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This is the fourth edition of Pharmaceutics: The
Design and Manufacture of Medicines; the frst
edition was published in 1988, the second in 2002
and the third in 2007. The pedigree of the book is,
however, actually much older. It was originally
known as Tutorial Pharmacy and was initially
edited by John Cooper and Colin Gunn, and later
by Sidney Carter. For this edition, Professor Aulton
has been joined by Professor Kevin Taylor of UCL
School of Pharmacy, London. Professor Taylor has
been instrumental in identifying new authors and
contemporary subject matter for this new edition.

The philosophy of this fourth edition remains
unchanged, i.e. it is intentionally designed and
written for newcomers to the design of dosage
forms. Other expert texts can take you into much
greater detail for each of the subject areas consid-
ered here, once you have mastered these basics. The
subject matter of the book remains, in essence, the
same but the detail has changed signif cantly, because
pharmaceutics itself has changed. Since the last
edition there have been changes in the way that
dosage forms are designed and drugs are delivered.
These developments are reflected in this new edition.

The involvement of a wide range of authors con-
tinues in this edition, each a recognized expert in
the feld on which they have written. Just as impor-
tantly, each author has experience of imparting that
information to undergraduate pharmacy and phar-
maceutical science students, and to practitioners in
the pharmaceutical and associated industries and
those working in technical services within hospital
pharmacy who are new to the subject. Many authors
from the previous edition remain as they are still
world leaders in their feld. Others chapters have
been written by a new generation of experts. The
new authorship reflects modern knowledge and
thinking in pharmaceutics.

The structure and the content of this edition have
been altered to reflect modern thinking and current
university curricula worldwide. More importantly,
every chapter has received detailed attention and
has been revised and updated appropriately. Some
of the basic science remains virtually unchanged —
and will always do so — but other areas, particularly

Preface

biopharmaceutics and some areas of drug delivery,
have changed enormously in recent years.

Several completely new chapters have been
included in this edition to ensure the comprehensive
nature and currency of this text. Part 5 of the
book outlines the wide range of dosage forms avail-
able for administration by several routes. In previous
editions, suspensions and emulsions as dosage forms
were considered together, as disperse systems, in
one chapter. In this edition, these are now consid-
ered in separate chapters, each written by a new
author. This has allowed each system to be described
more fully. The emulsions chapter now includes
comprehensive consideration of the formulation,
manufacture and properties of semisolid emulsions,
namely creams. This Part 1s augmented by the inclu-
sion of new chapters that describe the particular
requirements for medicines administered parenter-
ally, i.e. by injection, and for those administered to
the eye.

When designing and manufacturing dosage forms,
it is essential that formulation scientists consider the
properties of the drug, the medicine and the needs of
patients. Patients with specif ¢ pharmaceutical needs
include the elderly and young children; both, in par-
ticular, have diff culties swallowing solid dosage forms.
A chapter has been included outlining how medicines
may be formulated specifcally for these patient
groups, and also how existing dosage forms can be
modifed to improve their properties, thus making
them more suitable for the old and very young,

While most drugs comprise small synthetic mol-
ecules, there is resurgence of interest in, and tighter
regulatory control of, medicines of plant origin.
Also, biopharmaceutical products, including pro-
teins, peptides, antibodies, vaccines and gene thera-
pies are the subject of intensive research, and are
becoming increasingly commercially available as
medicines. Both these categories of therapeutic
agent present particular formulation and drug deliv-
ery challenges. New chapters on plant medicines
and biopharmaceuticals have thus been added. Nan-
otechnology is increasingly employed to improve
drug solubility and dissolution rates and to enhance
bioavailability, particularly of biopharmaceuticals
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and cytotoxic drugs, and this forms the subject of
another new chapter. Additionally, the section on
product stability and the stability testing of medici-
nal products has been completely rewritten to
include current protocols.

We wish you well in your studies if you are an
undergraduate, or with your career if you are

Vi

working in industry or the hospital service. We sin-
cerely hope that this book helps you with your
understanding of pharmaceutics — the science of the
design and manufacture of medicines.

Mike Aulton
Kevin Taylor
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What is ‘pharmaceutics’?

‘Welcome to ‘Ceutics’!’

One of the earliest impressions that many new
pharmacy and pharmaceutical science students have
of their chosen subject is the large number of long
and sometimes unusual-sounding names that are
used to describe the various subject areas within
pharmacy and the pharmaceutical sciences. The aim
of this section is to explain to the reader what is
meant by just one of them — ‘pharmaceutics’. This
note describes how the term has been interpreted
for the purpose of this book and how pharmaceutics
fits into the overall scheme of pharmaceutical
science and the process of designing and manufac-
turing a new medicine. This note also leads the
reader through the organization of this book and
explains the reasons why an understanding of the
material contained in its chapters is important in the
design of modern drug delivery systems.

The word ‘pharmaceutics’ 1s used in pharmacy
and the pharmaceutical sciences to encompass a
wide range of subject areas that are all associated
with the steps to which a drug is subjected towards
the end of its development. It encompasses the
stages that follow on from the discovery or syn-
thesis of the drug, its isolation and purification, and
testing for advantageous pharmacological effects and
absence of serious toxicological problems. Put at its
simplest — pharmaceutics converts a drug into a
medicine.

Just a comment here about the word ‘drug’. This
is the pharmacologically active ingredient in a medi-
cine. ‘Drug’ 1s the correct word, but because
the word has been somewhat hijacked as the
common term for a substance of misuse, alternatives
are frequently used, such as ‘medicinal agent’,

© 2013, Elsevier Ltd

‘pharmacological agent’, ‘active principle’, ‘active
ingredient’, or increasingly ‘active pharmaceutical
ingredient (API)’, etc. The book uses the simpler
and still correct word, ‘drug’. Phrases like ‘active
ingredient’ can suggest that the other ingredients of
a medicine have no function at all. This book will
teach you loud and clear that this 1s not the case.

Pharmaceutics, and therefore this book, 1is
concerned with the scientific and technological
aspects of the design and manufacture of dosage
forms. Arguably, it is the most diverse of all the
subject areas in the pharmaceutical sciences and it
encompasses:

* an understanding of the basic physical chemistry
necessary for the effective design of dosage
forms (physical pharmaceutics)

* an understanding of relevant body systems and
how drugs arrive there following administration
(biopharmaceutics)

e the design and formulation of medicines
(dosage form design)

* the manufacture of these medicines on a small
(compounding), intermediate (pilot-scale) and
large (pharmaceutical technology,
manufacturing) scale

* the avoidance and elimination of
microorganisms in medicines (pharmaceutical
microbiology, sterilization), and

e product performance testing (dissolution
testing, drug release, stability testing).

Medicines are drug-delivery systems. That i1s, they
are a means of administering drugs to the
body in a safe, efficient, accurate, reproducible and
convenient manner. The book discusses the overall
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considerations that must be made so that the con-
version of a drug to a medicine can take place. It
emphasizes the fact that medicines are very rarely
drugs alone but require additives (termed excipi-
ents) to make them into dosage forms, and this in
turn introduces the concept of formulation. The
book explains that there are three major considera-
tions in the design of dosage forms:

1. the physicochemical properties of the drug
itself

2. biopharmaceutical considerations, such as how
the administration route of a dosage form
affects the rate and extent of drug absorption
into the body, and

3. therapeutic considerations of the disease state
and patient to be treated, which in turn
determine the most suitable type of dosage
form, possible routes of administration and the
most suitable duration of action and dose
frequency for the drug in question.

The first chapter provides an excellent introduction
to the subject matter of the book as a whole and
clearly justifies the need for the pharmacist and
formulation scientist to understand the science con-
tained 1n this text. New readers are encouraged to
read this chapter first, thoroughly and carefully, so
that they can grasp the basics of the subject before
proceeding onto the more detailed information that
follows.

The book is then divided into various Parts that
group together chapters into related subject areas.
Part 1 collects some of the more important physico-
chemical knowledge that is required to design and
prepare dosage forms. The chapters have been
designed to give the reader an insight into those
scientific and physicochemical principles that are
important to the formulation scientist. These chap-
ters are not intended as a substitute for a thorough
understanding of physical chemistry and many spe-
cific, more detailed, texts are available containing
this information.

For many reasons, which are discussed in the
book, the vast majority of dosage forms are admin-
istered via the mouth i the form of solid products,
such as tablets and capsules. This means that one of
the most important stages in drug administration is
the dissolution of solid particles to form a solution
in the gastrointestinal tract. The formulation scien-
tist therefore needs knowledge of both liquid and
solid materials, in particular the properties of drugs
in solution and the factors influencing their

dissolution from solid particles. Once solutions are
formed, the formulation scientist must understand
the properties of these solutions. The reader will see
later in the book how drug release from the dosage
form and absorption of the drug by the body are
strongly dependent on the properties of the drug in
solution, such as the degree of dissociation and
speed of diffusion of the drug molecules.

The properties of surfaces and interfaces are
described next. These are important to an under-
standing of adsorption onto solid surfaces, and are
involved in the dissolution of solid particles and the
study of disperse systems, such as colloids, suspen-
sions and emulsions. The scientific background to the
systems mentioned is also discussed. Knowledge of
the flow properties of liquids (whether solutions, sus-
pensions or emulsions) 1s useful in solving certain
problems relating to the manufacture and perform-
ance of solutions and semi-solids as dosage forms in
their own right. This Part ends with an explanation
of the kinetics of many different processes. As the
chapter explains, the mathematics of these
processes has importance in a large number of areas
of product design, manufacture, storage and drug
delivery. Relevant processes include: dissolution
processes, microbiological growth and destruction,
biopharmaceutics (including drug absorption, distri-
bution, metabolism and excretion), preformulation,
the rate of drug release from dosage forms, and the
decomposition of medicinal compounds and
products.

Part 2 collects together those aspects of pharma-
ceutics associated with powdered materials. By far
the majority of drugs are solid (mainly crystalline)
powders and, unfortunately, most of these have
numerous adverse characteristics that must be over-
come during the design of medicines to enable their
satisfactory manufacture and subsequent perform-
ance in dosage forms.

The book therefore explains the concept of the
solid state and how the internal and surface proper-
ties of solids are important and need to be character-
ized. This is followed by an explanation of the more
macroscopic properties of powders that influence
their performance during the design and manufac-
ture of dosage forms — particle size and its measure-
ment, size reduction and separation of powders
with the desired size characteristics from those of
other sizes. There follows an explanation of the
many problems associated with the mixing and
flow of powders. In large-scale tablet and capsule
production, for example, powders must contain a



satisfactory mix of all the ingredients in order to
achieve uniformity of dosage in every dosage unit,
and fast and uniform powder flow in high-speed
tableting and encapsulation machines. For conven-
ience, the mixing of liquids and semi-solids is also
discussed here as the basic theory is the same.

Another extremely important area that must be
understood before a satisfactory dosage form can be
designed and manufactured is the microbiological
aspects of medicines development and production. It
1s necessary to eliminate viable microorganisms from
the product both before and during manufacture.
Microbiology 1s a very wide-ranging subject. This
book concentrates only on those aspects of microbi-
ology that are directly relevant to the design, produc-
tion and distribution of dosage forms. This mainly
involves avoiding (asepsis) and eliminating (steriliza-
tion) the presence (contamination) of microorgan-
isms in medicines, and preventing the growth of any
microorganism which might enter the product during
storage and use of the medicine (preservation). Tech-
niques for testing that these intentions have been
achieved are also described. The principles and prac-
tice of sterilization are also discussed. The relevant
parts of pharmaceutical microbiology and steriliza-
tion are considered in Part 3 of this book.

It 1s not possible to begin to design a satisfactory
dosage form without knowledge and understanding
of how drugs are absorbed into the body, the various
routes that can be used for this purpose and the fate
of the drugs once they enter the body and reach
their site(s) of action. The terms ‘bioavailability’ and
‘biopharmaceutics’ are defined and explained in
Part 4. The factors influencing the bioavailability of
a drug and methods of its assessment are described.
This 1s followed by a consideration of the manner in
which the frequency of drug administration and the
rate at which drug is released from a dosage form
affect its concentration in the blood plasma at any
given time. This book concentrates on the prepara-
tion, administration, release and absorption of drugs
but stops short at the cellular level and leaves to
other texts the detail of how drugs enter individual
cells, how they act and how they are metabolized
and eliminated.

Having gathered this understanding of the basics
of pharmaceutics, the formulation scientist should
now be equipped to begin a consideration of the
design and manufacture of the most suitable dosage
forms for the drug in question.

Superficially, the formulation and manufacture of
dosage forms containing drugs may seem relatively
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straightforward. The chapters in Part 5 will demon-
strate that this is not the case. Formulation scientists
are able to realize the full potential as a medicine of
the active pharmaceutical ingredient, whether it is
a small synthetic molecule, a plant extract or a bio-
technology product. Good formulation can enhance
therapeutic efficacy and/or limit adverse effects. A
couple of examples illustrate this:

a. Whilst an immediate-release capsule of
nifedipine has a dosing frequency of three
times a day, formulation as a modified-release
capsule permits once-daily dosing, with an
improved drug plasma profile and increased
patient convenience and compliance.

b. A cream formulation of a sunscreen applied
to the skin restricts the active component(s)
to the skin surface, whilst a gel formulation
of estradiol, also applied to the skin surface,
1s formulated so as to ensure effective
penetration of drug through the skin and into
the systemic circulation.

The first stage of designing and manufacturing a
dosage form is known as preformulation. This, as the
name implies, is a consideration of the steps that
need to be performed before formulation proper can
begin. Preformulation involves a full understanding
of the physicochemical properties of drugs and
other ingredients (excipients) in a dosage form and
how they may interact. An early grasp of this knowl-
edge is of great use to the formulation scientist as
the data gathered in these early stages will influence
strongly the design of the future dosage form.
Results of tests carried out at this stage of develop-
ment can give a much clearer indication of the pos-
sible (and indeed impossible) dosage forms for a
new drug candidate.

Following, consideration of preformulation, the
remaining chapters of Part 5 cover the formulation,
small and large scale manufacture, and the advan-
tages, disadvantages and characterization of the wide
range of available dosage forms. The properties of
these dosage forms can be modified dependent on
the properties of the drug, excipients included, the
route of drug administration and specific patient
needs. Early chapters consider liquid dosage forms,
namely solutions (drug dispersed as molecules or
ions), suspensions (drug dispersed as particles) and
emulsions (one liquid phase dispersed in another,
with drug present in either phase, dependent upon
its relative solubility). Appropriate formulation of
emulsions results in more structured semi-solid
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creams, most frequently used for application to the
skin. These dosage forms may be administered by a
number of routes, and their formulation require-
ments will vary dependent on the route of
administration.

Whilst drugs in the solid state can be adminis-
tered as simple powders, they are more usually for-
mulated as solid dosage forms, namely tablets
(currently the most commonly encountered solid
dosage form) and capsules. Several chapters in this
Part describe the various stages in the processing of
a powder required to manufacture tablets: granula-
tion (formation of drug-excipient aggregates),
drying, compaction and coating. Tablet formulation
and manufacture requires inclusion of several excipi-
ents, including fillers, disintegrants, binders, glid-
ants, lubricants and antiadherents. The purposes of
these are described, together with their impact on
product quality and performance. The strategies to
modify the release of drug from solid dosage forms
include: production of monolithic matrix systems,
the use of a rate-controlling membrane or osmotic
pump systems. These are described in a separate
chapter, as are other solid dosage forms: hard and
soft gelatin capsules. For all dosage forms, drug must
be released at an appropriate rate at the appropriate
site for drug action and/or absorption to occur. This
i1s particularly pertinent for solid peroral dosage
forms, which must permit dissolution of drug at an
appropriate rate and at an appropriate site within
the gastromtestinal tract. Bioavailability (i.e. the
amount of drug that is absorbed into the blood-
stream) may be limited by the rate of drug dissolu-
tion, whilst the pH range in the gastrointestinal tract
(pH 1-8) may adversely affect the absorption of
ionizable drugs. Consequently, dissolution testing
1s a key quality control test and is considered in
detail here.

Solid dosage forms are administered predomi-
nantly (though not exclusively) by the oral route.
Whilst the oral route is the most common way
of administering drugs, many other routes for
administration exist and these are each considered
in detail. Such routes include parenteral adminis-
tration (injections, infusions, implants), pulmonary
(aerosols), nasal (sprays, drops, semisolids, powders),
topical and transdermal (semisolids, patches, liquids,
powders, wound dressings), ungual (nail lacquers,
liquids), ocular (drops, semisolids, injection,
implants), rectal (suppositories, tablets, capsules,
semisolids, liquids, foams) and vaginal (pessaries,
semisolids, liquids, tampons). For each route,

consideration 1s given to the nature of the
administration site and the formulation require-
ments to localize drug action, or to control absorp-
tion, either to enhance systemic drug efficacy or
minimize systemic adverse effects. The dosage
forms available for delivering drugs by each route
are outlined and particular aspects regarding their
formulation and manufacture are highlighted. The
methods used to characterize and test these dosage
forms, for formulation development and quality
assurance purposes are also detailed.

The final chapters of Part 5 reflect special consid-
erations in dosage form design and manufacture
that result from the needs of specific patient
groups (in particular the elderly and young chil-
dren), drugs of natural (plant) origin (which may
comprise extracts having many complex compo-
nents, potentially of variable composition) and biop-
harmaceutical products. Some of the latter products,
for instance insulin, are long established, whilst
others, such as nucleic acids for gene therapy, offer
exciting therapeutic possibilities for the future. All
are relatively large macromolecules and present par-
ticular formulation and drug delivery challenges. To
meet some of these and indeed other challenges,
pharmaceutical nanotechnology has become estab-
lished in recent years as a means of improving solu-
bility and dissolution rate, protecting drugs from
hostile environments, minimizing adverse effects
and delivering drugs to specific therapeutic targets.
The preparation and properties of various nanom-
edicines, including antibodies, polymer-drug conju-
gates, liposomes, nanoparticles and dendrimers are
considered.

