information. However, these methods
cannot fully describe the behavior of powders under all manufacturing conditions.

Advanced powder flow testing provides a more detailed assessment of cohesion, consolidation, shear
strength, wall friction, permeability, and dynamic resistance. When these measurements are combined
with appropriate formulation strategies—such as granulation, particle size optimization, glidant
addition, moisture control, and equipment design—the flow behavior of pharmaceutical powders can
be improved and controlled more effectively. This supports consistent processing, reliable dosage-unit

filling, and the overall quality of pharmaceutical products.

Mohanty, L., Kumar, S., Ranjan, R., Umasankar, K., & Chakraborty, S. (2026)

Page 252




ISBN: 978-81-68473-19-5

9

788168 473195

e-ISBN

About Authors

Mr.Lalatendu Mohanty is working as an Assistant Professor in the Department of
Pharmaceutical Sciencesat HNB Garhwal University, SrinagarGarhwal, Uttarakhand. He has
completed an M. Pharm from Utkal University, Bhubaneswar, and a Postgraduate Diploma
in International Business from Pondicherry University.He also qualified GATE and is
currently pursuing hisPhD from Utkal University, Bhubaneswar. He has 23 years of teaching
experience and more than 15 years of research experience.He has supervised more than
20M.Pharm students in their research pursuits.He has authored publications in reputed
journals and contributed significantly to the field through book chapters and presentations
at national and international conferences.Healso has 09 patents to his credit.

Mr. Sunil Kumar is an Assistant Professor in the Department of Pharmacy at Sarala Birla
University, Ranchi, and an accomplished researcher in pharmaceutical sciences. His core
expertise lies in novel drug delivery systems, green solvent applications, and computational
solubility modeling. He completed his Bachelor of Pharmacy at Jharkhand Rai University,
Ranchi, and earned his Master’s degree (M.S. Pharm.) in Pharmaceutics from the National
Institute of Pharmaceutical Education and Research (NIPER) Guwahati. Over the course of
his academic career, Sunil achieved high national rankings in competitive examinations like
GPAT and NIPER JEE, and has presented research at scientific forums including the
SymbioSphere International Conference and the North East Pharmaceutical Convention.

Mr. Rajeev Ranjan is an Assistant Professor at Sarala Birla University, Ranchi, Jharkhand,
specializing in Pharmaceutics. He holds B.Pharm and M.Pharm degrees from ISF College of
Pharmacy, Moga, Punjab. His research interests include advanced formulation
development, nanocarriers such as liposomes, cubosomes, and nanoparticles, and
preclinical evaluation using in vivo animal models and in vitro cell line assays. He received
first prize in an oral presentation competition at the Indo-Gulf International Conference on
Latest Trends in Artificial Intelligence, Drug Development and Pharmaceutical Sciences,
held at Sri Sai College of Pharmacy, Pathankot. His research publications address
biomimetic nanoplatforms, cancer immunotherapy, CRISPR-Cas9 gene editing, nanocarrier-
based treatments for acne and psoriasis, and advanced 4D and 6D printing technologies.

Prof. (Dr). K. Umasankar., recipient of Best Teacher Award and Best Academician Award has
24 years of experience in teaching and research in pharmaceutical industry. He served as an
Academic Director, IQAC Coordinator in institutional level. He is the resource person for
many pharmacy lecturers. He has coordinated and conducted many seminars and
workshops. He has directed and evaluator for a no of Ph.D and M.Pharm Thesis. He is in the
editorial and advisory board of many national and international pharmaceutical journals.
He has chaired and judged many scientific programs in pharmacy. He has published more
than 100 articles in national and international journals. He served as a NSS program officer
and conducted many social awareness programs. He is actively organized and participated
in many health care sessions.

Mr. Shouvik Chakraborty is a dedicated academician and Assistant Professor at Arka Jain
University, Jharkhand, with a strong commitment to pharmaceutical education, student
mentoring, and academic excellence. His teaching experience encompasses Pharmaceutics,
Biopharmaceutics and Pharmacokinetics, Pathophysiology, and Novel Drug Delivery
Systems. He emphasizes conceptual clarity, practical applications, and interactive learning
to enhance students’ understanding of pharmaceutical sciences. Beyond teaching, he
actively contributes to academic documentation, curriculum-related activities, student
mentoring, and institutional responsibilities. His academic interests include pharmaceutics,
novel drug delivery systems, nanotechnology, biopharmaceutics, and emerging
pharmaceutical technologies. He is enthusiastic about developing innovative teaching
resources and promoting research-oriented learning. Through his dedication, adaptability,
and commitment to continuous improvement, he strives to foster an academic
environment that encourages knowledge, innovation, professional development, and
excellence in pharmaceutical education.