Before finalizing the formulation and packaging of
the dosage form, there must be a clear understand-
ing of the stability of the drug(s) and other additives
in a pharmaceutical product with respect to the
reasons why, and the rates at which, they may
degrade during storage. Aspects of product stability,
stability testing and the selection of appropriate
packaging to minimize deterioration during storage
are considered i Part 6. No product will be stable
indefinitely, and so mechanisms (i.e. the fundamen-
tal chemistry) and kinetics of degradation must be
understood so that a safe and realistic shelf-life for
every product can be determined.

The product pack and any possible interactions
between it and the drug or medicine it contains are
so vitally linked that the final pack should not be
considered as an afterthought. Instead, packaging
considerations should be uppermost in the minds of



formulators as soon as they receive the drug sub-
stance on which to work. The technology of packag-
ing and filling of products is discussed.

The book considers finally the possible routes of
microbiological contamination of medicines and the
ways in which this can be prevented or minimized.
It explains how the presence of preservatives in the
medicine can minimize the consequences of such
contamination.
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At this point the product is considered to be
of appropriate quality for patient use and, once
approved by regulatory authorities, the pharmaceu-
tical technologist passes the product on to another
aspect of pharmacy — the interface with the patient,
1.e. dispensing and pharmacy practice. These disci-
plines are dealt with in other texts.
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Principles of dosage form
design

Drugs are rarely administered as pure chemical sub-
stances alone and are almost always given as

© 2013, Elsevier Ltd

formulated preparations or medicines. These can
vary from relatively simple solutions to complex
drug delivery systems through the use of appropriate
additives or excipients in the formulations. The
excipients provide varied and specialized pharma-
ceutical functions. It 1s the formulation additives
that, amongst other things, solubilize, suspend,
thicken, preserve, emulsify, modify dissolution,
improve the compactability and flavour drug sub-
stances to form various medicines or dosage forms.

The principal objective of dosage form design is
to achieve a predictable therapeutic response to a
drug included in a formulation which is capable of
large-scale manufacture with reproducible product
quality. To ensure product quality, numerous fea-
tures are required: chemical and physical stability,
with suitable preservation against microbial contam-
ination if appropriate, uniformity of dose of drug,
acceptability to users, including both prescriber and
patient, as well as suitable packaging and labelling.
Ideally, dosage forms should also be independent of
patient-to-patient variation, although in practice,
this feature remains difficult to achieve. However,
recent developments are beginning to accommodate
this requirement. These include drug delivery
systems that rely on the specific metabolic activity
of individual patients and implants that respond, for
example, to externally applied sound or magnetic
fields to trigger a drug delivery function.



Consideration should be given to differences in
the bioavailability of drugs and their bio-fate in
patients between apparently similar formulations
and possible causative reasons. In recent years,
increasing attention has therefore been directed
towards eliminating variation in bioavailability char-
acteristics, particularly for medicinal products con-
taining an equivalent dose of a drug substance, as it
is recognized that formulation factors can influence
their therapeutic performance. To optimize the bio-
availability of drug substances, it is often necessary
to carefully select the most appropriate chemical
form of the drug. For example, such selection should
address solubility requirements, drug particle size
and physical form and consider appropriate addi-
tives and manufacturing aids coupled to selecting
the most appropriate administration route(s) and
dosage form(s). Additionally, suitable manufacturing
processes, labelling and packaging are required.

There are numerous dosage forms into which a
drug substance can be incorporated for the conven-
ient and efficacious treatment of a disease. Dosage
forms can be designed for administration by alterna-
tive delivery routes to maximize therapeutic
response. Preparations can be taken orally or
injected, as well as being applied to the skin or
inhaled, and Table 1.1 lists the range of dosage forms
which can be used to deliver drugs by the various
administration routes. However, it is necessary to
relate the drug substance to the clinical indication
beingtreated before the correct combination of drug
and dosage form can be made, since each disease or
illness often requires a specific type of drug therapy.
In addition, factors governing choice of administra-
tion route and the specific requirements of that
route which affect drug absorption need to be taken
into account when designing dosage forms.

Many drugs are formulated into several dosage
forms of varying strengths, each having selected
pharmaceutical characteristics which are suitable for
a specific application. One such drug is the gluco-
corticoid prednisolone used in the suppression of
inflammatory and allergic disorders. Through the
use of different chemical forms and formulation
additives, a range of effective anti-inflammatory
preparations is available, including tablet, enteric-
coated tablet, injections, eye drops and enema. The
extremely low aqueous solubility of the base pred-
nisolone and acetate salt makes these forms useful
in tablet and slowly absorbed intramuscular suspen-
sion injection forms, whilst the soluble sodium phos-
phate salt enables a soluble tablet form and solutions

Table 1.1 Dosage forms available for different
administration routes

Administration Dosage forms

route

Oral Solutions, syrups, suspensions,
emulsions, gels, powders,
granules, capsules, tablets

Rectal Suppositories, ointments, creams,
powders, solutions

Topical Ointments, creams, pastes, lotions,
gels, solutions, topical aerosols,
foams, transdermal patches

Parenteral Injections (solution, suspension,
emulsion forms), implants,
irrigation and dialysis solutions

Respiratory Aerosols (solution, suspension,
emulsion, powder forms),
inhalations, sprays, gases

Nasal Solutions, mhalations

Eye Solutions, omtments, creams

Ear Solutions, suspensions, ointments,

creams

for eye and ear drops, enema and intravenous injec-
tion to be prepared. The analgesic paracetamol is
also available in a range of dosage forms and strengths
to meet the specific needs of the user, including
tablets, dispersible tablets, paediatric soluble tablets,
paediatric oral solution, sugar-free oral solution, oral
suspension, double-strength oral suspension and
suppositories.

In addition, whilst many new drugs based on low
molecular weight organic compounds continue to be
discovered and transformed into medicinal prod-
ucts, the development of drugs from biotechnology
1s increasing and the importance of these therapeu-
tic agents 1s growing. Such active compounds are
macromolecular and of relatively large molecular
weight, and these include materials such as pep-
tides, proteins and viral components. These drug
substances present different and complex challenges
in their formulation and processing into medicines
due to their alternative biological, chemical and
structural properties. Nevertheless, the underlying
principles of dosage form design remain applicable.




At present, these therapeutic agents are principally
formulated into parenteral and respiratory dosage
forms although other routes of administration are
being considered and researched. Delivery of these
biotechnologically-based drug substances via these
routes of administration imposes additional con-
straints upon the selection of appropriate formula-
tion excipients.

It 1s therefore apparent that before a drug sub-
stance can be successfully formulated into a dosage
form, many factors must be considered. These can
be broadly grouped into three categories:

1. biopharmaceutical considerations, including
factors affecting the absorption of the drug
substance from different administration routes

2. drug factors, such as the physical and chemical
properties of the drug substance

3. therapeutic considerations, including
consideration of the clinical indication to be
treated and patient factors.

High-quality and efficacious medicines will be for-
mulated and prepared only when all these factors
are considered and related to each other. This is the
underlying principle of dosage form design.

Biopharmaceutical aspects of
dosage form design

Biopharmaceutics can be regarded as the study of
the relationship between the physical, chemical and
biological sciences applied to drugs, dosage forms
and drug action. Clearly, understanding the princi-
ples of this subject is important in dosage form
design, particularly with regard to drug absorption,
as well as drug distribution, metabolism and excre-
tion. In general, a drug substance must be in solution
before it can be absorbed via absorbing membranes
and epithelia of the skin, gastrointestinal tract
and lungs into body fluids. Drugs are absorbed
in two general ways: by passive diffusion and by
carrier mediated transport mechanisms. In passive
diffusion, which is thought to control the absorption
of many drugs, the process is driven by the concen-
tration gradient existing across the cellular barrier,
with drug molecules passing from regions of high to
low concentration. Lipid solubility and degree of
ionization of the drug at the absorbing site influence
the rate of diffusion. Recent research into carrier
mediated transport mechanisms has provided much
information and knowledge, providing guidance in
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some cases for the design of new drug molecules.
Several specialized transport mechanisms are postu-
lated, including active and facilitated transport.
Once absorbed, the drug can exert a therapeutic
effect either locally or at a site of action remote
from the site of administration. In the latter case,
the drug has to be transported in body fluids (as
shown in Fig. 1.1).

When the dosage form i1s designed to deliver
drugs via the buccal, respiratory, rectal, intramuscu-
lar or subcutaneous routes, the drug passes directly
into the circulation blood from absorbing tissues,
whilst the intravenous route provides the most
direct route of all. When delivered by the oral route,
onset of drug action will be delayed because of
required transit time in the gastrointestinal tract
prior to absorption, the absorption process and
factors associated with hepatoenteric blood circula-
tion. The physical form of the oral dosage form will
also influence absorption rate and onset of action,
with solutions acting faster than suspensions, which
in turn generally act faster than capsules and tablets.
Dosage forms can thus be listed in order of time of
onset of therapeutic effect (see Table 1.2). However,
all drugs irrespective of their delivery route remain
foreign substances to the human body and distribu-
tion, metabolic and elimination processes com-
mence immediately following drug absorption until
the drug is eliminated from the body via the urine,
faeces, saliva, skin or lungs in unchanged or metabo-
lized form.

Table 1.2 Variation in time of onset of action for
different dosage forms

Time of onset Dosage forms

of action

Seconds Intravenous injections

Minutes Intramuscular and subcutaneous
injections, buccal tablets, aerosols,
gases

Minutes to Short-term depot injections,

hours solutions, suspensions, powders,
granules, capsules, tablets,
modified-release tablets

Several hours Enteric-coated formulations

Days to weeks Depot injections, implants

Varies Topical preparations
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Fig. 1.1 « Pathways a drug may take following the administration ofa dosage form by different routes.

Routes of drug administration

The absorption pattern of drugs varies considerably
between individual drug substances as well as
between the different administration routes. D osage
forms are designed to provide the drug in a suitable
form for absorption from each selected route of
administration. The following discussion considers
briefly the routes of drug administration and whilst
dosage forms are mentioned, this 1s intended only
as an introduction since they will be dealt with in
greater detail later in this book.

Oral route

The oral route is the most frequently used route for
drug administration. Oral dosage forms are intended
usually for systemic effects resulting from drug
absorption through the various epithelia and mucosa
of the gastrointestinal tract. A few drugs, however,
are intended to dissolve mm the mouth for rapid
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absorption or for local effect in the tract due to poor
absorption by this route or low aqueous solubility.
Compared with other routes, the oral route is the
simplest, most convenient and safest means of drug
administration. However, disadvantages include
relatively slow onset of action, possibilities of irregu-
lar absorption and destruction of certain drugs by
the enzymes and secretions of the gastrointestinal
tract. For example, insulin-containing preparations
are inactivated by the action of stomach fluids.
Whilst drug absorption from the gastrointestinal
tract follows the general principles described later
in this book, several specific features should be
emphasized. Changes in drug solubility can result
from reactions with other materials present in the
gastrointestinal tract, as for example the interfer-
ence of absorption of tetracyclines through the for-
mation of immsoluble complexes with calcium, which
can be available from foodstuffs or formulation addi-
tives. Gastric emptying time is an important factor
for effective drug absorption from the intestine.



Slow gastric emptying can be detrimental to drugs
inactivated by the gastric juices and can delay
absorption of drugs more effectively absorbed from
the itestine. In addition, since environmental pH
can influence the ionization and lipid solubility of
drugs, the pH change occurring along the gastroin-
testinal tract, from a pH as low as 1 in the stomach
to approximately 7 or 8 in the large intestine, is
important to both the degree and site of drug
absorption. Since membranes are more permeable
to unionized rather than ionized forms and since
most drugs are weak acids or bases, it can be shown
that weak acids, being largely unionized, are well
absorbed from the stomach. In the small intestine
(pH from around 4 to 6.5), with its extremely large
absorbing surface, both weak acids and weak bases
are well absorbed.

The most popular oral dosage forms are tablets,
capsules, suspensions, solutions and emulsions.
Tablets are prepared by compaction and contain
drugs and formulation additives which are included
for specific functions, such as disintegrants which
promote tablet break-up into granules and powder
particles in the gastrointestinal tract, facilitating
drug dissolution and absorption. Tablets are often
coated, either to provide a protective barrier
to environmental factors for drug stability purposes
or to mask unpleasant drug taste, as well as to
protect drugs from the acid conditions of the
stomach (enteric coating). Increasing use is being
made of modified-release tablet products such
as fast-dissolving systems and controlled, delayed
or sustained-release formulations. Benefits of
controlled-release tablet formulations, achieved for
example by the use of polymeric-based tablet cores
or coating membranes, include reduced frequency
of drug-related side-effects and maintaining steady
drug-plasma levels for extended periods; important
when medications are delivered for chronic condi-
tions or where constant levels are required to
achieve optimal efficacy, as in treating angina and
hypertension.

Capsules are solid dosage forms containing drug
and, usually, appropriate filler(s), enclosed in a hard
or soft shell composed primarily of gelatin or other
suitable polymeric material. As with tablets, uni-
formity of dose can be readily achieved and various
sizes, shapes and colours of shell are commercially
available. The capsule shell readily ruptures and dis-
solves following oral administration and in most
cases drugs are released from capsules faster than
from tablets. Recently, increased interest has been
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shown in filling semi-solid and microemulsion for-
mulations into hard gelatin capsules to provide
rapidly dispersing dosage forms for poorly soluble
drugs.

Suspensions, which contain finely divided drugs
suspended in a suitable vehicle, are a useful means
of administering large amounts of drugs that would
be inconvenient if taken in tablet or capsule form.
They are also useful for patients who experience
difficulty in swallowing tablets and capsules and for
paediatric use. Whilst dissolution of drugs is required
prior to absorption, the fine solid particles in a sus-
pension have a large surface area to present to the
gastrointestinal fluids and this facilitates drug dis-
solution thus aiding absorption and thereby the
onset of drug action. Not all oral suspensions,
however, are formulated for systemic effects and
several are designed for local effects in the gastroin-
testinal tract. On the other hand, solutions, includ-
ing formulations such as syrups and linctuses, are
absorbed more rapidly than solid dosage forms or
suspensions since drug dissolution is not required.

Rectal route

Drugs given rectally in solution, suppository or
emulsion form are generally administered for local
rather than systemic effects. Suppositories are solid
forms intended for introduction into body cavities
(usually rectal but also vaginal and urethral) where
they melt, releasing the drug. The choice of supposi-
tory base or drug carrier can greatly influence the
degree and rate of drug release. This route of drug
administration is also indicated for drugs inactivated
by the gastrointestinal fluids when given orally or
when the oral route is precluded, as for example
when a patient is vomiting or unconscious. Drugs
administered rectally enter the systemic circulation
without passing through the liver, an advantage for
drugs significantly inactivated by the liver following
oral route absorption. Disadvantageously, the rectal
route 1s imnconvenient and drug absorption is often
irregular and difficult to predict.

Parenteral route

A drug administered parenterally is one injected via
a hollow needle into the body at various sites and to
varying depths. The three main parenteral routes are
subcutaneous, intramuscular and intravenous. Other
routes, such as intracardiac and intrathecal, are used
less frequently. The parenteral route is preferred
when rapid absorption is essential, as in emergency
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situations or when patients are unconscious or
unable to accept oral medication, and in cases when
drugs are destroyed, inactivated or poorly absorbed
following oral administration. In general, blood
levels attained are more predictable than those
achieved by oral dosage forms.

Injectable preparations are usually sterile solu-
tions or suspensions of drugs in water or other suit-
able physiologically acceptable vehicles. As referred
to previously, drugs in solution are rapidly absorbed
and thus suspension injections are slower acting than
solution injections. In addition, since body fluids are
aqueous, by using drugs suspended in oily vehicles,
a preparation exhibiting slower absorption charac-
teristics can be formulated to give a depot prepara-
tion, providing a reservoir of drug which is slowly
released into the systemic circulation. Such prepara-
tions are administered by intramuscular injection
deep into skeletal muscles (e.g. several penicillin-
containing injections). Alternatively, depot prepara-
tions can be achieved by subcutaneous implants or
pellets, which are compacted or moulded discs of
drug placed in loose subcutaneous tissue under the
outer layers of the skin. Such systems include solid
microspheres, biodegradable polymeric micro-
spheres (e.g. polylactide co-glycollic acid homo- and
copolymers) containing proteins or peptides (e.g.
human growth hormone and leuprolide). More gen-
erally, subcutaneous injections are aqueous solutions
or suspensions which allow the drug to be placed in
the immediate vicinity of blood capillaries. The drug
then diffuses into the capillaries. Inclusion of vaso-
constrictors or vasodilators in subcutaneous injec-
tions will clearly influence blood flow through the
capillaries, thereby modifying the capacity for
absorption. This principle 1s often used in the admin-
istration of local anaesthetics with the vasoconstric-
tor adrenaline, which delays drug absorption.
Conversely, improved drug absorption can result
when vasodilators are included. Intravenous admin-
istration involves injection of sterile aqueous solu-
tions directly into a vein at an appropriate rate.
Volumes delivered can range from a few millilitres,
as In emergency treatment or for hypnotics, up to
litre quantities, as in replacement fluid treatment or
nutrient feeding.

Given the generally negative patient acceptance
of this important route of drug delivery, primarily
associated with pain and inconvenience, recent
developments to help with self-injection by patients
have focused on ‘needle-free’ injection systems and
devices which propel drug in aqueous solution or
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powder form at high velocity directly through the
external layers of the skin.

Topical route

Drugs are applied topically, that is to the skin,
mainly for local action. Whilst this route can also be
used for systemic drug delivery, percutaneous
absorption 1s often poor and erratic, although several
transdermal patches delivering drug for systemic
distribution (e.g. fentanyl patches for severe pain
management and nicotine patches for cessation of
smoking) are available. Drugs applied to the skin for
local effect include antiseptics, antifungals and anti-
inflammatory agents, as well as skin emollients for
protective effects.

Pharmaceutical topical formulations — ointments,
creams and pastes — are composed of drug in a suit-
able semi-solid base which is either hydrophobic or
hydrophilic in character. The bases play an impor-
tant role in determining the drug release character
from the formulation. Ointments are hydrophobic,
oleaginous-based dosage forms, whereas creams are
semi-solid emulsions. Pastes contain more solids
than ointments and thus are stiffer in consistency.
For topical application in liquid form other than
solution, lotions, suspensions of solids in aqueous
solution or emulsions are used.

Application of drugs to other topical surfaces
such as the eye, ear and nose 1s common and oint-
ments, creams, suspensions and solutions are uti-
lized. Ophthalmic preparations are required,
amongst other features, to be sterile. Nasal dosage
forms include solutions or suspensions delivered by
drops or fine aerosol from a spray. Ear formulations
in general are viscous to prolong contact with
affected areas.

Respiratory route

The lungs provide an excellent surface for absorp-
tion when the drug is delivered in gaseous, aerosol
mist or ultrafine solid particle form. For drug parti-
cles presented to the lungs as an aerosol, particle size
largely determines the extent to which they pene-
trate the alveolar region, the zone of rapid absorp-
tion. Drug particles that are in the region 0.5—1 um
diameter reach the alveolar sacs. Particles smaller
than this range are either exhaled or, if larger, depos-
ited upon larger bronchial airways. This delivery
route is particularly useful for the direct treatment
of asthmatic problems, using both powder aerosols
(e.g. salmeterol xinafoate) and pressurized metered



dose aerosols containing the drug in liquefied inert
propellant (e.g. salbutamol sulphate inhaler). Impor-
tantly, this delivery route is being increasingly rec-
ognized as a useful means of administering the
therapeutic agents emerging from biotechnology
requiring systemic distribution and targeted deliv-
ery, such as peptides and proteins.

Drug factors in dosage
form design

Each type of dosage form requires careful study of
the physical and chemical properties of drug sub-
stances to achieve a stable, efficacious product.
These properties, such as dissolution, crystal size
and polymorphic form, solid-state stability and
drug-additive interaction, can have profound effects
on the physiological availability and physical and
chemical stability of the drug. By combining such
information and knowledge with those from phar-
macological and biochemical studies, the most suit-
able drug form and additives can be selected for the
formulation of chosen dosage forms.

Whilst comprehensive property evaluation will
not be required for all types of formulations, those
properties which are recognized as important in
dosage form design and processing are listed in Table
1.3. Also listed in Table 1.3 are the stresses to which
the formulation might be exposed during processing
and manipulation into dosage forms, as well as the
procedures involved. Variations in physicochemical
properties, occurring for example between batches
of the same material or resulting from alternative
treatment procedures, can modify formulation
requirements as well as processing and dosage form
performance. For instance, the fine milling of poorly
aqueous soluble drug substances can modify their
wetting and dissolution characteristics, important
properties during granulation and product perform-
ance respectively. Careful evaluation of these prop-
erties and understanding of the effects of these
stresses upon these parameters are therefore impor-
tant in dosage form design and processing as well as
product performance.

Particle size and surface area

Particle size reduction results in an increase in the
specific surface (i.e. surface area per unit weight) of
powders. Drug dissolution rate, absorption rate,
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Table 1.3 Properties of drug substances important
in dosage form design and potential stresses
occurring during processes, with range of
manufacturing procedures

Properties Processing Manufacturing

stresses procedures
Particle size, Pressure Precipitation
SUACE ated Mechanical Hiltration
Partlc.le surface Radiation Emulsification
chemistry

t Millin
Solubility ]]?(E fdssure ° e
_ ! Mixing

Dissolution

Exposure to Drvi
Partition gases and .
coefficient liquid vapours Granulation
Ionization constant Temperature Compaction
Crystal properties, Autoclaving
polymorphism Crystallization
Stability Handling
Organoleptic Storage

dosage form content uniformity and stability are all
dependent to varying degrees on particle size, size
distribution and interactions of solid surfaces. In
many cases, for both drugs and additives, particle
size reduction 1s required to achieve the desired
physicochemical characteristics.

It 1s now generally recognized that poorly aqueous
soluble drugs showing a dissolution rate-limiting
step in the absorption process will be more readily
bioavailable when administered in a finely sub-
divided form with a larger surface than as a
coarse material. Examples include griseofulvin, tol-
butamide, indomethacin and nifedipine. The fine
material, often of micrometre or submicrometre
(nanometre) size, with large specific surface, dis-
solves at faster rates which can lead to improved
drug absorption by passive diffusion. With many of
the new drugs beingintroduced exhibiting extremely
low aqueous solubility, alternative formulation strat-
egies to enhance drug dissolution are being used,
such as co-precipitates of drug and adjuvant parti-
cles, complexation with hydrophilic polymers or
oligosaccharides, or the formation of co-crystals
with hydrophilic templating compounds.
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Rates of drug dissolution can be adversely
affected, however, by unsuitable choice of formula-
tion additives, even though solids of appropriate
particle size are used. Tableting lubricant powders,
for example, can impart hydrophobicity to a formu-
lation and inhibit drug dissolution. Fine powders can
also increase air adsorption or static charge, leading
to wetting or agglomeration problems. Micronizing
drug powders can lead to changes in crystallinity and
particle surface energy which cause reduced chemi-
cal stability. Drugparticle size also influences content
uniformity in solid dosage forms, particularly for
low-dose formulations. It is important in such cases
to have as many particles as possible per dose to
minimize potency variation between dosage units.
Other dosage forms are also affected by particle
size, including suspensions (for controlling flow
properties and particle interactions), inhalation aer-
osols (for optimal penetration of drug particles to
absorbing mucosa) and topical formulations (for
freedom from grittiness).

Solubility

All drugs, regardless of their administration route,
must exhibit at least limited aqueous solubility
for therapeutic efficacy. Thus relatively insoluble
compounds can exhibit erratic or incomplete absor-
ption, and it might be appropriate to use a more
soluble salt or other chemical derivatives. Alter-
natively, micronizing, complexation or solid disper-
sion techniques might be employed. Solubility, and
especially degree of saturation in the vehicle, can
also be important in the absorption of drugs already
in solution in liquid dosage forms, since precipita-
tion in the gastrointestinal tract can occur, modify-
ing bioavailability.

Solubilities of acidic or basic compounds are
pH-dependent and can be altered by forming salts,
with different salts exhibiting different equilibrium
solubilities. However, the solubility of a salt of a
strong acid 1s less affected by changes mm pH than
the solubility of a salt of a weak acid. In the latter
case, when pH is lower, the salt hydrolyses to an
extent dependent on pH and pK,, resulting in
decreased solubility. Reduced solubility can also
occur for slightly soluble salts of drugs through the
common 1on effect. If one of the ions involved is
added as a different, more soluble salt, the solubility
product can be exceeded and a portion of the drug
precipitates.
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Dissolution

As mentioned above, for a drug to be absorbed it
must first be dissolved in the fluid at the site of
absorption. For example, an orally administered
drug in tablet form is not absorbed until drug parti-
cles are dissolved or solubilized by the fluids at some
point along the gastrointestinal tract, depending on
the pH-solubility profile of the drug substance. Dis-
solution describes the process by which the drug
particles dissolve.

During dissolution, the drug molecules in the
surface layer dissolve, leading to a saturated solution
around the particles to form the diffusion layer.
Dissolved drug molecules then pass throughout
the dissolving fluid to contact absorbing mucosa
and are absorbed. Replenishment of diffusing
drug molecules in the diffusion layer is achieved
by further drug dissolution and the absorption
process continues. If dissolution is fast or the drug
remains in solution form, the rate of absorption is
primarily dependent upon its ability to traverse the
absorbing membrane. If, however, drug dissolution
is slow due to its physicochemical properties or for-
mulation factors, then dissolution may be the rate-
limiting step in absorption and influences drug
bioavailability. The dissolution of a drug is described
in a simpliied manner by the Noyes—Whitney
equation:

dm
—=kA(Cs—C
1 (Cs —C)
(1.1)
dm . . . : . .
where m 1s the dissolution rate, & 1s the dissolution
4

rate constant, 4 is the surface area of dissolving solid,
Cs 1s the drug’s solubility and C 1s the concentration
of drug in the dissolution medium at time ¢. The
equation reveals that dissolution rate can be raised
by increasing the surface area (reducing particle size)
of the drug, by increasing the solubility of the drug
in the diffusion layer and by increasing £ which in
this equation incorporates the drug diffusion coef-
ficient and the diffusion layer thickness. During the
early phases of dissolution, C's > C and if the surface
area, A, and experimental conditions are kept con-
stant then £ can be determined for compacts con-
taining drug alone. The constant k£ is termed the
intrinsic dissolution rate constant and is a character-
istic of each solid drug compound in a given solvent
under fixed hydrodynamic conditions.



Drugs with & values below 0.1 mg' cm * usually
exhibit dissolution rate-limiting absorption. Particu-
late dissolution can also be examined where an
effort 1s made to control A, and formulation effects
can be studied.

Dissolution rate data, when combined with solu-
bility, partition coefficient and pK, results, provide
an insight into the potential in vivo absorption char-
acteristics of a drug. However, in vitro tests only
have significance when they are related to in vivo
results. Once such a relationship has been estab-
lished, in vitro dissolution tests can be used as a
predictor of in vivo behaviour. The importance of
dissolution testing has been widely recognized by
official compendia, as well as drug regulatory author-
ities, with the inclusion of dissolution specifications
using standardized testing procedures for a range of
preparations.

A guide for predicting the intestinal absorption of
drugs for orally administered medicines based on
the solubility, dissolution and permeability of drugs,
the Biopharmaceutics Classification System (BCS)
was established in 1995. This system has proved
extremely useful in aiding the design of oral medi-
cines and has recently been extended to incorporate
drug absorption and transport and the effects of
metabolism.

Partition coefficient and pKk,

As pomted out earlier, for relatively mmsoluble com-
pounds the dissolution rate is often the rate-
determining step in the overall absorption process.
Alternatively, for soluble compounds the rate of per-
meation across biological membranes is the rate-
determining step. Whilst dissolution rate can be
changed by modifying the physicochemical proper-
ties of the drugand/or altering the formulation com-
position, the permeation rate is dependent upon the
size, relative aqueous and lipid solubility and ionic
charge of drug molecules, factors which can be
altered through molecular modifications. The
absorbing membrane acts as a lipophilic barrier to
the passage of drugs which is related to the lipophilic
nature of the drug molecule. The partition coeffi-
cient, for example between oil and water, is a
measure of lipophilic character.

The majority of small molecular weight drugs are
weak acids or bases and, depending on the pH, exist
in an 1onized or unionized form. Membranes of
absorbing mucosa are more permeable to unionized
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forms of drugs than to ionized species because of
the greater lipid solubility of the unionized forms
and the highly charged nature of the cell membrane
which results in the binding or repelling of the
ionized drug, thereby decreasing penetration.

The dominating factors that therefore influence
the absorption of weak acids and bases are the pH
at the site of absorption and the lipid solubility of
the unionized species. These factors, together with
the Henderson—Hasselbalch equations for calculat-
ing the proportions of ionized and unionized species
at a particular pH, constitute the pH-partition
theory for drug absorption. However, these factors
do not describe completely the process of absorp-
tion since certain compounds with low partition
coefficients and/or which are highly ionized over
the entire physiological pH range show good bioa-
vailability and therefore other factors are clearly
involved.

Crystal properties: polymorphism

Practically all drug substances are handled in powder
form at some stage during manufacture into dosage
forms. However, for those substances composed of,
or containing, powders or compacted powders in the
finished product, the crystal properties and solid-
state form of the drug must be carefully considered.
It 1s well recognized that drug substances can be
amorphous (i.e. without regular molecular lattice
arrangements), crystalline, anhydrous, at various
degrees of hydration or solvated with other
entrapped solvent molecules, as well as varying in
crystal hardness, shape and size. In addition, many
drug substances can exist in more than one form
with different molecular packing arrangements in
the crystal lattice. This property is termed polymor-
phism and different polymorphs may be prepared
by manipulation of conditions of particle formation
during crystallization such as solvent, temperature
and rate of cooling. It is known that only one form
of a pure drug substance is stable at a given tem-
perature and pressure, with the other forms, termed
metastable, converting at different rates to the
stable crystalline form. The different polymorphs
vary in physical properties such as dissolution and
solid-state stability, as well as processing behaviour
in terms of powder flow and compaction during
tableting in some cases.

These different crystalline forms can be of con-
siderable importance in relation to ease or difficulty
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of formulation and as regards stability and biologi-
cal activity. As might be expected, higher dissolu-
tion rates are obtained for metastable polymorphic
forms; for example, the alternative polymorphic
forms of rifaximin exhibit different in vitro disso-
lution rates and bioavailability. In some cases, amor-
phous forms are more active than crystalline forms.

The polypeptide hormone insulin, widely used in
the regulation of carbohydrate, fat and protein
metabolism, also demonstrates how differingdegrees
of activity can result from the use of different crys-
talline forms of the same agent. In the presence of
acetate buffer, zinc combines with isulin to form
an extremely insoluble complex of the protein-
aceous hormone. This complex i1s an amorphous
precipitate or crystalline product depending on envi-
ronmental pH. The amorphous form, containing
particles of no uniform shape and smaller than 2 pm,
is absorbed following intramuscular or subcutaneous
injection and has a short duration of action, whilst
the crystalline product, consisting of 1040 pm
sized rhombohedral crystals, is more slowly absorbed
and has a longer duration of action. Insulin prepara-
tions which are intermediate in duration of action
are prepared by taking physical mixtures of these
two products.

Polymorphic transitions can also occur during
milling, granulating, drying and compacting opera-
tions (e.g. transitions during milling for digoxin and
spironolactone). Granulation can result in solvate
formation or, during drying a solvent or water
molecule(s) may be lost to form an anhydrous mate-
rial. Consequently, the formulator must be aware of
these potential transformations which can result in
undesirable modified product performance, even
though routine chemical analyses may not reveal any
changes. Reversion from metastable forms, if used,
to the stable form may also occur during the lifetime
of the product. In suspensions, this may be accom-
panied by changes in the consistency of the prepara-
tion which affects its shelf-life and stability. Such
changes can often be prevented by additives, such
as hydrocolloids and surface-active agents.

Stability

The chemical aspects of formulation generally
centre on the chemical stability of the drug and its
compatibility with the other formulation ingredi-
ents. In addition, it should be emphasized that the
packaging of the dosage form 1s an important factor
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contributing to product stability and must be an
integral part of stability testing programmes. It has
been mentioned previously that one of the princi-
ples of dosage form design is to ensure that the
chemical integrity of drug substances 1s maintained
during the usable life of the product. At the same
time, chemical changes involving additives and any
physical modifications to the product must be care-
fully monitored to optimize formulation stability.

In general, drug substances decompose as a result
of the effects of heat, oxygen, light and moisture.
For example, esters such as aspirin and procaine are
susceptible to solvolytic breakdown, whilst oxida-
tive decomposition occurs for substances such as
ascorbic acid. Drugs can be classified according to
their sensitivity to breakdown:

1. stable in all conditions (e.g. kaolin)
2. stable if handled correctly (e.g. aspirin)

3. only moderately stable even with special
handling (e.g. vitamins)

4. very unstable (e.g. certain antibiotics in solution
form).

Whilst the mechanisms of solid-state degradation
are complex and often difficult to analyse, a full
understanding is not a prerequisite in the design of
asuitable formulation containing solids. For example,
in cases where drug substances are sensitive to
hydrolysis, steps such as minimum exposure to
moisture during preparation, low moisture content
specifications in the final product and moisture-
resistant packaging can be used. For oxygen-sensitive
drugs, antioxidants can be included in the formula-
tion and, as with light-sensitive materials, suitable
packaging can reduce or eliminate the problem. For
drugs administered in liquid form, the stability in
solution as well as the effects of pH over the physi-
ological range of 1-8 should be understood. Buffers
may be required to control the pH of the prepara-
tion to improve stability; where liquid dosage forms
are sensitive to microbial attack, preservatives are
required.

In these formulations, and indeed in all dosage
forms incorporating additives, it 1s also important to
ensure that the components, which may include
additional drug substances as in multivitamin prepa-
rations, do not produce chemical interactions them-
selves. Interactions between drug(s) and added
excipients such as antioxidants, preservatives, sus-
pending agents, colourants, tablet lubricants and
packaging materials do occur and must be checked
for during the design of formulations. Over recent



years, data from thermal analysis techniques, par-
ticularly microcalorimetry and differential scan-
ning calorimetry (DSC), when critically examined,
have been found useful in rapid screening for pos-
sible drug-additive and drug-drug interactions. For
example, DSC has revealed that the widely used
tableting lubricant magnesium stearate interacts
with aspirin and should be avoided in formulations
containing this drug.

Organoleptic properties

Modern medicines require that pharmaceutical
dosage forms are acceptable to the patient. Unfor-
tunately, many drug substances in use today are
unpalatable and unattractive in their natural state
and dosage forms containing such drugs, particularly
oral preparations, may require the addition of
approved flavours and/or colours.

The use of flavours applies primarily to liquid
dosage forms intended for oral administration. Avail-
able as concentrated extracts, solutions, adsorbed
onto powders or microencapsulated, flavours are
usually composed of mixtures of natural and syn-
thetic materials. The taste buds of the tongue
respond quickly to bitter, sweet, salt or acid ele-
ments of a flavour. Unpleasant taste can be over-
come by using water-insoluble derivatives of drugs
which have little or no taste. An example is the use
of amitriptyline pamoate, although other factors,
such as bioavailability, must remain unchanged. If an
mnsoluble derivative is unavailable or cannot be used,
a flavour or perfume can be used. However, unpleas-
ant drugs in capsules or prepared as coated particles
or tablets may be easily swallowed, avoiding the
taste buds.