ISBN: 978-81-68473-18-8

[N
= ~=S2\
-
call Ea 9 788168 473188

Publicatio

p-ISBN



	Published, marketed, and distributed by:
	Mantra Publication
	An International Publication
	https://mantrapublicationservices.com/books-publication/
	editorbooks@mantrapublicationservices.com
	Whatsapp: +91 9236371090
	E-ISBN: 978-81-68473-19-5
	Citation: Mohanty, L., Kumar, S., Ranjan, R., Umasankar, K., & Chakraborty, S. (2026). A textbook of physical pharmaceutics (BP206T). Mantra Publication. https://doi.org/10.5281/zenodo.23633897
	PREFACE
	ACKNOWLEDGEMENT
	Chapter 1: Solubility and Distribution Phenomenon
	Chapter 2: Buffers
	1.1 Solubility Expression
	1.1.1 Introduction
	1.1.2 Expressions of Solubility
	1.1.3 Classification of Solubility
	1.1.4 Importance of Solubility in Pharmacy

	1.2 Solute–Solvent Interactions
	1.2.1 Introduction
	1.2.2 Types of Solute–Solvent Interactions
	1.2.3 Role of Polarity in Solubility
	1.2.4 Energy Changes During Dissolution
	1.2.5 Pharmaceutical Applications of Solute–Solvent Interactions

	1.3 Solubility of Liquids in Liquids
	1.3.1 Introduction
	1.3.2 Classification of Liquid–Liquid Systems
	1.3.3 Factors Affecting the Solubility of Liquids in Liquids
	1.3.4 Critical Solution Temperature
	1.3.5 Pharmaceutical Applications of Liquid–Liquid Solubility

	1.4 Solubility of Solids in Liquids
	1.4.1 Introduction
	1.4.2 Process of Dissolution of a Solid
	1.4.3 Saturated, Unsaturated, and Supersaturated Solutions
	1.4.4 Factors Affecting the Solubility of Solids in Liquids
	1.4.5 Measurement of Solubility of Solids in Liquids
	1.4.6 Pharmaceutical Significance

	1.5 Solubility of Gases in Liquids
	1.5.1 Introduction
	1.5.2 Mechanism of Gas Dissolution
	1.5.3 Henry’s Law
	1.5.4 Factors Affecting the Solubility of Gases in Liquids
	1.5.5 Types of Gas Solubility
	1.5.6 Measurement of Gas Solubility
	1.5.7 Pharmaceutical and Biological Significance

	1.6 Raoult’s Law
	1.6.1 Introduction
	1.6.2 Statement of Raoult’s Law
	1.6.3 Raoult’s Law for Solutions Containing a Non-Volatile Solute
	1.6.4 Ideal and Non-Ideal Solutions
	1.6.5 Pharmaceutical Significance of Raoult’s Law

	1.7 Factors Affecting Solubility
	1.7.1 Introduction
	1.7.2 Nature of the Solute and Solvent
	1.7.3 Temperature
	1.7.4 Pressure
	1.7.5 pH of the Medium
	1.7.6 Molecular Structure and Polarity
	1.7.7 Crystal Structure and Polymorphism
	1.7.8 Particle Size
	1.7.9 Common-Ion Effect
	1.7.10 Co-Solvents
	1.7.11 Surfactants
	1.7.12 Complex Formation
	1.7.13 Presence of Electrolytes and Other Solutes
	1.7.14 Pharmaceutical Importance

	1.8 Measurement of Saturation Solubility
	1.8.1 Introduction
	1.8.2 Principle
	1.8.3 Saturation Shake-Flask Method
	1.8.4 Analytical Methods Used for Solubility Determination
	1.8.5 Calculation and Expression of Saturation Solubility
	1.8.6 Intrinsic and Apparent Solubility
	1.8.7 Pharmaceutical Significance

	1.9 Effect of pH on Solubility
	1.9.1 Introduction
	1.9.2 Ionization of Weak Acids and Weak Bases
	1.9.3 Effect of pH on the Solubility of Weak Acids
	1.9.4 Effect of pH on the Solubility of Weak Bases
	1.9.5 Influence of pH on Drug Dissolution and Precipitation
	1.9.6 Factors Modifying the pH–Solubility Relationship
	1.9.7 Pharmaceutical Applications

	1.10 Partition Coefficient: Measurement and Significance
	1.10.1 Introduction
	1.10.2 Definition of Partition Coefficient
	1.10.3 Distribution Law
	1.10.4 Partition Coefficient and Log P
	1.10.5 Distribution Coefficient and Log D
	1.10.6 Measurement of Partition Coefficient
	Shake-Flask Method