Selection of flavour depends upon several factors
but particularly on the taste of the drug substance.
Certain flavours are more effective at masking
various taste elements; for example, citrus flavours
are frequently used to combat sour or acid-tasting
drugs. Solubility and stability of the flavour in the
vehicle are also important. In addition, the age of
the intended patient should also be considered,
since children for example prefer sweet tastes, as
well as the psychological links between colours and
flavours (e.g. yellow colour is associated with lemon
flavour). Sweetening agents may also be required to
mask bitter tastes. Sucrose continues to be used but
alternatives, such as sodium saccharin which 1s 200—
700 times sweeter depending on concentration, are
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available. Sorbitol i1s recommended for diabetic
preparations.

Colours are employed to standardize or improve
an existing drug colour, to mask a colour change or
complement a flavour. Whilst colours are obtained
both from natural sources (e.g carotenoids) or syn-
thesized (e.g amaranth), the majority used are syn-
thetically produced. Dyes may be aqueous (e.g
amaranth) or oil soluble (e.g. Sudan IV) or insoluble
in both (e.g. aluminium lakes). Lakes, which are
generally calcium or aluminium complexes of water-
soluble dyes, are particularly useful in tablets and
tablet coatings because of greater stability to light
than corresponding dyes, which also vary in their
stability to pH and reducing agents. However, in
recent years, the inclusion of colours in formulations
has become extremely complex because of the
banning of many traditionally used colours in many
countries.

Other drug properties

At the same time as ensuring that dosage forms are
chemically and physically stable and are therapeuti-
cally efficacious, it is also relevant to establish that
the selected formulation is capable of efficient and,
in most cases, large-scale manufacture. In addition
to those properties previously discussed such as par-
ticle size and crystal form, other characteristics such
as hygroscopicity, flowability and compactability are
particularly valuable when preparing solid dosage
forms where the drugs constitute a large percentage
of the formulation. Hygroscopic drugs can require
low moisture manufacturing environments and need
to avoid water during preparation. Poorly flowing
formulations may require the addition of flow agents
(e.g. fumed silica). Studies of the compactability of
drug substances are frequently undertaken using
instrumented tablet machines in formulation labo-
ratories to examine the tableting potential of the
material in order to foresee any potential problems
during compaction, such as lamination or sticking,
which may require modification of the formulation
or processing conditions.

Therapeutic considerations in
dosage form design

The nature of the clinical indication, disease or
illness for which the drugis intended is an important
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factor when selecting the range of dosage forms to
be prepared. Factors such as the need for systemic
or local therapy, duration of action required, and
whether the drug will be used in emergency situa-
tions, need to be considered. In the vast majority of
cases a single drug substance is prepared into a
number of dosage forms to satisfy both the particu-
lar preferences of the patient or physician and the
specific needs of a certain clinical situation. For
example, many asthmatic patients use inhalation
aerosols, from which the drug is rapidly absorbed
into the systematic circulation following deep inha-
lation for rapid emergency relief, and oral products
for chronic therapy.

Patients requiring urgent relief from angina pec-
toris, a coronary circulatory problem, place tablets
of nitroglycerin sublingually. This gives rapid drug
absorption directly into the blood capillaries under
the tongue. Thus, whilst systemic effects are gener-
ally obtained following oral and parenteral drug
administration, other routes can be employed as the
drug and situation demand. Local effects are gener-
ally restricted to dosage forms applied directly, such
as those applied to the skin, ear, eye, throat and
lungs. Some drugs may be well absorbed by one
route and not another and must therefore be con-
sidered individually.

The age of the patient also plays a role in defining
the types of dosage forms made available. Infants
generally prefer liquid dosage forms, usually solu-
tions and mixtures, given orally. Also, by having
liquid preparations, the amount of drug adminis-
tered can be readily adjusted by dilution to give the
required dose for the particular patient, taking
weight, age and patient’s condition into account.
Children can have difficulty in swallowing solid
dosage forms and for this reason many oral prepara-
tions are prepared as pleasantly flavoured syrups or
mixtures. Adults generally prefer solid dosage forms,
primarily because of their convenience. However,
alternative liquid preparations are usually available
for those unable to take tablets and capsules.

Interest has grown in the design of drug-containing
formulations which deliver drugs to specific ‘targets’
in the body, for example the use of liposomes and
nanoparticles, as well as providing drugs over longer
periods of time at controlled rates. Alternative
technologies for preparing particles with required
properties — crystal engineering — provide new
opportunities. Supercritical fluid processing using
carbon dioxide as a solvent or anti-solvent is
one such method, allowing fine tuning of crystal

18

properties and particle design and fabrication.
Undoubtedly, these new technologies and others, as
well as sophisticated formulations, will be required
to deal with the advent of gene therapy and the
need to deliver such labile macromolecules to spe-
cific targets and cells in the body. Interest is also
likely to be directed to individual patient require-
ments such as age, weight and physiological and
metabolic factors, features which can influence drug
absorption and bioavailability, and the increasing
application of diagnostic agents will play a key role
in this area.

Other areas of innovation in formulation science
responding to drug regulatory agency requirements
in applications for marketing authorization of medi-
cines are emerging, such as the concepts of ‘compu-
tational pharmaceutics’. This topic incorporates 1)
the use of in-silico procedures to predict drug sub-
stance properties, and ii) decision making and opti-
mization tools, such as experimental design, artificial
intelligence and neural computing. All of these can
facilitate faster and rational design of formulations
and manufacturing processes.

Summary

This chapter has demonstrated that the formulation
of drugs into dosage forms requires the interpreta-
tion and application of a wide range of information
and knowledge from several study areas. Whilst
the physical and chemical properties of drugs and
additives need to be understood, the factors influ-
encing drug absorption and the requirements of the
disease to be treated also have to be taken into
account when identifying potential delivery routes.
The formulation and associated preparation of
dosage forms demand the highest standards with
careful examination, analysis and evaluation of wide-
ranging information by pharmaceutical scientists to
achieve the objective of creating high-quality, safe
and efficacious dosage forms.
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Part 1: scientific principles of dosage form design
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Dissolution and solubility

Michael E. Aulton

KEY POINTS

* Dissolution rate and solubility are two separate
properties. While a chemical with a fast
dissolution rate often has a high solubility (and
vice versa), this 1s not always the case. The
differences are explained in the chapter.

* The process of dissolution involves a molecule,
ion or atom of a solid entering a liquid phase in
which the solid is iImmersed.

* The rate of dissolution 1s controlled either by the
speed of removal of the molecule, ion or atom
from the solid surface or by the rate of diffusion
of that moiety through a boundary layer that
surrounds the solid.

* Various factors influence the rate of diffusion of
a solute through boundary layers. Some of
these may be manipulated by the formulator.

* It is important for the formulator to be aware of
the parameters which affect the solubility of a
solid in a liquid phase.

* The dissolution rate and solubility of solids m
liquids, gases in liquids and liquids in liquids are
each important to pharmaceutical science and
these are discussed.

Introduction

Solutions are encountered frequently in pharmaceu-
tical development, either as a dosage form in their
own right or as a clinical trials material. Additionally,
almost all drugs function in solution in the body.



This chapter discusses the principles underlying
the formation of solutions from solute and solvent
and the factors that affect the rate and extent of
the dissolution process. This process will be dis-
cussed particularly in the context of a solid dissolv-
ing in a liquid as this is the situation most likely
to be encountered in the formation of a drug
solution, either during manufacturing or during drug
delivery.

Further properties of solutions are discussed in
Chapter 3 and 24. Because of the number of prin-
ciples and properties that need to be considered, the
contents of each of these chapters should only be
regarded as introductions to the various topics. The
student 1s encouraged, therefore, to refer to the
bibliography cited at the end of each chapter in
order to augment the present contents. The text-
book written by Florence & Attwood (2011) is rec-
ommended particularly. It uses a large number of
pharmaceutical examples to aid in the understand-
ing of physicochemical principles.

Definition of terms

This chapter will begin by clarifying some of the key
terms relevant to solutions.

Solution, solubility and dissolution

A solution may be defined as a mixture of two or
more components that form a single phase that is
homogeneous down to the molecular level. The
component that determines the phase of the solu-
tion 1s termed the solvent; it usually (but not neces-
sarily) constitutes the largest proportion of the
system. The other component(s) are termed
solute(s) and these are dispersed as molecules or
ions throughout the solvent, i.e. they are said to be
dissolved in the solvent.

The transfer of molecules or ions from a solid
state into solution is known as dissolution. Funda-
mentally, this process is controlled by the relative
affinity between the molecules of the solid sub-
stance and those of the solvent. The extent to which
the dissolution proceeds under a given set of experi-
mental conditions is referred to as the solubility of
the solute in the solvent. The solubility of a sub-
stance 1s the amount of 1t that passes into solution
when equilibrium is established between the solute
in solution and the excess (undissolved) substance.
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The solution that is obtained under these conditions
1s said to be saturated. A solution with a concentra-
tion less than that at equilibrium is said to be sub-
saturated. Solutions with a concentration greater
than equilibrium can be obtained in certain condi-
tions; these are known as supersaturated solutions.

Since the above definitions are general ones,
they may be applied to all types of solution involving
any of the three states of matter (gas, liquid, solid)
dissolved in any of the three states of matter, i.e.
solid-in-liquid, liquid-in-solid, liquid-in-liquid, solid-
in-vapour, etc. However, when the two components
forming a solution are either both gases or both
liquids, then 1t 1s more usual to talk in terms of
miscibility rather than solubility. Other than the
name, all principles are the same.

One point to emphasize at this stage is that the
rate of solution (dissolution rate) and amount which
can be dissolved (solubility) are not the same and
are not necessarily related. In practice, high drug
solubility is usually associated with a high dissolu-
tion rate, but there are exceptions; an example is
the commonly used film-coating material hydroxy-
propyl methylcellulose (HPMC) which is very water
soluble yet takes many hours to hydrate and
dissolve.

Process of dissolution

Dissolution mechanisms

The majority of drugs and excipients are crystalline
solids. Liquid, semi-solid and amorphous solid drugs
and excipients do exist but these are in the minority.
For now, we will restrict our discussion to dissolu-
tion of crystalline solids into liquid solvents. Also,
to simplify the discussion, it will be assumed that
the drugis molecular in nature. The same discussion
applies to ionic drugs. Again, to avoid undue repeti-
tion in the explanations that follow, it can be assumed
that most solid crystalline materials, whether drugs
or excipients, will dissolve in a similar manner.

The dissolution of a solid in a liquid may be regar-
ded as being composed of two consecutive stages.

1. First is an interfacial reaction that results in the
liberation of solute molecules from the solid
phase to the liquid phase. This involves a phase
change so that molecules of solid become
molecules of solute in the solvent in which the
crystal 1s dissolving.

21



PART ONE

2. After this, the solute molecules must migrate
through the boundary layers surrounding the
crystal to the bulk of solution.

These stages, and the associated solution concentra-
tion changes, are illustrated in Figure 2.1.

These two stages of dissolution are now discussed
in turn.

Interfacial.reaction

Leaving the surface. Dissolution involves the
replacement of crystal molecules by solvent mole-
cules. This 1s illustrated in Figure 2.2.

The process of the removal of drug molecules
from a solid, and their replacement by solvent mol-
ecules, is determined by the relative affinity of the
various molecules involved. The solvent/solute
forces of attraction must overcome the cohesive
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Fig. 2.1 » Diagram of boundary layers and
concentration change surrounding a dissolving particle.
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Fig. 2.2 « Schematic representation of the replacement
of crystal molecules with solvent molecules during
dissolution.
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forces of attraction between the molecules of the
solid.

Moving into the liquid. On leaving the solid
surface, the drug molecule must become incorpo-
rated in the liquid phase, 1.e. within the solvent.
Liquids are thought to contain a small amount of
so-called ‘“free volume’. This can be considered to be
in the form of ‘holes’ that, at a given instant, are not
occupied by the solvent molecules themselves (this
point is discussed further in Chapter 3). Individual
solute molecules are thought to occupy these ‘holes’,
as shown in Figure 2.3.

The process of dissolution may be considered,
therefore, to involve the relocation of solute mole-
cules from an environment where they are sur-
rounded by other identical molecules, with which
they form intermolecular attractions, into a cavity
in a liquid where they are surrounded by non-
identical molecules, with which they may interact
to different degrees.

Diffusion.through.the.boundary.layer

This step involves transport of the drug molecules
away from the solid/liquid interface into the bulk of
the liquid phase under the influence of diffusion or
convection. Boundary layers are static or slow-
moving layers of liquid that surround all solid sur-
faces that are surrounded by liquid (discussed
further later in this chapter and in Chapter 6). Mass
transfer takes place more slowly (usually by diffu-
sion; Chapter 3) through these static or slow-moving
layers that inhibit the movement of solute molecules
from the surface of the solid to the bulk of the solu-
tion. The solution in contact with the solid will be
saturated (because it is in direct contact with undis-
solved solid). During diffusion, the concentration of
the solution in the boundary layers changes from
being saturated (Cs) at the crystal surface to being
equal to that of the bulk of the solution (C) at its
outermost limit, as shown in Figure 2.1.
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Fig. 2.3 » The theory of cavity creation in the mechanism
of dissolution.



Energy/work changes during
dissolution

In order for the process of dissolution to occur spon-
taneously at a constant pressure, the accompanying
change in free energy or Gibbs free energy (AG)
must be negative. The free energy (G) 1s a measure
of the energy available to the system to perform
work. Its value decreases during a spontaneously
occurring process until an equilibrium position is
reached when no more energy can be made availa-
ble, i.e. AG = 0 at equilibrium.

In most cases heat is absorbed when dissolution
occurs and the process is usually defined as an endo-
thermic one. In some systems, where marked affin-
ity between solute and solvent occurs, the overall
enthalpy change becomes negative so that heat is
evolved and the process is an exothermic one.

Dissolution rates of solids
in liquids

Like any reaction that involves consecutive stages,
the overall rate of dissolution will be dependent on
which of these steps i1s the slowest (the rate-
determining or rate-limiting step). In dissolution, the
interfacial step (as described above) is virtually
instantaneous and so the rate of dissolution will
most frequently be determined by the rate of the
slower step of diffusion of dissolved solute through
the static boundary layer of liquid that exists at a
solid/liquid interface. On the rare occasions when
the release of the molecule from the solid into solu-
tion 1s slow and the transport across the boundary
layer to the bulk solution is faster, dissolution is said
to be interfacially controlled.

The rate of diffusion will obey Fick’s Law of
Diffusion. Fick’s Law states that the rate of change
in concentration of dissolved material with time
1s directly proportional to the concentration differ-
ence between the two sides of the diffusion
layer, 1.e.:

4€ Hac
dt
2.1)
or
4€ _ kac
dt
(2.2)
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where C is the concentration of solute in solution at
any point and at time ¢, and the constant & is the
rate constant (s'). The energy difference between
the two concentration states provides the driving
force for the diffusion.

In the present context, AC 1s the difference in
concentration of solution at the solid surface (C))
and the bulk of the solution (C,). At equilibrium,
the solution in contact with the solid (C,) will be
saturated (concentration = Cg) as discussed above.
Thus AC=C, - C,=Cs—C.

If C, 1s less than saturated, the molecules will
move from the solid to the bulk (as during dissolu-
tion). If the concentration of the bulk (C,) is greater
than this, the solution is referred to as supersatu-
rated and movement of solid molecules will be in
the direction of bulk solution to surface (as occurs
during crystallization).

An equation known as the Noyes—Whitney equa-
tion was developed to define the dissolution from a
single spherical particle. This equation has found
great usefulness in the estimation or prediction of
the dissolution rate of pharmaceutical particles. The
rate of mass transfer of solute molecules or ions
through a static diffusion layer (dm/d¢) is directly
proportional to the area available for molecular or
lonic migration (A4), the concentration difference
(AC) across the boundary layer and is inversely pro-
portional to the thickness of the boundary layer ().

This relationship is shown in Equation 2.3 and in
a slightly modified form in Equation 2.4.

dm kKAAC
dt  h
(2.3)
dm  kA(Cs—C)
dt h
(2.4)

The constant k, is known as the diffusion coeff cient.
It i1s commonly given the symbol D and has the units
of m?/s.

If the volume of the solvent is large, or solute is
removed from the bulk of the dissolution medium
by some process at a faster rate than it passes into
solution, then C remains close to zero and the term
(Cs — C) m Equation 2.4 may be approximated to
Cs. In practice, if the volume of the dissolution
medium 1s so large that C is not allowed to exceed
10% of the value of Cg, then the same approxima-
tion may be made. In either of these circumstances
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dissolution is said to occur under ‘sink’ conditions
and Equation 2.4 may be simplified to:

dm _ DA CS
dt h

(2.5)

Sink conditions may arise in vivo when a drug is
absorbed into the body from its solution in the gas-
trointestinal fluids at a faster rate than it dissolves
in those fluids from a solid dosage form, such as a
tablet. The phrase is illustrative of the solute mol-
ecules ‘disappearing down a sink’!

If solute is allowed to accumulate in the dissolu-
tion medium to such an extent that the above
approximation is no longer valid, i.e. when C >
(Cs/10), then ‘non-sink’ conditions are said to be in
operation. When C builds up to such an extent that
it equals Cg, 1.e. the dissolution medium is saturated
with solute, it is clear from Equation 2.4 that the
overall rate of dissolution will be zero.

Factors affecting the rate
of dissolution

The various factors that affect the in vitro rate of
diffusion-controlled dissolution of solids into liquids

can be predicted by examination of the Noyes—
Whitney equation (Eqns 2.3 or 2.4). Most of the
effects of these factors are included in the summary
given in Table 2.1.

Clearly, increases in those factors on the top of
the right-hand side of the Noyes—Whitney equation
will increase the rate of diffusion (and therefore rate
of dissolution) and increases in factors at the bottom
of the equation will result in a decreased rate of
dissolution. The opposite situation obviously applies
regarding a reduction in these parameters. Each of
these is discussed briefly below.