	1.10.7 Other Methods of Measurement
	1.10.8 Factors Affecting Partition Coefficient
	1.10.9 Pharmaceutical Significance

	1.11 Critical Solution Temperature and Applications
	1.11.1 Introduction
	1.11.2 Definition
	1.11.3 Types of Critical Solution Temperature
	1. Upper Critical Solution Temperature (UCST)
	2. Lower Critical Solution Temperature (LCST)
	3. Systems Exhibiting Both UCST and LCST

	1.11.4 Factors Affecting Critical Solution Temperature
	1.11.5 Determination of Critical Solution Temperature
	1.11.6 Pharmaceutical Applications of Critical Solution Temperature
	1.11.7 Pharmaceutical Significance


	Unit I: Solubility Distribution Phenomenon & Buffers
	Chapter 2: Buffers (1)
	2.1 Introduction to Buffers
	2.1.1 Definition of Buffers
	2.1.2 Types of Buffer Solutions
	2.1.3 Mechanism of Buffer Action
	2.1.4 Characteristics of Buffer Solutions
	2.1.5 Importance of Buffers

	2.2 Buffers in Pharmaceutical and Biological Systems
	2.2.1 Introduction
	2.2.2 Buffers in Pharmaceutical Systems
	2.2.3 Common Pharmaceutical Buffer Systems
	2.2.4 Buffers in Biological Systems
	2.2.5 Importance of Biological Buffer Systems
	2.2.6 Comparison of Pharmaceutical and Biological Buffers

	2.3 pH Determination Methods
	2.3.1 Introduction

	2.3.1 Electrometry
	Principle
	Apparatus Required
	Procedure
	Advantages
	Limitations
	Pharmaceutical Applications

	2.3.2 Colorimetry
	Principle
	Materials Required
	Procedure
	Common Indicators and Their Transition Ranges
	Advantages
	Limitations
	Pharmaceutical Applications
	Comparison of Electrometry and Colorimetry

	2.4 Buffer Equation
	2.4.1 Introduction
	2.4.2 Henderson–Hasselbalch Equation for Acidic Buffers
	2.4.3 Henderson–Hasselbalch Equation for Basic Buffers
	2.4.4 Applications of the Buffer Equation
	2.4.5 Limitations of the Buffer Equation

	2.5 Factors Influencing the pH of Buffer Solutions
	2.5.1 Ratio of Buffer Components
	2.5.2 Nature and Strength of the Buffer Components
	2.5.3 Total Concentration of Buffer Components
	2.5.4 Temperature
	2.5.5 Dilution
	2.5.6 Addition of Acids or Bases
	2.5.7 Ionic Strength and Activity Coefficients
	2.5.8 Presence of Other Ingredients

	2.6 Factors Influencing Buffer Capacity
	2.6.1 Total Concentration of Buffer Components
	2.6.2 Ratio of Acid to Conjugate Base
	2.6.3 pH Relative to pKa
	2.6.4 Temperature
	2.6.5 Dilution
	2.6.6 Ionic Strength
	2.6.7 Addition of Other Substances
	2.6.8 Nature of the Buffer System
	Pharmaceutical Importance of Buffer Capacity

	2.7 General Procedure for Preparing Buffers
	2.7.1 Selection of the Buffer System
	2.7.2 Calculation of Buffer Component Proportions
	2.7.3 Calculation of the Required Quantities
	2.7.4 Dissolution of Buffer Components
	2.7.5 Adjustment of pH
	2.7.6 Making Up to the Final Volume
	2.7.7 Verification of pH and Concentration
	2.7.8 Labelling and Storage
	General Precautions

	2.8 Indicators
	2.8.1 Principle of Acid–Base Indicators
	2.8.2 Types of Indicators
	2.8.3 Universal Indicator
	2.8.4 pH Paper and Indicator Strips
	2.8.5 Selection of a Suitable Indicator
	2.8.6 Advantages of Indicators
	2.8.7 Limitations of Indicators
	2.8.8 Pharmaceutical Applications of Indicators
	Chapter 1. Liquid Interface
	Chapter 2. Adsorption at Solid Interface
	Chapter 3. Electric Properties of Interface


	Unit II : Interfacial phenomenon
	Chapter 1: Liquid Interface
	1.1 Surface and Interfacial Tension
	Introduction
	Surface Tension
	Interfacial Tension
	Difference Between Surface Tension and Interfacial Tension
	Factors Affecting Surface and Interfacial Tension
	Pharmaceutical Applications