Surface.area.of.undissolved.solid.(A)

Size of solid particles. The surface area of isodia-
metric particles is inversely proportional to their
particle size. Much practical evidence exists to show
that, in general, milling or other means of particle
size reduction will increase the rate of dissolution of
sparingly soluble drugs. An added complication is
that particle size will change during the dissolution
process, because large particles will become smaller
and small particles will eventually disappear. This
effect 1s shown in Figure 2.4.

Compacted masses of solid may also disintegrate
into smaller particles, thus increasing the surface
area available for dissolution as the disintegration

Table 2.1 Factors affecting in-vitro dissolution rates of solids in liquids

Term in Noyes—Whitney equation (Eqn 2.4)

Affected by

A surface area of undissolved solid
(Rate of dissolution increases proportionally with
increasing A)

Size of solid particles (A increases with particle size reduction)
Dispersibility of powdered solid in dissolution medium
Porosity of solid particles

Gs: saturated solubility of solid in dissolution medium
(Rate of dissolution increases proportionally with
increasing difference between G5 and C. Thus high
(G speeds up dissolution rate)

Temperature
Nature of dissolution medium
Mbolecular structure of solute

Grystalline form of solid
Presence of other compounds

C: concentration of solute in solution at time t

(Rate of dissolution increases proportionally with
mcreasing difference between G and C. Thus low C
speeds up dissolution rate)

Volume of dissolution medium (increased volume
decreases C)

Any process that removes dissolved solute from the
dissolution medium (hence decreasing C)

k: dissolution rate constant

Diffusion coefficient D of solute in the dissolution medium
VMscosity of medium

h: thickness of boundary layer
(Rate of dissolution decreases proportionally with
increasing boundary layer thickness)
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Degree of agitation of dissolution medium (increased agitation
decreases boundary layer thickness).
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Fig. 2.4 » The reduction in surface area and volume
during the dissolution of a spherical particle.

process progresses. (This effect 1s shown in Figure
30.7 and explained further in the associated
discussion.)

Dispersibility of powdered solid in dissolution
medium. If solid particles form cohered masses in
the dissolution medium, then the surface area avail-
able for dissolution is reduced. This effect may be
overcome by the addition of a wetting agent to
improve the dispersion of the solid into primary
powder particles.

Porosity of solid particles. Pores in some materi-
als, particularly granulated ones, may be large enough
to allow access of the dissolution medium and
outward diffusion of dissolved solute molecules.

Solubility.of.solid.m.dissolution..
medium.(Cy)

Temperature. Dissolution may be an exothermic
or an endothermic process and so temperature
changes will influence the energy balance and thus
the energy available to promote dissolution.

Nature of dissolution medium. Factors such as
solubility parameters, pH and presence of cosol-
vents will affect the rate of dissolution.

Molecular structure of solute. Factors such as
the use of salts of either weakly acidic or weakly
basic drugs, or esterification of neutral compounds,
can influence solubility and dissolution rate.

Crystalline form of solid. The presence of poly-
morphs, hydrates, solvates or the amorphous form
of the drug can all have an influence on dissolution
rate.

Dissolution and solubility '

Presence of other compounds. The common-ion
effect, complex formation and the presence of solu-
bilizing agents can affect the rate of dissolution.

Concentration.of.solute.in.solution..
at.time.t.(C)

Volume of dissolution medium. If the volume of
the dissolution medium 1is small, C can rapidly
increase during dissolution and approach Cg. If the
volume i1s large, then C may be negligible with
respect to Cg and thus ‘sink’ conditions will operate.
This can be controlled in vitro but must be taken
into account in vivo as the volume of the stomach
contents can vary greatly (hence the common
instruction ‘To be taken with a glass of water”’). Also,
the volume of the fluid in the rectum and vagina is
small (see Chapter 42) and so this consideration can
be important in drug delivery from suppositories
and pessaries.

Any process that removes dissolved solute from
the dissolution medium. For example, adsorption
on to an insoluble adsorbent, partitioning into a
second liquid that 1s immaiscible with the dissolution
medium, removal of solute by dialysis or by continu-
ous replacement of solution by fresh dissolution
medium can result in a decrease in C and thus an
increased rate of dissolution.

Dissolution.rate.constant. (k)

Thickness of the boundary layer. Thisis affected
by the degree of agitation, which in turn depends on
the speed of stirring or shaking, shape, size and posi-
tion of stirrer, volume of dissolution medium, shape
and size of container, and viscosity of dissolution
medium.

Diffusion coefficient of solute in the dissolu-
tion medium. The diffusion coefficient of solute in
the dissolution medium 1s affected by the viscosity
of the dissolution medium, and the molecular char-
acteristics and size of diffusing molecules.

It should be borne in mind that pharmaceutical
scientists are often concerned with the rate of dis-
solution of a drug from a formulated product such
as a tablet or a capsule, as well as with the dissolu-
tion rates of pure solids. In practice, the rate of
dissolution can have either zero-order, first-order,
second-order or cube-root kinetics. These are dis-
cussed later in the book when relevant to particular
dosage forms. Later chapters in this book can also
be consulted for information on the influence of
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formulation factors on the rates of release of drugs
into solution from various dosage forms.

Intrinsic dissolution rate

Since the rate of dissolution 1s dependent on so many
factors, it 1s advantageous to have a measure of the
rate of dissolution which is independent of some of
these — rate of agitation and area of solute available
in particular. In the latter case, this will change
greatly in a conventional tablet formulation as the
tablet breaks up into granules and then into primary
powder particles as it comes in contact with water.

A useful parameter is the intrinsic dissolution
rate (IDR). IDR 1s the rate of mass transfer per area
of dissolving surface and typically has the units of
mgmm > s '. IDR should be independent of bound-
ary layer thickness and volume of solvent (i.e. it 1s
assumed that sink conditions have been achieved).
IDR is given by:

IDR = k,Cs
(2.6)

Thus, IDR measures the intrinsic properties of the
drug only as a function of the dissolution media, e.g.
its pH, 1onic strength, presence of counter ions, etc.,
and is independent of many other factors.

Techniques.for.measuring.IDR

Rotating and static disc methods are used. In these
methods, the compound to be assessed for rate of
dissolution is compacted into a non-disintegrating
disc. This is mounted in a holder so that only one
face of the disc 1s exposed to the dissolution medium
(Fig. 2.5). The holder and disc are immersed in the
dissolution medium and either held in a fixed posi-
tion in the static disc method or rotated at a given
speed in the rotating disc method. Samples of dis-
solution medium are removed after known times,
filtered and assayed. Further information on this
methodology can be found in Chapter 23.

This design of test attempts to ensure that the
surface area, from which dissolution can occur,
remains constant. Under these conditions, the
amount of substance dissolved per unit time and
unit surface area can be determined. This is the
intrinsic dissolution rate and should be distinguished
from the measurements obtained from other
methods. In non-disc methods (Chapter 35) the
surface area of the drug that 1s available for
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Fig. 2.5 « Methods of measuring dissolution rates.

dissolution changes considerably during the course
of the determination because the dosage form
usually disintegrates into many smaller particles and
the size of these particles then decreases as dissolu-
tion proceeds and, generally, the area of dissolving
surface 1s unknown at any particular time.

Measurement of dissolution rates
of drugs from dosage forms

Many methods have been described in the literature,
particularly in relation to the determination of the
rate of release of drugs into solution from tablet and
capsule formulations, because such release may have
an important effect on the therapeutic efficacy of
these dosage forms (Chapter 20). In-vitro dissolu-
tion tests for assessing the dissolution rates of drugs
from solid unit dosage forms are discussed fully in
Chapter 35. Reference should be made to other
chapters in this book for information on the dissolu-
tion methods applied to other specific dosage forms.



Solubility

The solution produced when equilibrium 1is estab-
lished between undissolved and dissolved solute in
a dissolution process is termed a saturated solution.
The amount of substance that passes into solution
in order to establish this equilibrium at constant
temperature and so produce a saturated solution is
known as the solubility of the substance. It is pos-
sible to obtain supersaturated solutions but these are
unstable and precipitation of the excess solute tends
to occur readily and spontaneously.

Methods of expressing solubility
and concentration

Solubilities may be expressed by any of the variety
of concentration terms explained below. In general,
solubility i1s expressed in terms of the maximum
mass or volume of solute that will dissolve in a given
mass or volume of solvent at a particular tempera-
ture and at equilibrium.

Expressions of concentration

Quantity.per.quantity

Concentrations are often expressed simply as the
weight or volume of solute that is contained in a
given weight or volume of the solution. The majority
of solutions encountered in pharmaceutical practice
consist of solids dissolved in liquids. Consequently,
concentration is expressed most commonly by the
weight of solute contained in a given volume of solu-
tion. Although the SI unit is kg m™ the terms that
are used in practice are based on more convenient
or appropriate weights and volumes. For example,
in the case of a solution with a concentration of
1 kg m™ the strength may be denoted by any one
of the following concentration terms, depending on
the circumstances:

1gL"', 0.1 gper 100 mL, ] mgmL™, 5 mgin 5 mL or
I pgpl™.

Percentage

Pharmaceutical scientists have a preference for
quoting concentrations in percentages. The con-
centration of a solution of a solid in a liquid is
given by:

Dissolution and solubility .

concentration _ weight of solute

n % wv <100

volume of solution
(2.7)

Equivalent percentages based on weight (w) and
volume (v) ratios (expressed as % v/w, % v/v and %
w/w) can also be used for solutions of liquids in
liquids and solutions of gases in liquids.

It should be realized that if concentration is
expressed m terms of weight of solute m a given
volume of solution then changes in volume caused by
temperature fluctuations will alter the concentration.

Parts

Pharmacopoeias give information on the approxi-
mate solubility of official substances in terms of the
number of ‘parts’ of solute dissolved in a stated
number of ‘parts’ of solution. Use of this method to
describe the concentration of a solution of a solid in
a liquid suggests that a certain number of parts by
weight (g) of solid are contained in a given number
of parts by volume (mL) of solution. In the case of
solutions of liquids in liquids, parts by volume of
solute in parts by volume of solution are intended,
whereas with solutions of gases in liquids, parts by
weight of gas in parts by weight of solution are
inferred. The use of ‘parts’ in scientific work, or
indeed in practice, is not recommended as there is
the chance for some degree of ambiguity.

Molarity

This is the number of moles of solute contained in
1 dm’ (or more commonly expressed in pharmaceu-
tical science as 1 litre) of solution. Thus, solutions
of equal molarity contain the same number of solute
molecules in a given volume of solution. The unit of
molarity (M) is mol L' (equivalent to 10° mol m™
if converted to the strict SI unit).

Molality

This is the number of moles of solute divided by the
mass of the solvent, i.e. its SI unit is mol kg '
Although it is less likely to be encountered in phar-
maceutical science than the other terms, it does
offer a more precise description of concentration
because it 1s unaffected by temperature.

Mole.fraction

This 1s often used 1n theoretical considerations and
is defined as the number of moles of solute divided
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by the total number of moles of solute and solvent,
Le.:

ny

mole fraction of solute (x,) =
ny +n,

(2.8)

where n, and n, are the numbers of moles of solute
and solvent, respectively.

Milliequivalents.and.normal.solutions

The concentrations of solutes in body fluids and in
solutions used as replacements for these fluids are
usually expressed in terms of the number of milli-
moles (1 millimole = one-thousandth of a mole) in
a litre of solution. In the case of electrolytes,
however, these concentrations may still be expressed
in terms of milliequivalents per litre. A milliequiva-
lent (mEq) of an 1on 1s, in fact, one-thousandth of
the gram equivalent of the ion, which i1s, in turn, the
ionic weight expressed in grams divided by the
valency of the ion. Alternatively:

lonic weight in mg

I mEq =
1 valency

(2.9)

Knowledge of the concept of chemical equiva-
lents is also required in order to understand the use
of ‘normality’ as a means of expressing the concen-
tration of solutions. A normal solution, 1.e. one with
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a concentration of 1 N, i1s one that contains the
equivalent weight of the solute, expressed in grams,
in 1 litre of solution. It was expected that this term
would have disappeared following the introduction
of SI units but it is still encountered in some volu-
metric assay procedures.

Qualitative.descriptions.of.solubility

Pharmacopoeias also express approximate solubili-
ties that correspond to descriptive terms such as
‘freely soluble’ and ‘sparingly soluble’. The interre-
lationship between such terms and approximate
solubility is shown in Table 2.2.

Prediction.of.solubility

Probably the most sought after information about
solutions in formulation problems is ‘what is the
best solvent for a given solute?’. Theoretical predic-
tion of precise solubility is an involved and occasion-
ally unsuccessful operation but, from knowledge of
the structure and properties of solute and solvent,
an educated guess is possible. This guess is best
expressed in subjective terms, such as ‘very soluble’
or ‘sparingly soluble’, as described above. Often
(particularly in pre- or early formulation) this is all
the information that the formulator requires. A
more precise value can be obtained later in the
development process.

Speculation on what is likely to be a good solvent
1s usually based on the ‘like dissolves like’ principle.

Table 2.2 Descriptive solubility: USP and PhEur terms for describing solubility

Descriptive term Parts solvent to 1 part solute (approximate weight Solubility range
of solvent (g) necessary to dissolve 1 g of solute) (mg mL ")

Very soluble Less than 1 > 1000

Freely soluble 1-10 100-1000

Soluble 10-30 33-100

Sparingly soluble 30-100 10-33

Slightly soluble 100-1000 1-10

Very slightly soluble 1000-10000 0.1-1

Practically msoluble* More than 10000 <0.1

*This term is absent from the PhHur.
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That 1s, a solute dissolves best in a solvent with
similar chemical properties. The concept tradition-
ally follows two rules:

1. Polar solutes dissolve in polar solvents.
2. Non-polar solutes dissolve in non-polar solvents.

Chemaical groups that confer polarity to their parent
molecules are known as polar groups. In the context
of solubility, a polar molecule has a high dipole
moment.

To rationalize the above rules, you can consider
the forces of attraction between solute and solvent
molecules. The following explains the basic physico-
chemical properties of solutions that lead to such
observations.

Physicochemical.prediction.of.solubility

Similar types of intermolecular force may contrib-
ute to solute—solvent, solute—solute and solvent—
solvent interactions. The attractive forces exerted
between polar molecules are much stronger,
however, than those that exist between polar and
non-polar molecules or between non-polar mole-
cules themselves. Consequently, a polar solute will
dissolve to a greater extent in a polar solvent, where
the strength of the solute/solvent interaction will be
comparable to that between solute molecules, than
in a non-polar solvent, where the solute/solvent
interaction will be relatively weak. In addition, the
forces of attraction between the molecules of a polar
solvent will be too great to facilitate the separation
of these molecules by the insertion of a non-polar
solute between them, because the solute—solvent
forces will again be relatively weak. Thus, solvents
for non-polar solutes tend to be restricted to non-
polar liquids.

The above considerations thus follow the very
general ‘like dissolves like’ principle, i.e. a polar sub-
stance will dissolve in a polar solvent and a non-polar
substance will dissolve in a non-polar solvent. Such
generalizations should be treated with caution,
because the intermolecular forces involved in the
process of dissolution are influenced by factors that
are not obvious from a consideration of the overall
polarity of a molecule. For example, the possibility
of intermolecular hydrogen bond formation between
solute and solvent may be more significant than
polarity.

Solubility parameters. Attempts have been made
to define a parameter that indicates the ability of a
liquid to act as a solvent. The most satisfactory
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approach, introduced by Hildebrand & Scott in
1962, is based on the concept that the solvent power
of a liquid is influenced by its intermolecular cohe-
sive forces and that the strength of these forces can
be expressed in terms of a solubility parameter. The
initial parameters, which are concerned with the
behaviour of non-polar, non-interacting liquids, are
referred to as Hildebrand solubility parameters.
Whilst these provide good quantitative predictions
of the behaviour of a small number of hydrocarbons,
they only provide a broad qualitative description of
the behaviours of most liquids, because of the influ-
ence of factors such as hydrogen bond formation and
lonization. The concept has been extended, however,
by the introduction of partial solubility parameters,
¢.g. Hansen parameters and interaction parameters.
These have improved the quantitative treatment of
systems in which polar effects and interactions
occur.

Solubility parameters, in conjunction with the
electrostatic properties of liquids, e.g. dielectric
constant and dipole moment, have often been linked
by empirical or semi-empirical relationships either
to these parameters or to solvent properties. Studies
on solubility parameters are reported in the pharma-
ceutical literature. The use of dielectric constants as
indicators of solvent power has also received atten-
tion but deviations from the behaviour predicted by
such methods may occur in practice.

Mixtures of liquids are often used as solvents. If
the two liquids have similar chemical structures, e.g.
benzene and toluene, then neither tends to associate
in the presence of the other and the solvent proper-
ties of a 50 :50 mixture would be the mean of those
of each pure liquid. If the liquids have dissimilar
structures, e.g. water and propanol, then the mole-
cules of one of them tend to associate with each
other and so form regions of high concentration
within the mixture. The solvent properties of this
type of system are not so simply related to its com-
position as in the previous case.

Solubility of solids m liquids

Solutions of solids in liquids are the most common
type of solution encountered in pharmaceutical
practice. A pharmaceutical scientist should there-
fore be aware of the general method of determining
the solubility of a solid in a liquid and the various
precautions that should be taken during such
determinations.
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Determination.of.the.solubility.of.a.solid.
in.a.liquid

The following points should be observed in all solu-
bility determinations:

* The solvent and solute must be as pure as
possible. The presence of small amounts of
many impurities may either increase or decrease
the measured solubility. This is a particular
problem with early preformulation samples
which are often impure, and here special

care must be taken (discussed further in
Chapter 23).

e A saturated solution must be obtained before
any solution is removed for analysis and then all
undissolved material removed prior to analysis.

* The method of separating a sample of saturated
solution from undissolved solute must be
satisfactory.

 The method of analysing the solution must be
sufficiently accurate and reliable.

* Temperature must be adequately controlled.