	1.2 Surface Free Energy
	Definition
	Origin of Surface Free Energy
	Factors Affecting Surface Free Energy
	Pharmaceutical Significance

	1.3 Measurement of Surface and Interfacial Tension
	1.3.1 Capillary Rise Method
	Principle
	Procedure
	Advantages
	Limitations

	1.3.2 Drop Weight Method
	Principle
	Procedure
	Applications

	1.3.3 Drop Count Method
	Principle
	Procedure
	Advantages
	Limitations

	1.3.4 Du Noüy Ring Method
	Principle
	Procedure
	Advantages
	Limitations

	1.3.5 Wilhelmy Plate Method
	Principle
	Procedure
	Applications

	1.3.6 Pendant Drop Method
	Principle
	Procedure
	Advantages
	Limitations

	Comparison of Measurement Methods

	1.4 Spreading Coefficient
	Definition
	Interpretation of the Spreading Coefficient
	Factors Affecting Spreading
	Pharmaceutical Applications

	1.5 Surface-Active Agents
	Definition
	Structure of Surface-Active Agents
	Classification of Surface-Active Agents
	1. Anionic Surfactants
	2. Cationic Surfactants
	3. Non-Ionic Surfactants
	4. Amphoteric Surfactants

	Important Properties of Surface-Active Agents
	Critical Micelle Concentration
	Pharmaceutical Applications of Surface-Active Agents

	1.6 HLB (Hydrophilic–Lipophilic Balance)
	Definition
	Griffin's HLB System
	Approximate HLB Ranges and Uses
	Selection of an Emulsifier Using HLB
	Importance of HLB in Pharmacy

	1.7 Detergency
	Definition
	Mechanism of Detergency
	Factors Affecting Detergency
	Pharmaceutical Applications of Detergency

	1.8 Types of Monolayers at Liquid Surface
	Definition of a Monolayer
	Classification of Monolayers
	1.8.1 Gaseous Monolayer
	1.8.2 Expanded Monolayer
	1.8.3 Condensed Monolayer
	1.8.4 Comparison of Monolayers
	Surface Pressure of a Monolayer
	Factors Affecting Monolayer Formation
	Pharmaceutical Significance of Monolayers


	Chapter 2: Adsorption at Solid Interface
	2.1 Liquid Interface
	Definition
	Mechanism of Adsorption at a Solid–Liquid Interface
	Types of Adsorption
	1. Physical Adsorption (Physisorption)
	2. Chemical Adsorption (Chemisorption)

	Factors Affecting Adsorption at a Solid–Liquid Interface
	Pharmaceutical Applications

	2.2 Contact Angle
	Definition
	Types of Contact Angle
	Young's Equation
	Measurement of Contact Angle
	Sessile-Drop Method

	Factors Affecting Contact Angle
	Pharmaceutical Significance

	2.3 Activated Charcoal
	Definition
	Structure and Properties
	Mechanism of Adsorption by Activated Charcoal
	Adsorption Isotherms
	1. Langmuir Adsorption Isotherm
	2. Freundlich Adsorption Isotherm

	Factors Affecting Adsorption by Activated Charcoal
	Pharmaceutical Applications of Activated Charcoal
	Limitations and Precautions

	2.4 Wetting
	Definition
	Types of Wetting
	1. Spreading Wetting
	2. Adhesion Wetting
	3. Immersion Wetting

	Mechanism of Wetting
	Factors Affecting Wetting
	Wetting Agents
	Pharmaceutical Applications of Wetting

	2.5 Adsorption of Surface-Active Agents
	Definition
	Mechanism of Surfactant Adsorption at Solid Interfaces
	Adsorption Isotherms of Surface-Active Agents
	Factors Affecting Adsorption of Surface-Active Agents
	Effects of Surfactant Adsorption on Solid Surfaces
	Pharmaceutical Applications
	Limitations and Formulation Considerations


	Chapter 3: Electric Properties of Interface
	3.1 Electric Double Layer
	3.1.1 Introduction
	3.1.2 Definition
	3.1.3 Formation of the Electric Double Layer
	3.1.4 Structure of the Electric Double Layer
	3.1.5 Electrical Potential Distribution
	3.1.6 Pharmaceutical Significance

	3.2 Nernst Potential
	3.2.1 Introduction
	3.2.2 Definition
	3.2.3 Nernst Equation
	3.2.4 Factors Affecting the Nernst Potential
	3.2.5 Significance in Interfacial and Pharmaceutical Systems

	3.3 Zeta Potential
	3.3.1 Introduction
	3.3.2 Definition
	3.3.3 Principle of Zeta Potential
	3.3.4 Measurement of Zeta Potential
	3.3.5 Interpretation of Zeta Potential
	3.3.6 Factors Affecting Zeta Potential
	3.3.7 Pharmaceutical Applications

	3.4 Effect of Electrolytes
	3.4.1 Introduction
	3.4.2 Effect on the Electric Double Layer
	3.4.3 Effect on Zeta Potential
	3.4.4 Effect of Electrolyte Valency
	3.4.5 Effect on Colloidal Stability
	3.4.6 Schulze–Hardy Rule
	3.4.7 Pharmaceutical Applications
	3.4.8 Precautions in Formulation Development


	Chapter1. Colloidal Dispersions
	Chapter 2. Coarse Dispersions
	Chapter 3. Theories of Emulsification and Stabilization
	Chapter 4. Physical Instabilities of Emulsions

	Chapter 1: Colloidal Dispersions
	1.1 Types of Colloidal Dispersions
	1.1.1 Introduction to Colloidal Dispersions
	1.1.2 Classification of Colloidal Systems
	1.1.1 Lyophobic Colloids
	1.1.2 Lyophilic Colloids
	1.1.3 Association Colloids

	1.1.3 Comparison of Lyophobic, Lyophilic, and Association Colloids

	1.2 Optical Properties of Colloids
	1.2.1 Introduction
	1.2.2 Tyndall Effect
	1.2.3 Light Scattering
	1.2.4 Colour of Colloidal Dispersions
	1.2.5 Turbidity

	1.3 Kinetic Properties of Colloids
	1.3.1 Introduction
	1.3.2 Brownian Movement
	1.3.3 Diffusion
	1.3.4 Sedimentation
	1.3.5 Comparison of Kinetic Properties

	1.4 Electrical Properties of Colloids
	1.4.1 Introduction
	1.4.2 Origin of Charge on Colloidal Particles
	1.4.3 Electric Double Layer
	1.4.4 Electrophoresis
	1.4.5 Electro-osmosis
	1.4.6 Streaming Potential and Sedimentation Potential
	1.4.7 Zeta Potential and Colloidal Stability
	1.4.8 Pharmaceutical Significance

	1.5 Size and Shape of Colloidal Systems
	1.5.1 Introduction
	1.5.2 Size of Colloidal Particles
	1.5.3 Methods of Determining Particle Size
	1.5.4 Shape of Colloidal Particles
	1.5.5 Effect of Shape on Colloidal Properties
	1.5.6 Pharmaceutical Applications

	1.6 Stability of Colloidal System
	1.6.1 Introduction
	1.6.2 Factors Affecting Colloidal Stability
	1.6.3 Peptization
	1.6.4 Protective Action
	1.6.5 Comparison of Peptization and Protective Action
	1.6.6 Pharmaceutical Importance of Colloidal Stability

	1.7 Applications of Colloidal System
	1.7.1 Pharmaceutical Applications
	1.7.2 Medical and Diagnostic Applications
	1.7.3 Cosmetic Applications
	1.7.4 Food and Industrial Applications
	1.7.5 Summary of Applications


	Chapter 2: Coarse Dispersions
	2.1 Suspensions
	2.1.1 Introduction
	2.1.2 Definition
	2.1.3 Characteristics of Suspensions
	2.1.4 Classification of Suspensions
	2.1.5 Components of a Pharmaceutical Suspension
	2.1.6 Advantages of Suspensions
	2.1.7 Disadvantages of Suspensions
	2.1.8 Pharmaceutical Applications of Suspensions
	2.1.9 Ideal Properties of a Pharmaceutical Suspension

	2.2 Stokes’ Law (Theory of Sedimentation)
	2.2.1 Introduction
	2.2.2 Definition of Stokes’ Law
	2.2.3 Derivation of Stokes’ Law for Sedimentation
	2.2.4 Explanation of the Equation
	2.2.5 Factors Affecting Sedimentation Velocity
	2.2.6 Assumptions and Limitations of Stokes’ Law
	2.2.7 Pharmaceutical Significance of Stokes’ Law

	2.3 Effect of Brownian Movement / Sedimentation of Flocculated Particles
	2.3.1 Effect of Brownian Movement on Sedimentation
	2.3.2 Relationship Between Brownian Movement and Sedimentation
	2.3.3 Sedimentation of Flocculated Particles
	2.3.4 Characteristics of Flocculated Sedimentation
	2.3.5 Comparison of Flocculated and Deflocculated Sedimentation
	2.3.6 Pharmaceutical Significance