A saturated solution is obtained either by stirring
excess powdered solute with solvent for several
hours at the required temperature, until equilibrium
has been attained, or by warming the solvent with
an excess of the solute and allowing the mixture to
cool to the required temperature. It is essential that
some undissolved solid should be present at the
completion of the cooling stage in order to ensure
that the solution is saturated and neither subsatu-
rated or supersaturated.

A sample of the saturated solution is obtained for
analysis by separating out undissolved solid from the
solution. Filtration is usually used, but precautions
should be taken to ensure that:

e it 1s carried out at the temperature of the
solubility determination in order to prevent any
change in the equilibrium between dissolved
and undissolved solute

* loss of any volatile component does not occur

* adsorption of sample material onto surfaces
within the filter is minimized.

Membrane filters that can be used in conjunction
with conventional syringes fitted with suitable
in-line adapters have proved to be successful.

The amount of solute contained in the sample of
saturated solution may be determined by a variety
of methods, e.g gravimetric analysis, UV spectro-
photometry and chromatographic methods (particu-
larly HPLC). The selection of an appropriate method
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is affected by the nature of the solute and the
solvent and by the concentration of the solution.

Factors.affecting.the.solubility.of.solids.
in.liquids

Knowledge of these factors, together with their
practical applications, as discussed below, 1s an
important aspect of a pharmaceutical scientist’s
expertise. Additional information, which shows how
some of these factors may be used to improve the
solubility and bioavailability of drugs, is given in
Chapters 24 and 20, respectively.

Temperature. The dissolution process is usually an
endothermic one, i.e. heat is normally absorbed
when dissolution occurs. In this type of system,
supply of heat and a rise in temperature will lead to
an increase in the solubility of a solid that has a
positive heat of solution. Conversely, in the case of
the less commonly occurring systems that exhibit
exothermic dissolution, then an increase in tempera-
ture will result in a decrease in solubility.

Plots of solubility versus temperature, referred to
as solubility curves, are often used to describe the
effect of temperature on a given system. Some
examples are shown in Figure 2.6. Most of the
curves are continuous. However, abrupt changes in
slope may be observed with some systems if a
change in the nature of the dissolving solid occurs
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Fig. 2.6 « Solubilty curves for various substances in
water.



at a specific transition temperature. For example,
sodium sulfate exists as the decahydrate
Na,SO,4.10H,O up to 32.5°C and its dissolution in
water 1s an endothermic process. Its solubility there-
fore increases with a rise in temperature until 32.5
°C 1s reached. Above this temperature the solid 1s
converted into the anhydrous form (Na,SO,) and
the dissolution of this compound is exothermic. The
solubility therefore exhibits a change from a positive
to a negative slope as the temperature exceeds the
transition value.

Molecular structure of solute. It should be
appreciated from the previous comments in this
chapter on the prediction of solubility that the
nature of the solute and the solvent will be of para-
mount importance in determining the solubility of
a solid 1n a liquid. It should also be realized that even
a small change in the molecular structure of a com-
pound can have a marked effect on its solubility in
a given liquid. For example, the introduction of a
hydrophilic hydroxyl group can produce a large
improvement in water solubility as evidenced by the
more than 100-fold difference in the solubility of
phenol compared with benzene.

In addition, the conversion of a weak acid to its
sodium salt leads to a much greater degree of ionic
dissociation of the compound when it dissolves in
water. The overall interaction between solute and
solvent 1s increased markedly and the solubility con-
sequently rises. An example of this effect is pro-
vided by a comparison of the aqueous solubility of
salicylic acid and that of its sodium salt, which are
1 in 550 and 1 in 1, respectively.

The reduction m aqueous solubility of a parent
drug by its esterification may also be cited as an
example of the effects of changes in the chemical
structure of the solute. Such a reduction in solubility
may be beneficial to provide a suitable method for:

* masking the taste of a parent drug. For
example, chloramphenicol palmitate has been
used in paediatric suspensions rather than the
more soluble and very bitter tasting
chloramphenicol base

* protecting the parent drug from excessive
degradation in the gut, e.g. erythromycin
propionate is less soluble and consequently less
readily degraded than erythromycin

* increasing the ease of absorption of drugs from
the gastrointestinal tract, e.g. erythromycin
propionate 1s also more readily absorbed than
erythromycin.

Dissolution and solubility .

Nature of solvent: cosolvents. The importance
of the nature of the solvent has already been dis-
cussed in terms of the statement ‘like dissolves like’
and in relation to solubility parameters. In addition,
the point has been made that mixtures of solvents
may be employed. Such mixtures are often used in
pharmaceutical practice in order to obtain aqueous-
based systems that contain solutes in excess of their
individual solubility in pure water. This is achieved
by using cosolvents such as ethanol or propylene
glycol, which are miscible with water and which act
as better solvents for the solute in question.

For example, the aqueous solubility of metroni-

dazole 1s about 100 mg in 10 mL. The solubility of
this drug can be increased markedly by the incorpo-
ration of one or more water-miscible cosolvents
so that a solution containing 500 mg in 10 mL
(and thus suitable for parenteral administration in
the treatment of anaerobic infections) can be
obtained.
Crystal characteristics: polymorphism and
solvation. When the conditions under which crys-
tallization 1s allowed to occur are varied, some sub-
stances produce crystals in which the constituent
molecules are aligned in different ways with respect
to one another in the lattice structure. These differ-
ent crystalline forms of the same substance, which
are known as polymorphs, consequently possess dif-
ferent lattice energies and this difference is reflected
by changes in other properties. For example, the
polymorphic form with the lowest free energy will
be the most stable and possess the highest melting
point. Other less stable (or metastable) forms will
tend to transform into the most stable one at rates
that depend on the energy differences between the
metastable and stable forms.

Many drugs exhibit polymorphism, e.g. steroid
and sulfonamide polymorphs are common. Poly-
morphs are explained more fully in Chapters 8
and 23, which also includes an explanation of why
polymorphs may have different solubilities. Exam-
ples of the importance of polymorphism with
respect to the bioavailability of drugs are given in
Chapter 20.

The effect of polymorphism on solubility is par-
ticularly important from a pharmaceutical point of
view, because it provides a means of increasing the
solubility of a crystalline material, and hence its rate
of dissolution, by using a metastable polymorph.

Although the more soluble polymorphs are
metastable and will convert to the stable form, the
rate of such conversion is often slow enough for the
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metastable form to be regarded as being suff ciently
stable from a pharmaceutical point of view. The
degree of conversion should obviously be monitored
during storage of the drug product to ensure that its
efficacy is not altered significantly. There are prod-
ucts on the market containing a more soluble, but
less stable, polymorph of the drug, where the chosen
polymorph is stable enough to survive the approved
storage conditions and shelf-life.

Conversion to the less soluble and most stable
polymorph may contribute to the growth of crystals
in suspension formulations. Examples of the impor-
tance of polymorphism with respect to the occur-
rence of crystal growth in suspensions are given in
Chapter 26.

The absence of a crystalline structure that is
usually associated with an amorphous powder (dis-
cussed in Chapter 8) may also lead to an increase in
the solubility of a drug when compared with that of
its crystalline form.

In addition to the effect of polymorphism, the
lattice structures of crystalline materials may be
altered by the incorporation of molecules of the
solvent from which crystallization occurred (dis-
cussed in Chapter 8). The resultant solids are called
solvates and the phenomenon is referred to correctly
as solvation and sometimes incorrectly and confus-
ingly as pseudopolymorphism. The alteration in
crystal structure that accompanies solvation will
affect the internal energetics of the solid so that the
solubility of the solvated and unsolvated crystals will
differ.

If water is the solvating molecule, 1.e. a hydrate
1s formed, then the interaction between the sub-
stance and water that occurs in the crystal phase
reduces the amount of energy liberated when the
solid hydrate dissolves in water. Consequently,
hydrated crystals tend to exhibit a lower aqueous
solubility than their unhydrated forms. This decrease
in solubility can lead to precipitation of drugs from
solutions.

In contrast, the aqueous solubility of other,

1.e. non-aqueous, solvates is often greater than those
of the unsolvated forms. Examples of the effects
of solvation and the attendant changes in solubili-
ties of drugs on their bioavailabilities are given in
Chapter 20.
Particle size of the solid. The changes in interfa-
cial free energy that accompany the dissolution of
particles of varying sizes cause the solubility of a
substance to increase with decreasing particle size,
as indicated by Equation 2.10.
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where S 1s the solubility of small particles of radius
r, S, 1s the normal solubility (i.e. of a solid consisting
of fairly large particles), y is the interfacial energy,
M is the molecular weight of the solid, p is the
density of the bulk solid, R is the gas constant and
T is the thermodynamic temperature.

The increase in solubility with decrease in parti-
cle size ceases when the particles have a very small
radius (less than about 1 pm), and any further
decrease in size can cause a decrease in solubility. It
has been postulated that this change arises from the
presence of an electrical charge on the particles and
that the effect of this charge becomes more impor-
tant as the particle size decreases. Such solubility
changes are rarely a problem in conventional dosage
forms and drug delivery but could be significant with
nanotechnology products.

pH. Ifthe pH of a solution of either a weakly acidic
drug or a salt of such a drug is reduced,then the
proportion of unionized acid molecules in the solu-
tion increases. Precipitation may occur, therefore,
because the solubility of the unionized species 1s less
than that of the ionized form. Conversely, in the
case of solutions of weakly basic drugs or their salts,
precipitation is favoured by an increase in pH. Such
precipitation is an example of one type of chemical
incompatibility that may be encountered in the for-
mulation of liquid medicines.

This relationship between pH and solubility
of 1onized solutes i1s extremely mmportant with
respect to the ionization of weakly acidic and basic
drugs as they pass through the gastrointestinal
tract and can experience pH changes between about
1 and 8. This will affect the degree of ionization of
the drug molecules which in turn influences their
solubility and their ability to be absorbed. This
aspect 1s discussed elsewhere in this book in some
detail and the reader is referred in particular to
Chapters 3 and 20.

The relationship between pH, pK, and solubility
of weakly acidic or weakly basic drugs is given by a
modification of the Henderson—Hasselbalch equa-
tion. To avoid repetition here, the reader 1s referred
to the relevant section of Chapter 3.

Common 1on effect. The equilibrium in a satu-
rated solution of a sparingly soluble salt in contact
with undissolved solid may be represented by:



A"+B [1 AB
(ions) (solid)
(2.11)
From the Law of Mass Action:
[A"][B] = K[AB]
(2.12)

where the square brackets signify concentrations of
the respective components and thus the equilibrium
constant K for this reversible reaction is given by
Equation 2.13:

[AT][B]
[AB]

(2.13)

Since the concentration of a solid may be regarded
as being constant then this may be written as:

K{=[A"][B]
(2.14)

where K. 1s a constant known as the solubility
product of compound AB.

If each molecule of the salt contains more than
one ion of each type, e.g. A} By, then in the defini-
tion of the solubility product, the concentration of
each 1on 1s expressed to the appropriate power, 1.€.:

K =[A"T'[B]
(2.15)

These equations for the solubility product are appli-
cable only to solutions of sparingly soluble salts.

The presence of additional A™ in the dissolution
medium, i.e. where A" is a common ion, would push
the equilibrium shown in Equation 2.11 towards the
left in order to restore the equilibrium. Solid AB will
be precipitated and the solubility of this compound
is therefore decreased. This 1s known as the common
ion effect. The addition of common B~ ions would
have the same effect. An example is the reduced
solubility of a hydrochloride salt of a drug in the
stomach.

The precipitating effect of the presence of ions
and other ingredients in the dissolution medium (as
may be encountered in the gastrointestinal tract, for
example) 1s often less apparent in practice than
expected from the above discussion. The reasons for
this are explained in the following sections:

Dissolution and solubility .

Effect of different electrolytes on the solubility
product. The solubility of a sparingly soluble elec-
trolyte may be increased by the addition of a second
electrolyte that does not possess ions common to
the first, i.e. it is a different electrolyte.

Effective concentration of ions. The activity
of a particular ion is related to its effective concen-
tration. In general, this is a lower than the actual
concentration because some 1ons produced by dis-
sociation of the electrolyte are strongly associated
with other oppositely charged ions and do not con-
tribute so effectively to the properties of the system
as completely unallocated 1ons.

Effect of non-electrolytes on the solubility of
clectrolytes. The solubility of electrolytes depends
on the dissociation of dissolved molecules into 1ons.
This dissociation 1s affected by the dielectric con-
stant of the solvent, which is a measure of the polar
nature of the solvent. Liquids with a high dielectric
constant (e.g. water) are able to reduce the attrac-
tive forces that operate between oppositely charged
ions produced by dissociation of an electrolyte.

If a water-soluble non-electrolyte, such as alcohol,
is added to an aqueous solution of a sparingly soluble
clectrolyte, the solubility of the latter is decreased
because the alcohol lowers the dielectric constant of
the solvent and ionic dissociation of the electrolyte
becomes more difficult.

Effect of electrolytes on the solubility of non-
electrolytes. Non-electrolytes do not dissociate
into 1ons in aqueous solution, and in dilute solution
the dissolved species therefore consists of single
molecules. Their solubility in water depends on the
formation of weak inter-molecular bonds (hydrogen
bonds) between their molecules and those of water.
The presence of a very soluble electrolyte, the ions
of which have a marked affinity for water, will
reduce the solubility of a non-electrolyte by com-
peting for the aqueous solvent and breaking the
inter-molecular bonds between the non-electrolyte
and water. This effect is important in the precipita-
tion of proteins.

Complex formation. The apparent solubility of a
solute in a particular liquid may be increased or
decreased by the addition of a third substance which
forms an intermolecular complex with the solute.
The solubility of the complex will determine the
apparent change in the solubility of the original
solute.

Solubilizing agents. These agents are capable of
forming large aggregates or micelles in solution when
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their concentrations exceed certain values. In
aqueous solution the centre of these aggregates
resembles a separate organic phase and organic
solutes may be taken up by the aggregates, thus
producing an apparent increase in their solubility in
water. This phenomenon is known as solubilization.
A similar phenomenon occurs in organic solvents
containing dissolved solubilizing agents because the
centre of the aggregates in these systems constitutes
a more polar region than the bulk of the organic
solvent. If polar solutes are taken up into these
regions, their apparent solubility in the organic sol-
vents 1s increased.

Solubility of gases in hquids

The amount of gas that will dissolve in a liquid is
determined by the nature of the two components
and by temperature and pressure.

Provided that no reaction occurs between the gas
and liquid then the effect of pressure is indicated
by Henry’s Law which states that at constant tem-
perature, the solubility of a gas in a liquid is directly
proportional to the pressure of the gas above the
liquid. The law may be expressed by Equation 2.16:

w=kp
(2.16)

where w is the mass of gas dissolved by unit volume
of solvent at an equilibrium pressure p and £ is a
proportionality constant. Although Henry’s Law is
most applicable at high temperatures and low pres-
sures, when solubility is low, it provides a satisfac-
tory description of the behaviour of most systems at
normal temperatures and reasonable pressures,
unless solubility is very high or reaction occurs.
Equation 2.16 also applies to the solubility of each
gas n a solution of several gases in the same liquid
provided that p represents the partial pressure of a
particular gas.

The solubility of most gases in liquids decreases
as the temperature rises. This provides a means of
removing dissolved gases. For example, water for
injections free from either carbon dioxide or air may
be prepared by boiling water with minimum expo-
sure to air and prevention of access of air during
cooling. The presence of electrolytes may also
decrease the solubility of a gas in water by a ‘salting
out’ process, which is caused by the marked attrac-
tion exerted between electrolyte and water.
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Solubility of liquids in hquids

The components of an ideal solution are miscible in
all proportions. Such complete miscibility 1s also
observed in some real binary systems, e.g. ethanol
and water, under normal conditions. However, if
one of the components tends to self-associate
because the attractions between its own molecules
are greater than those between its molecules and
those of the other component, i.e. if a positive devia-
tion from Raoult’s Law occurs, the miscibility of the
components may be reduced (Raoult’s Law 1s dis-
cussed more fully in Chapter 3). The extent of the
reduction in miscibility depends on the strength of
the self-association and, therefore, on the degree of
deviation from Raoult’s Law. Thus, partial miscibil-
ity may be observed in some systems whereas virtual
immiscibility may be exhibited when the self-
association 1s very strong and the positive deviation
from Raoult’s Law is large.

In those cases where partial miscibility occurs
under normal conditions, the degree of miscibility
is usually dependent on the temperature. This
dependency is indicated by the phase rule, intro-
duced by J. Willard Gibbs, which is expressed quan-
titatively by Equation 2.17:

F=C-P+2
(2.17)

where P and C are the numbers of phases and com-
ponents in the system, respectively, and F'is the
number of degrees of freedom, 1.e. the number of
variable conditions such as temperature, pressure
and composition, that must be stated i order to
define completely the state of the system at
equilibrium.

The overall effect of temperature variation on the
degree of miscibility in these systems i1s usually
described by means of phase diagrams, which are
graphs of temperature versus composition at con-
stant pressure. For convenience of discussion of
their phase diagrams, the partially miscible systems
may be divided into the following types.

Systems.showing.an.increase.m.
miscibility.with.rise.in.temperature

A positive deviation from Raoult’s Law arises from
a difference in the cohesive forces that exist between
the molecules of each component in a liquid mixture.
This difference becomes more marked as the



temperature decreases and the positive deviation
may then result in a decrease in miscibility sufficient
to cause the separation of the mixture into two
phases. Each phase consists of a saturated solution
of one component in the other liquid. Such mutually
saturated solutions are known as conjugate
solutions.

The equilibria that occur in mixtures of partially
miscible liquids may be followed either by shaking
the two liquids together at constant temperature
and analysing samples from each phase after equi-
librtum has been attained, or by observing the tem-
perature at which known proportions of the two
liquids, contained in sealed glass ampoules, become
miscible (as indicated by the disappearance of
turbidity).