	2.4 Sedimentation Parameters
	2.4.1 Introduction
	2.4.2 Sedimentation Velocity
	2.4.3 Sedimentation Volume
	2.4.4 Degree of Flocculation
	2.4.5 Redispersibility
	2.4.6 Sedimentation Rate
	2.4.7 Pharmaceutical Applications

	2.5 Flocculation and Controlled Structure Flocculation
	2.5.1 Introduction
	2.5.2 Definition of Flocculation
	2.5.3 Mechanism of Flocculation
	2.5.4 Types of Flocculation
	2.5.5 Flocculating Agents
	2.5.6 Controlled Flocculation
	2.5.7 Objectives of Controlled Flocculation
	2.5.8 Formulation of a Controlled Flocculated Suspension
	2.5.9 Role of Suspending Agents in Controlled Flocculation
	2.5.10 Advantages of Controlled Flocculation
	2.5.11 Limitations of Controlled Flocculation
	2.5.12 Comparison of Flocculated and Deflocculated Suspensions
	2.5.13 Pharmaceutical Significance


	Chapter 3: Theories of Emulsification and Stabilization
	3.1 DLVO Theory
	3.1.1 Introduction
	3.1.2 Principle of DLVO Theory
	3.1.3 Components of DLVO Theory
	3.1.4 Effect of Electrolytes on Colloidal Stability
	3.1.5 Application of DLVO Theory to Emulsions
	3.1.6 Pharmaceutical Significance

	3.2 Monomolecular Adsorption
	3.2.1 Introduction
	3.2.2 Principle
	3.2.3 Mechanism of Monomolecular Adsorption
	3.2.4 Examples of Surfactants
	3.2.5 Factors Affecting Monomolecular Adsorption
	3.2.6 Advantages
	3.2.7 Limitations
	3.2.8 Pharmaceutical Applications

	3.3 Multimolecular Adsorption
	3.3.1 Introduction
	3.3.2 Principle
	3.3.3 Mechanism of Multimolecular Adsorption
	3.3.4 Role of Hydrophilic Colloids
	3.3.5 Factors Affecting Multimolecular Adsorption
	3.3.6 Advantages
	3.3.7 Limitations
	3.3.8 Pharmaceutical Applications

	3.4 Film Formation
	3.4.1 Introduction
	3.4.2 Principle of Film Formation
	3.4.3 Mechanism of Film Formation
	3.4.4 Properties of an Ideal Interfacial Film
	3.4.5 Factors Affecting Film Formation
	3.4.6 Advantages of Film Formation
	3.4.7 Limitations
	3.4.8 Pharmaceutical Applications

	3.5 Solid Particle Adsorption
	3.5.1 Introduction
	3.5.2 Principle of Solid Particle Adsorption
	3.5.3 Mechanism of Solid Particle Stabilization
	3.5.4 Role of Particle Wettability
	3.5.5 Factors Affecting Solid Particle Adsorption
	3.5.6 Advantages
	3.5.7 Limitations
	3.5.8 Pharmaceutical Applications
	3.5.9 Comparison of Emulsification and Stabilization Mechanisms

	4.1 Creaming
	4.1.1 Introduction
	4.1.2 Principle of Creaming
	4.1.3 Mechanism of Creaming
	4.1.4 Factors Affecting Creaming
	4.1.5 Methods of Preventing or Reducing Creaming
	4.1.6 Advantages and Disadvantages of Creaming
	4.1.7 Pharmaceutical Significance

	4.2 Coalescence and Breaking
	4.2.1 Introduction
	4.2.2 Coalescence
	Principle of Coalescence
	Mechanism of Coalescence
	Factors Promoting Coalescence

	4.2.3 Breaking of Emulsions
	Definition
	Mechanism of Breaking

	4.2.4 Difference Between Coalescence and Breaking
	4.2.5 Factors Affecting Coalescence and Breaking
	4.2.6 Prevention of Coalescence and Breaking
	4.2.7 Pharmaceutical Significance

	4.3 Phase Inversion
	4.3.1 Introduction
	4.3.2 Types of Phase Inversion
	1. Transitional Phase Inversion
	2. Catastrophic Phase Inversion

	4.3.3 Mechanism of Phase Inversion
	4.3.4 Factors Affecting Phase Inversion
	4.3.5 Methods of Preventing Undesirable Phase Inversion
	4.3.6 Advantages of Intentional Phase Inversion
	4.3.7 Disadvantages of Uncontrolled Phase Inversion
	4.3.8 Pharmaceutical Significance
	4.3.9 Comparison of Physical Instabilities of Emulsions

	Chapter 1. Newtonian Systems and Non-Newtonian Systems
	1.1 Introduction to Rheology
	1.2 Newtonian Systems
	1.3 Non-Newtonian Systems
	1.4 Comparison of Newtonian and Non-Newtonian Systems
	1.5 Importance of Rheological Classification
	Chapter 2. Thixotropy
	Chapter 3. Determination of Rheological Properties
	Chapter 4. Viscoelasticity
	4.1 Viscous and Elastic Behaviour
	4.2 Characteristics of Viscoelastic Materials
	4.3 Measurement of Viscoelastic Properties
	4.4 Pharmaceutical Importance of Viscoelasticity
	Chapter 5. Psycho-Rheology
	5.1 Relationship Between Rheology and Sensory Perception
	5.2 Methods Used in Psycho-Rheological Evaluation
	5.3 Applications of Psycho-Rheology in Pharmacy
	Chapter 6. Applications of Rheology in Pharmacy
	Chapter 1. Newtonian Systems and Non-Newtonian Systems (1)
	1.1 Introduction to Rheology
	1.2 Newtonian Systems
	Examples
	Pharmaceutical Significance

	1.3 Non-Newtonian Systems
	A. Pseudoplastic Flow
	B. Dilatant Flow
	C. Plastic Flow
	D. Time-Dependent Non-Newtonian Behaviour

	1.4 Comparison of Newtonian and Non-Newtonian Systems
	1.5 Importance of Rheological Classification

	Chapter 2. Thixotropy (1)
	2.1 Measurement of Thixotropy
	A. Hysteresis Loop Method
	B. Three-Interval Thixotropy Test
	C. Constant-Shear Method
	Factors Affecting Measurement

	2.2 Bulges and Spurs
	Possible Causes
	Pharmaceutical Significance

	2.3 Negative Thixotropy
	Mechanism
	Measurement
	Pharmaceutical Significance


	Chapter 3. Determination of Rheological Properties (1)
	3.1 Viscometers
	Principle of Viscometry
	Types of Viscometers
	General Precautions During Viscometry

	3.2 Single-Point Viscometers
	Principle
	Procedure
	Advantages
	Limitations
	Pharmaceutical Applications

	3.3 Multi-Point Viscometers
	Principle
	Procedure
	Advantages
	Limitations
	Pharmaceutical Applications

	3.4 Comparison of Single-Point and Multi-Point Measurements

	Chapter 4. Viscoelasticity (1)
	4.1 Viscous and Elastic Behaviour
	4.2 Characteristics of Viscoelastic Materials
	4.3 Measurement of Viscoelastic Properties
	Oscillatory Testing

	4.4 Pharmaceutical Importance of Viscoelasticity

	Chapter 5. Psycho-Rheology (1)
	5.1 Relationship Between Rheology and Sensory Perception
	5.2 Methods Used in Psycho-Rheological Evaluation
	A. Instrumental Measurement
	B. Sensory Evaluation
	C. Correlation of Instrumental and Sensory Data

	5.3 Applications of Psycho-Rheology in Pharmacy

	Chapter 6. Applications of Rheology in Pharmacy (1)
	6.1 Formulation Development
	6.2 Suspensions
	6.3 Emulsions and Creams
	6.4 Ointments, Gels, and Topical Preparations
	6.5 Syringeability and Injectability
	6.6 Ophthalmic Preparations
	6.7 Manufacturing and Processing
	6.8 Drug Release and Dissolution
	6.9 Stability Studies
	6.10 Quality Control
	6.11 Packaging and Dispensing
	6.12 Summary of Pharmaceutical Applications

	Chapter 1: Particle Size and Size Distribution
	1.1 Introduction to Micromeritics
	1.2 Particle Size
	1.3 Units of Particle Size
	1.4 Particle Size Distribution
	1.5 Types of Particle Size Distribution
	1.6 Factors Affecting Particle Size and Size Distribution
	1.7 Significance of Particle Size and Size Distribution in Pharmacy
	Chapter 2: Particle Shape and Surface Area
	2.1 Particle Shape
	2.2 Types of Particle Shape
	2.3 Methods of Characterizing Particle Shape
	2.4 Significance of Particle Shape in Pharmacy
	2.5 Surface Area
	2.6 Types of Surface Area
	2.7 Relationship Between Particle Size and Surface Area
	2.8 Methods for Determination of Surface Area
	2.9 Significance of Surface Area in Pharmacy
	Chapter 3: Methods for Determination and Significance
	3.1 Methods for Determination of Particle Size and Size Distribution
	3.2 Methods for Determination of Particle Shape
	3.3 Methods for Determination of Surface Area
	3.4 Comparison of Particle Size Determination Methods
	3.5 General Significance of Micromeritics in Pharmaceutical Science
	Chapter 4. Flow Properties of Powders
	Chapter 5. Advanced Flow Properties of Powders
	Chapter 1. Particle Size and Size Distribution
	1.1 Introduction to Micromeritics
	1.2 Particle Size
	1.3 Units of Particle Size
	1.4 Particle Size Distribution
	1.4.1 Frequency Distribution
	1.4.2 Cumulative Distribution