Systems.showing.a.decrease.in.
miscibility.with.rise.in.temperature

A few mixtures, which probably involve compound
formation, exhibit a lower critical solution tempera-
ture (CST), e.g. triethylamine plus water and par-
aldehyde plus water. The formation of a compound
produces a negative deviation from Raoult’s Law,
and miscibility therefore increases as the tempera-
ture falls, as shown in Figure 2.7.

Systems.showmg.upper.and.lower.
critical.solution.temperatures

The decrease in miscibility with increase in tem-
perature in systems having a lower CST is not
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Fig. 2.7 « Temperature—composition diagram for the
triethylamine—water system exhibiting a decrease in
miscibility with rise in temperature.
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indefinite. Above a certain temperature, positive
deviations from Raoult’s Law become important and
miscibility starts to increase again with further rise
in temperature. This behaviour produces a closed-
phase diagram as shown in Figure 2.8. This behav-
iour is shown by the nicotine—water system.

In some mixtures where an upper and lower CST
are expected, these points are not, in fact, observed
since a phase change by one of the components
occurs before the relevant CST is reached. For
example, the ether—water system should exhibit a
lower CST, but water freezes before the tempera-
ture is reached.

Effects.of.added.substances.on.critical.
solution.temperatures

CST is an mvariant point at constant pressure, but
this temperature is very sensitive to impurities or
added substances. The effects of additives are sum-
marized in Table 2.3.

Blending

The increase in miscibility of two liquids caused by
the addition of a third substance is referred to as
blending. The use of propylene glycol as a blending
agent, which improves the miscibility of volatile oils
and water, can be explained in terms of a ternary-
phase diagram. This diagram is a triangular plot which
indicates the effects of changes in the relative

1 liquid phase
208

Temperature (°C)

®
—

1 liquid phase

Compesition (per cent nicetine)

Fig. 2.8 « Temperature—composition diagram for the
nicotine—water system exhibiting upper and lower critical
solution temperatures.
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Table 2.3 The effects of additives on critical solution temperature (CST)

Type of CST Solubility of additive in each component Effect on CST Effect on miscibility
Upper Approx. equally soluble in both components Lowered Increased

Upper Readily soluble in one component but not in other Raised Decreased

Lower Approx. equally soluble in both components Raised Increased

Lower Readily soluble in one component but not in other Lowered Decreased

proportions of the three components at constant
temperature and pressure and it presents a good
example of the interpretation and use of such phase
diagrams.

Distribution of solutes between
immiscible liquids

Partition.coefficients

When a substance, which is soluble in both compo-
nents of a mixture of immiscible liquids, is dissolved
in such a mixture, when equilibrium 1s attained at
constant temperature, it 1s found that the solute 1s
distributed between the two liquids in such a way
that the ratio of the activities of the substance in
each liquid is a constant. This is known as the Nernst
Distribution Law and may be expressed by Equation
2.18:

aa
— = constant

s (2.18)

where a, and ag are the activities of the solute in
solvents A and B, respectively. When the solutions
are dilute or when the solute behaves ideally, the

activities may be replaced by concentrations (C,
and Cp):

(2.19)

The constant K is known as the distribution coef-
fcient or partition coeff cient. In the case of sparingly
soluble substances, K is approximately equal to the
ratio of the solubility (S, and Sg) of the solute in
cach liquid. Thus:

(2.20)
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In most other systems, however, deviation from
ideal behaviour invalidates Equation 2.20. For
example, if the solute exists as monomers in solvent
A and as dimers in solvent B, the distribution coef-
ficient is given by Equation 2.21, in which the square
root of the concentration of the dimeric form is
used:

(2.21)

If the dissociation into ions occurs in the aqueous
layer, B, of a mixture of immiscible liquids, then the
degree of dissociation (a) should be taken into
account, as indicated by Equation 2.22:

K=—"Ca
Cp(l—a)

(2.22)

The solvents in which the concentrations of the
solute are expressed should be indicated when parti-
tion coefficients are quoted. For example, a partition
coefficient of 2 for a solute distributed between
oll and water may also be expressed as a partition
coefficient between water and oil of 0.5. This can
be represented as KC.. =2 and K} =0.5. The
abbreviation K¢ 1s often used for the former and this
notation has become the most commonly used.

Solubility of solids m solids

If two solids are either melted together and then
cooled or dissolved in a suitable solvent that is then
removed by evaporation, the solid that is redepos-
ited from the melt or the solution will either be a
one-phase solid solution or a two-phase eutectic
mixture.



In a solid solution, as in other types of solution,
the molecules of one component (the solute) are
dispersed molecularly throughout the other compo-
nent (the solvent). Complete miscibility of two
solid components is only achieved if:

* the molecular size of the solute 1s similar to
that of the solvent so that a molecule of the
former can be substituted for one of the latter
in its crystal lattice structure, or

* the solute molecules are much smaller than the
solvent molecules so that the former can be
accommodated in the spaces of the solvent
lattice structure.

These two types of solvent mechanism are referred
to as substitution and interstitial effects, respec-
tively. Since these criteria are only satisfied in rela-
tively few systems then it is more common to
observe partial miscibility of solids. Thus, dilute
solutions of solids in solids may be encountered in
systems of pharmaceutical interest; for example,
when the solvent is a polymeric material with large
spaces between its intertwined molecules that can
accommodate solute molecules.

Unlike a solution, a simple eutectic consists of an
intimate mixture of the two microcrystalline compo-
nents in a fixed composition. However, both solid
solutions and eutectics provide a means of dispersing
a relatively water-insoluble drug in a very fine form,
1.e. as molecules or microcrystalline particles, respec-
tively, throughout a water-soluble solid. When the
latter carrier solid is dissolved away, the molecules or
small crystals of insoluble drug may dissolve more
rapidly than a conventional powder because the
contact area between drug and water is increased.
The rate of dissolution and, consequently, the bioa-
vailability of poorly soluble drugs may be improved,
therefore, by the use of solid solutions or eutectics.

Summary

This chapter has shown that the process of dissolu-
tion is a change in phase of a molecule or 1on. Most
often this is from solid to liquid. Simple diffusional
mechanisms and equations usually define the rate
and extent of this process. The concept of solubility
in a pharmaceutical context has also been discussed.
The chapter that follows will describe the properties
of the solution thus produced.

Dissolution and solubility .
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KEY POINTS

* Once solutions are formed, in the manner
described in the previous chapter, they have
various properties that are important to
pharmaceutical science.

* There are various types of solution that need
to be understood. This includes the differences
between theoretical or ‘ideal’ solutions and the
‘real’ solutions found in practice.

© 2013, Elsevier Ltd
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* Of particular relevance to drug delivery via the
gastrointestinal tract, is the degree of ionization
of solutes and the effect of pH on that
lonization.

* The concept of pH and pK, and their
interrelationship, and the link between degree
of ionization and solubility are key to an
understanding of the delivery of drugs to the
gastromtestinal tract. This is because the
surrounding pH changes during the passage
of drug down the tract.

* Other solution properties of particular
importance include: vapour pressure, osmotic
pressure and diffusibility.

Introduction

The aim of this chapter is to provide information on
certain properties of solutions that relate to their
applications in pharmaceutical science. This chapter
deals mainly with the physicochemical properties of
solutions that are important with respect to phar-
maceutical systems. These aspects are covered in
suff cient detail to introduce the pharmaceutical sci-
entist to these properties to allow an understanding
of their importance in dosage form design and drug
delivery. Much is published elsewhere in far greater
detail and any reader requiring this additional infor-
mation can trace some of this by referring to the
bibliography at the end of the chapter.



Types of solution

Solutions may be classif ed based on the physical
state (i.e. gas, liquid or solid) of the solute(s) and
solvent. Although a variety of different types can
exist, solutions of pharmaceutical interest virtually
all possess liquid solvents. In addition, the solutes
are predominantly solid substances. Consequently,
most of the information in this chapter is relevant
to solutions of solids in liquids.

Vapour pressures of sohds, hquids
and solutions

An understanding of many of the properties of solu-
tions requires an appreciation of the concept of an
ideal solution and its use as a reference system, to
which the behaviours of real (non-ideal) solutions
can be compared. This concept is itself based on a
consideration of vapour pressure. The present
section serves as an introduction to the later discus-
sions on ideal and non-ideal solutions.

The kinetic theory of matter indicates that the
thermal motion of molecules of a substance in its
gaseous state i1s more than adequate to overcome the
attractive forces that exist between the molecules.
Thus, the molecules will undergo a completely
random movement within the confnes of the con-
tainer. The situation 1s reversed, however, when the
temperature is lowered suffciently so that a con-
densed phase is formed. Here the thermal motions
of the molecules are now insuffcient to overcome
completely the intermolecular attractive forces and
some degree of order in the relative arrangement of
molecules occurs. This condensed state may be
either liquid or solid.

If the intermolecular forces are so strong that a
high degree of order is brought about, when the
structure is hardly influenced by thermal motions,
then the substance is usually in the solid state.

In the liquid condensed state, the relative influ-
ences of thermal motion and intermolecular attrac-
tive forces are intermediate between those in the
gaseous and solid states. Thus, the effects of interac-
tions between the permanent and induced dipoles,
i.e. the so-called van der Waals forces of attraction,
lead to some degree of coherence between the mol-
ecules of liquids. Consequently, liquids occupy a
defnite volume with a surface, unlike gases,
and whilst there is evidence of structure within
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liquids, such structure is much less apparent than in
solids.

Although both solids and liquids are condensed
systems with coheringmolecules, some of the surface
molecules in these systems will occasionally acquire
suff cient energy to overcome the attractive forces
exerted by adjacent molecules. The molecules can
therefore escape from the surface to form a vapour
phase. If temperature is maintained constant, equi-
librium will be established eventually between the
vapour phase and the condensed phase. The pressure
exerted by the vapour at this equilibrium is referred
to as the vapour pressure of the substance.

All condensed systems have the inherent ability
to give rise to a vapour pressure. However, the
vapour pressures exerted by solids are usually much
lower than those exerted by liquids, because the
intermolecular forces in solids are stronger than
those in liquids. Thus, the escaping tendency for
surface molecules is higher in liquids. Consequently,
surface loss of vapour from liquids by the process of
evaporation is more common than surface loss of
vapour from solids by sublimation.

In the case of a liquid solvent containing a dis-
solved solute, molecules of both solvent and solute
may show a tendency to escape from the surface and
so contribute to the vapour pressure. The relative
tendencies to escape will depend on the relative
numbers of the different molecules in the surface of
the solution, and on the relative strengths of the
attractive forces between adjacent solvent molecules
on the one hand and between solute and solvent
molecules on the other hand. Because the intermo-
lecular forces between solid solutes and liquid sol-
vents tend to be relatively strong, such solute
molecules do not generally escape from the surface
of a solution nor contribute to the vapour pressure.
In other words, the solute is generally non-volatile
and the vapour pressure arises solely from the
dynamic equilibrium that is set up between the rates
of evaporation and condensation of solvent mole-
cules contained in the solution. In a mixture of
miscible liquids, 1.e. a liquid in liquid solution, the
molecules of both components are likely to evapo-
rate and contribute to the overall vapour pressure
exerted by the solution.

Ideal solutions: Raoult’s Law

The concept of an ideal solution has been intro-
duced in order to provide a model system that can
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be used as a standard to which real or non-ideal
solutions can be compared. In the model, it 1s
assumed that the strengths of all intermolecular
forces are identical. Thus solvent/solvent, solute/
solvent and solute/solute interactions are the same
and are equal to the strength of the intermolecular
interactions in either the pure solvent or pure solute.
Because of this equality, the relative tendencies of
solute and solvent molecules to escape from the
surface of the solution will be determined only by
their relative numbers in the surface.

Since a solution is homogeneous by defnition,
then the relative number of these surface molecules
will be the same as the relative number in the whole
of the solution. The latter can be expressed conven-
iently by the mole fractions of the components
because, for a binary solution (i.e. one with two
components), x; + x, = 1, where x, and x, are the
mole fractions of the solute and solvent,
respectively.

The total vapour pressure (P) exerted by a binary
solution is given by Equation 3.1:

P=p +p,
(3.1)

where p; and p, are the partial vapour pressures
exerted above the solution by the solute and solvent,
respectively. Raoult’s Law states that the partial
vapour pressure ( p) exerted by a volatile component
in a solution at a given temperature is equal to the
vapour pressure of the pure component at the same
temperature ( p°) multiplied by its mole fraction in
the solution (x), i.e.:

2
(3.2)
Thus from Equations 3.1 and 3.2:
P=p+p,=pix;+px;
(3.3)

where Pr and P? are the vapour pressures exerted by
pure solute and pure solvent, respectively. If the total
vapour pressure of the solution is described by Equa-
tion 3.3, then Raoult’s Law 1s obeyed by the system.

One of the consequences of the preceding
comments is that an ideal solution may be defned
as one that obeys Raoult’s Law. In addition, ideal
behaviour should be expected to be exhibited only
by real systems composed of chemically similar
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components, because it is only in such systems that
the condition of equal intermolecular forces between
components (as assumed in the ideal model) is likely
to be satisf ed. Consequently, Raoult’s Law is obeyed
over an appreciable concentration range by relatively
few systems in reality.

Mixtures of, for example, benzene + toluene,
n-hexane + n-heptane, ethyl bromide + ethyl iodide
and binary mixtures of fluorinated hydrocarbons are
systems that exhibit ideal behaviour. Note the
chemical similarity of the two components of the
mix in each example.

Real or non-ideal solutions

The majority of real solutions do not exhibit ideal
behaviour because solute—solute, solute—solvent and
solvent—solvent forces of interaction are unequal.
These inequalities alter the effective concentration
of each component so that it cannot be represented
by a normal expression of concentration, such as the
mole fraction term x that is used in Equations 3.2
and 3.3. Consequently, deviations from Raoult’s
Law are often exhibited by real solutions and the
previous equations are not obeyed in such cases.
These equations can be modifed, however, by sub-
stituting each concentration term (x) by a measure
of the effective concentration; this is provided
by the so-called activity (or thermodynamic activ-
ity), a. Thus, Equation 3.2 is converted into Equa-
tion 3.4:

p=pa
(3.4)

and the resulting equation is applicable to all systems
whether they are ideal or non-ideal. It should be
noted that if a solution exhibits ideal behaviour then
a equals x, whereas a will not equal x if deviations
from such behaviour are apparent. The ratio of activ-
ity divided by the mole fraction is termed the activ-
ity coeff cient (f) and it provides a measure of the
deviation from the ideal. Thus when a = x, f = 1.
If the attractive forces between solute and solvent
molecules are weaker than those between the solute
molecules themselves or between the solvent mol-
ecules themselves, then the components will have
little aff nity for each other. The escaping tendency
of the surface molecules in such a system is increased
when compared with an ideal solution. In other
words, p,, p» and therefore P are greater than



expected from Raoult’s Law and the thermody-
namic activities of the components are greater than
their mole fractions, i.e. a; > x; and a, > x,. This
type of system is said to show a positive deviation
from Raoult’s Law and the extent of the deviation
increases as the miscibility of the components
decreases. For example, a mixture of alcohol and
benzene shows a smaller deviation than the less mis-
cible mixture of water + diethyl ether whilst the
virtually immiscible mixture of benzene + water
exhibits a very large positive deviation.

Conversely, if the solute and solvent molecules
have a strong mutual aff nity (that sometimes may
result in the formation of a complex or compound),
then a negative deviation from Raoult’s Law
occurs. Thus, p;, p, and therefore P are lower than
expected and a, <x, and a, <x,. Examples of systems
that show this type of behaviour include chloroform
+ acetone, pyridine + acetic acid and water + nitric
acid.

Although most systems are non-ideal and deviate
either positively or negatively from Raoult’s Law,
such deviations are small when a solution is dilute.
This is because the effect that a small amount of
solute has on interactions between solvent molecules
1s minimal. Thus, dilute solutions tend to exhibit
ideal behaviour and the activities of their compo-
nents approximate to their mole fractions, ie. a,
approximately equals x, and a, approximately equals
x,. Conversely, large deviations may be observed
when the concentration of a solution is high.

Knowledge of the consequences of such marked
deviations is particularly important in relation to the
distillation of liquid mixtures. For example, the
complete separation of the components of a mixture
by fractional distillation may not be achievable if
large positive or negative deviations from Raoult’s
Law give rise to the formation of so-called azeo-
tropic mixtures with minimum and maximum
boiling points, respectively.

Ionization of solutes

Many solutes dissociate into ions if the dielectric
constant of the solvent is high enough to cause suf-
fcient separation of the attractive forces between
the oppositely charged ions. Such solutes are termed
electrolytes and their ionization (or dissociation) has
several consequences that are often important in
pharmaceutical practice. Some of these conse-
quences are indicated below.
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Hydrogen 1on concentration
and pH

The dissociation of water can be represented by
Equation 3.5:

H,0 < H"+0OH"
(3.5)

It should be realized that this is a simplifed repre-
sentation because the hydrogen and hydroxyl ions
do not exist in a free state but combine with undis-
sociated water molecules to yield more complex
jons such as H;O" and H-O, .

In pure water the concentrations of H" and OH"™
ions are equal and at 25 °C both have the values of
1 x 107 mol L'. The Lowry-Bronsted theory of
acids and bases defnes an acid as a substance which
donates a proton (or hydrogen ion) so it follows that
the addition of an acidic solute to water will result
in a hydrogen ion concentration that exceeds that of
pure water. Conversely, the addition of a base,
which is defned as a substance that accepts protons,
will decrease the concentration of hydrogen ions in
solution. The hydrogen 1on concentration range
decreases from 1 mol L™ for a strong acid down to
1 x 107" mol L' for a strong base.