	1.5 Types of Particle Size Distribution
	1.6 Factors Affecting Particle Size and Size Distribution
	1.7 Significance of Particle Size and Size Distribution in Pharmacy

	Chapter 2. Particle Shape and Surface Area
	2.1 Particle Shape
	2.2 Types of Particle Shape
	2.3 Methods of Characterizing Particle Shape
	2.3.1 Microscopic Examination
	2.3.2 Image Analysis

	2.4 Significance of Particle Shape in Pharmacy
	2.5 Surface Area
	2.6 Types of Surface Area
	2.7 Relationship Between Particle Size and Surface Area
	2.8 Methods for Determination of Surface Area
	2.8.1 Gas Adsorption Method
	2.8.2 Air Permeability Method
	2.8.3 Calculation from Particle Size

	2.9 Significance of Surface Area in Pharmacy

	Chapter 3. Methods for Determination and Significance
	3.1 Methods for Determination of Particle Size and Size Distribution
	3.1.1 Sieve Analysis
	3.1.2 Optical Microscopy
	3.1.3 Sedimentation Method
	3.1.4 Electrical Sensing Zone Method
	3.1.5 Laser Diffraction Method
	3.1.6 Dynamic Light Scattering

	3.2 Methods for Determination of Particle Shape
	3.3 Methods for Determination of Surface Area
	3.4 Comparison of Particle Size Determination Methods
	3.5 General Significance of Micromeritics in Pharmaceutical Science

	Chapter 4. Flow Properties of Powders (1)
	4.1 Introduction
	4.1.1 Factors Affecting Powder Flow
	4.1.2 Determination of Flow Properties of Powders
	4.1.2.1 Angle of Repose
	4.1.2.2 Bulk Density
	4.1.2.3 Tapped Density
	4.1.2.4 Carr’s Compressibility Index
	4.1.2.5 Hausner Ratio
	4.1.2.6 Flow Through an Orifice

	4.1.3 Comparison of Conventional Flow Determination Methods
	4.2 Significance of Flow Properties of Powders
	4.2.1 Tablet Manufacturing
	4.2.2 Capsule Filling
	4.2.3 Powder Mixing and Blending
	4.2.4 Granulation
	4.2.5 Powder Transfer and Handling
	4.2.6 Content Uniformity
	4.2.7 Packaging and Filling
	4.2.8 Filtration and Drying Operations
	4.2.9 Quality Control and Process Validation
	4.2.10 Manufacturing Efficiency

	4.3 Methods of Enhancement of Powder Flow
	4.3.1 Particle Size Optimization
	4.3.2 Particle Shape Modification
	4.3.3 Granulation
	4.3.4 Addition of Glidants
	4.3.5 Moisture Control
	4.3.6 Control of Electrostatic Charge
	4.3.7 Optimization of Particle Size Distribution
	4.3.8 Optimization of Mixing Conditions
	4.3.9 Equipment Design and Flow Assistance
	4.3.10 Comparison of Flow Enhancement Methods


	Chapter 5. Advanced Flow Properties of Powders (1)
	5.1 Introduction
	5.2 Advanced Flow Properties
	5.2.1 Powder Cohesion
	5.2.2 Consolidation
	5.2.3 Shear Strength
	5.2.4 Flow Function
	5.2.5 Wall Friction
	5.2.6 Powder Compressibility Under Load
	5.2.7 Permeability
	5.2.8 Dynamic Flow Properties


	5.1 Powder Flow Tester
	5.1.1 Definition
	5.1.2 Principle
	5.1.3 Construction
	5.1.4 Working Procedure
	5.1.5 Important Measurements Obtained Using a Powder Flow Tester
	5.1.6 Advantages of Powder Flow Testers
	5.1.7 Limitations of Powder Flow Testers
	5.1.8 Pharmaceutical Applications of Powder Flow Testers
	5.1.9 Conventional Flow Tests and Advanced Powder Flow Testing
	5.1.10 Precautions During Powder Flow Testing


	Unit IV : Rheological Studies