In order to avoid the frequent use of inconvenient
numbers that arise from this very wide range, the
concept of pH has been introduced as a more con-
venient measure of hydrogen ion concentration. pH
is defned as the negative logarithm of the hydrogen
ion concentration [H'] as shown by Equation 3.6:

pH =—log;o[H"]
(3.6)

so that the pH of a neutral solution like pure water
1s 7. This is because, as mentioned above, the con-
centration of H" ions (and thus OH" ions) in pure
water is 1 x 107 mol L™". The pH of acidic solutions
is less than 7 and the pH of alkaline solutions is
greater than 7.

pH has several important implications in pharma-
ceutical practice. It has an effect on:

 the degree of ionization of drugs that are weak
acids or bases

 the solubility of drugs that are weak acids or
bases

* the ease of absorption of drugs from the
gastrointestinal tract into the blood. For
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example, many (about 75%) drugs are weak
bases or their salts. These drugs dissolve more
rapidly in the low pH of the acidic stomach.
However, there will be little or no absorption
of the drug there as it will be too ionized. Drug
absorption normally will have to wait until the
more alkaline intestine where the ionization of
the dissolved weak base is reduced

* the stability of many drugs

* body tissues (both extremes of pH are
injurious).

These implications have great consequence during
peroral drug delivery as the pH experienced by the
drug could range from pH 1 to 8 at it passes down
the gastrointestinal tract. The interrelationship
between degree of ionization, solubility and pH is
discussed below in this chapter. The biopharmaceu-
tical consequences are discussed in Chapter 20.

Dissociation (or 1onization)
constants; pK, and pKk,

Many drugs are either weak acids or weak bases. In
solutions of these drugs, equilibria exist between
undissociated molecules and their ions. In a solution
of a weakly acidic drug HA, the equilibrium may be
represented by Equation 3.7:

HA o H + A"
(3.7)

Similarly, the protonation of a weakly basic drug B
can be represented by Equation 3.8:

B+H" <> BH"
(3.8)

In solutions of most salts of strong acids or strong
bases in water, such equilibria are shifted strongly
to one side of the equation because these com-
pounds are virtually completely ionized. In the case
of aqueous solutions of weaker acids and bases, the
degree of ionization is much more variable and
indeed, as will be seen, controllable.

The ionization constant (or dissociation constant)
K, of a partially ionized weakly acid species can be
obtained by applying the Law of Mass Action to
yield Equation 3.9 in which [/'] and [/ ] represent
the concentrations of the dissociated ionized species
and [U] is the concentration of the unionized
species.
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g L]
[U]

(3.9)

For the case of a weak acid this can be written (from
Eqn 3.7) as:

_[HJ[AT]
[HA]

a

(3.10)

Taking logarithms of both sides of Equation 3.10
yields:

logo K, = log;o[H"]+ log;o[A"]—log;)[HA]
(3.11)

The signs in this equation may be reversed to give
Equation 3.12:

—log)y K, = —log;o[H ] —log;s[A"]+log,,[HA]
(3.12)

The symbol pK, is used to represent the negative
logarithm of the acid dissociation constant K, in an
analogous way that pH 1s used to represent the
negative logarithm of the hydrogen ion concentra-
tion (as Eqn 3.6). Therefore:

pK, = —log, K,
(3.13)

Now Equation 3.12 may therefore be rewritten as
Equation 3.14:

pK, =pH +log, [HA]—log;o[A"]

(3.14)
or
[HA]
K,=pH+lo
p p &O[Af]
(3.15)
or even
[A]
H =pK, + 1o
p p gH)U{ZX]
(3.16)

Equations 3.15 and 3.16 are known as the
Henderson—Hasselbalch equations for a weak acid.



Ionization constants of both acidic and basic
drugs are usually expressed in terms of pK, The
equivalent acid dissociation constant (K,) for the
protonation of a weak base is given (from Eqn 3.8)
by Equation 3.17. Note the equation appears to be
inverted, but it is written in terms of K, rather than
K, (the base dissociation constant):

(3.17)

Taking negative logarithms yields Equation 3.18:

—log;y K, = —log;o[H"]—log;o[B] +log;,[BH]

(3.18)
or
BH"
pK, =pH +log B ]
(3.19)
or
| B]
H =pK, +1o
p p g10 [BH ']
(3.20)

Equations 3.19 and 3.20 are known as the
Henderson—-Hasselbalch equations for a weak base.

Link.between.pH,.pK,,.degree.of.
lonization.and.solubility.of.weakly.acidic.
or.basic.drugs

There is a direct link for most polar ionic com-
pounds between the degree of ionization and
aqueous solubility. As has been shown above, in turn,
the degree of ionization is controlled by the pK, of
the molecule and the pH of its surrounding environ-
ment. This interrelationship 1s shown diagrammati-
cally in Figure 3.1.

Taking the weak acid line frst, it can be seen that
at high pH the drug is fully ionized and at its
maximum solubility. Under low pH conditions the
opposite is true. The shape of the curve is defned
by the Henderson-Hasselbalch equation for weak
acids (Equation 3.15) that shows the link between
pH, pK, and degree of ionization for a weakly acidic
drug. It can also be seen from Figure 3.1 that when
the pH is equal to the pK, of the drug, that drug is
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Weak base Weak acid
100 ===~ D R IR e 1100

(ionized) "~ (ionize d)

R e 50

Fig. 3.1 « Change in degree of ionization and relative
solubility of weakly acidic and weakly basic drugs as a
function of pH.

50% ionized. This is also predicted from the
Henderson—H asselbalch equation.

Equation 3.16 shows that when [A"] =[HA], log
([A]/[HA]) will equal log 1 (i.e. zero) and thus
pH = pK,. Put another way, when the pH of the
surrounding solution equals the pK,, then the con-
centration of the ionized species [A] will equal the
concentration of the unionized species [HA], i.e. the
drug 1s 50% ionized. The Henderson—Hasselbalch
equations also show that a drugis almost completely
ionized or non-ionized (as appropriate) when two
pH units away from its pK,.

Examination of the equivalent line for a weak
base will indicate that it is probably not a coinci-
dence that most drugs for peroral delivery are weak
bases. A weak base will be ionized and at its most
soluble in the acidic stomach and non-ionized and
therefore will be more easily absorbed in the more
alkaline small intestine. The choice of the pK, for a
drug is thus of paramount importance in peroral
drug delivery.

Use.of.the.Henderson—Hasselbalch.
equations.to.calculate.degree..
of.ionization.of.weakly.acidic.or..
basic.drugs

Various analytical techniques, e.g. spectrophotomet-
ric and potentiometric methods, may be used to
determine ionization constants, but the temperature
at which the determination is performed should be
specif ed because the values of the constants vary
with temperature.
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The degree of ionization of a drug in a solution
can be calculated from rearranged Henderson—
Hasselbalch equations for weak acids and bases
(Eqns 3.15 and 3.19, respectively) if the pK, value
of the drug and the pH of the solution are known.
The resulting equations for weak acids and weak
bases are Equations 3.21 and 3.22, respectively:

[HA]
1 10 = Ka_ H
0g (A ] p p
(3.21)
[BH"]
| 10 = Ka_ H
0g B] p p
(3.22)

Such calculations are particularly useful in deter-
mining the degree of ionization of drugs in various
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parts of the gastrointestinal tract and in the plasma.
The following examples are therefore related to this
type of situation.

Buffer solutions and buffer capacity

Buffer solutions will maintain a constant pH even
when small amounts of acid or alkali are added to
the solution. Buffers usually contain mixtures of a
weak acid and one of its salts, although mixtures of
a weak base and one of its salts may be used. The
latter suffer from the disadvantage that arises from
the volatility of many bases.

The action of a buffer solution can be appreciated
by considering, as an example, a simple system such
as a solution of a mixture of acetic acid and sodium
acetate in water. The acetic acid, being a weak acid,
will be confned virtually to its undissociated form

_:l Box 3.1

Worked examples

1. The pK, value of aspirin, which is a weak acid, is
about 3.5. If the pH of the gastric contents is 2.0
then from Equation 3.21:

[HA]
log,,——=pK, —pH=3.5-2.0=1.5
210 A ] p P
so that the ratio of the concentration of unionized

acetylsalicyclic acid to acetylsalicylate anion is
given by:

[HA]:[A ]=antilog 1.5=31.6:1

2. The pH of plasma is 7.4 so that the ratio of
unionized :ionized aspirin in this medum is
given by:

loglo [H—M :pKa _pH: 3.5 _7.4 = _3.9

[A”]
and
[HA]:[A"]=antilog (-3.9)=1.26 x107*:1

3. The pK, of the weakly acidic drug sulphapyridine
is about 8.0 and if the pH of the intestinal
contents is 5.0 then the ratio of unionized :ionized
drug is given by:

[HA

—_]=pKal —-pH=8.0-5.0=3.0
[A7]

logo

and

[HA]:[A ]=antilog 3.0 =10°:1

4. The pK, of the basic drug amidopyrine is 5.0. In
the stomach, the ratio of ionized :unionized drug
is calculated from Equation 3.22 as follows:

[BH']
[B]

log =pK, —pH=5.0-2.0=3.0

and

[BH"]:[B]=antilog 3.0 =10°:1

while in the intestine, the ratio is given by:

[BH']

log =pK, —pH=5.0-5.0=0

and

[BH"]:[B]=antilog 0 = 1:1
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because its 1onization will be suppressed by the pres-
ence of common acetate ions produced by complete
dissociation of the sodium salt. The pH of this solu-
tion can be described by Equation 3.23, which is
Equation 3.16 in which [A] is the concentration of
acetate ions and [HA] is the concentration of acetic
acid in the buffer solution:

[A]

H =pK, +1o
p p g[HA]

(3.23)

It can be seen from Equation 3.23 that the pH will
remain constant as long as the logarithm of the ratio
[acetate]/[acetic acid] does not change. When a
small amount of an acid is added to the solution, it
will convert some of the salt into acetic acid, but if
the concentrations of both acetate ion and acetic
acid are reasonably large then the effect of the
change will be negligible and the pH will remain
constant. Similarly, the addition of a small amount
of base will convert some of the acetic acid into its
salt form but the pH will be virtually unaltered if
the overall changes in concentrations of the two
species are relatively small.

If large amounts of acid or base are added to a
buffer, then changes in the ratio of ionized to union-
1zed species become appreciable and the pH will
then alter. The ability of a buffer to withstand the
effects of acids and bases is an important property
from a practical point of view. This ability is
expressed in terms of buffer capacity (). It can be
defned as being equal to the amount of strong acid
or strong base, expressed as moles of H" or OH ™ ion,
required to change the pH of 1 litre of the buffer
by 1 pH unit. From the remarks above, it should be
clear that buffer capacity increases as the concentra-
tions of the buffer components increase. In addition,
the capacity is also affected by the ratio of the con-
centrations of weak acid and its salt, maximum
capacity (Bma.) being obtained when the ratio of acid
to salt = 1, i.e. pH equals the pK, of the acid.

The components of various buffer systems and
the concentrations required to produce different
pHs are listed in several reference books, such as the
pharmacopoeias. When selecting a suitable buffer,
the pK, value of the acid should be close to the
required pH and the compatibility of its compo-
nents with other ingredients in the system should
be considered. The toxicity of buffer components
must also be taken into account if the solution is to
be used for medicinal purposes.

Properties of solutions '

Colligative properties

When a non-volatile solute is dissolved in a solvent,
certain properties of the resultant solution are
largely independent of the nature of the solute and
are determined by the concentration of solute par-
ticles. These properties are known as colligative
properties. In the case of a nonelectrolyte the solute
particles will be molecules,but if the solute is an
electrolyte, then its degree of dissociation will
determine whether the particles will be ions only or
a mixture of ions and undissociated molecules.

The most important colligative property from a
pharmaceutical aspect is referred to as osmotic pres-
sure. However, since all colligative properties are
related to each other by virtue of their common
dependency on the concentration of the solute mol-
ecules, other colligative properties (which include
lowering of vapour pressure of the solvent, elevation
of its boiling point and depression of its freezing
point) are of pharmaceutical interest. Observations
of these other properties offer alternatives to
osmotic pressure measurements as methods of com-
paring the colligative properties of different
solutions.

Osmotic pressure

The osmotic pressure of a solution is the external
pressure that must be applied to the solution in
order to prevent it being diluted by the entry of
solvent via a process that i1s known as osmosis. This
is the spontaneous diffusion of solvent from a solu-
tion of low solute concentration (or a pure solvent)
into a more concentrated one through a semi-
permeable membrane. Such a membrane separates
the two solutions and is permeable only to solvent
molecules (1.e. not solute ones).

Since the process occurs spontaneously at con-
stant temperature and pressure, the laws of thermo-
dynamics indicate that it will be accompanied by a
decrease in the free energy (G) of the system. This
free energy may be regarded as the energy available
for the performance of useful work. When an equi-
librium position is attained then there is no remain-
ing difference between the energies of the states
that are in equilibrium. The rate of increase in free
energy of a solution caused by an increase in the
number of moles of one component is termed the
partial molar free energy ( G ) or chemical potential
(u) of that component. For example, the chemical
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potential of the solvent in a binary solution is given
by Equation 3.24. The subscripts outside the bracket
on the left-hand side indicate that temperature,
pressure and amount of component 1 (the solute in
this case) remain constant:

(3.24)

Since (by def nition) only solvent molecules can pass
through a semi-permeable membrane, the driving
force for osmosis arises from the inequality of the
chemical potentials of the solvent on opposing sides
of the membrane. Thus the direction of osmotic
flow is from the dilute solution (or pure solvent),
where the chemical potential of the solvent is
highest because of the higher concentration of
solvent molecules, into the concentrated solution,
where the concentration and consequently the
chemical potential of the solvent are reduced by the
presence of more solute. The chemical potential of
the solvent in the more concentrated solution can
be increased by forcing its molecules closer together
under the influence of an externally applied pres-
sure. Osmosis can be prevented by such means,
hence the term osmotic pressure.

The relationship between osmotic pressure (7)
and concentration of a non-electrolyte is defned
for dilute solutions, which may be assumed to
exhibit ideal behaviour, by the van’t Hoff equation
(Egn 3.25):

nV =n,RT
(3.25)

where V is the volume of solution, 7, is the number
of moles of solute, T is the absolute temperature
and R 1s the gas constant. This equation, which is
similar to the ideal gas equation, was derived empiri-
cally but it does correspond to a theoretically derived
equation if approximations based on low solute con-
centrations are taken into account.

If the solute is an electrolyte, Equation 3.25 must
be modifed to allow for the effect of ionic dissocia-
tion, because this will increase the number of parti-
cles in the solution. This modif cation is achieved by
insertion of the van’t Hoff correction factor (i) to

give:

nV =in,RT
(3.26)
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observed colligative property
colligative property expected if
dissociation did not occur

where i =

Osmolality.and.osmolarity

The amount of osmotically active particles in a solu-
tion is sometimes expressed in terms of osmoles or
milliosmoles. These osmotically active particles may
be either molecules or 1ons. Osmole values depend
on the number of particles dissolved in a solution,
regardless of charge. For substances that maintain
their molecular structure when they dissolve (e.g.
glucose), osmolarity and the molarity are essentially
the same. For substances that dissociate when they
dissolve, the osmolarity is the number of free parti-
cles times the molarity. Thus a 1 molar solution of
pure NaCl solution would be 2 osmolar (1 for Na"
and 1 for CI).

The concentration of a solution may therefore be
expressed in terms of its osmolarity or its osmolality .
Osmolarity is the number of osmoles per litre of
solution and osmolality is the number of osmoles per
kilogram of solvent.

Isoosmotic.solutions

If two solutions are separated by a perfect semi-
permeable membrane, i.e. a membrane which is
permeable only to solvent molecules, and no net
movement of solvent occurs across the membrane,
then the solutions are said to be isoosmotic and have
equal osmotic pressures.

Isotonic.solutions

Biological membranes do not always function as
perfect semi-permeable membranes and some solute
molecules in addition to water are able to pass
through them. If two isoosmotic solutions remain in
osmotic equilibrium when separated by a biological
membrane, they may be described as being isotonic
with respect to that particular membrane.

Adjustment of isotonicity is particularly impor-
tant for formulations intended for parenteral routes
of administration (this is discussed in Chapter 36).
Excessively hypotonic or hypertonic solutions can
cause biological damage.

Diffusion in solution

The components of a solution, by defnition, form a
homogeneous single phase. This homogeneity arises



from the process of diffusion, which occurs sponta-
neously and is consequently accompanied by a
decrease in the free energy (G) of the system. Dif-
fusion may be defned as the spontaneous transfer-
ence of a component from a region in the system
which has a high chemical potential into a region
where i1ts chemical potential 1s lower. Although such
a gradient in chemical potential provides the driving
force for diffusion, the laws that describe this phe-
nomenon are usually expressed, more conveniently,
in terms of concentration gradients. An example is
Fick’s First Law which is discussed in Chapter 2.

The most common explanation of the mechanism
of diffusion in solution is based on the lattice theory
of the structure of liquids. Lattice theories postulate
that liquids have crystalline or quasicrystalline struc-
tures. The concept of a crystal type of lattice is only
intended to provide a convenient starting point and
should not be interpreted as a suggestion that liquids
possess rigid structures. The theories also postulate
that a reasonable proportion of the volume occupied
by the liquid is, at any moment, empty, 1.e. there
are ‘holes’ in the liquid lattice network, which con-
stitute the so-called free volume of the liquid.

Diffusion can therefore be regarded as the process
by which solute molecules move from hole to hole
within a liquid lattice. In order to achieve such
movement, a solute molecule must acquire suff -
cient kinetic energy at the right time so that it can
break away from any bonds that tend to anchor it
in one hole and then jump into an adjacent hole. If
the average distance of each jump is 6 cm and the
frequency with which the jumps occur is ¢ s ' then
the diffusion coeff cient (D) is given by:
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(3.27)

The diffusion coeffcient is assumed to have a
constant value for a particular system at a given
temperature. This assumption is only strictly true at
infnite dilution and the value of D may therefore
exhibit some concentration dependency. In a given
solvent, the value of D decreases as the size of the
diffusing solute molecule increases. In water, for
example, D is of the order of 2 x 107 ¢cm? s' for
solutes with molecular weights of approximately 50
Da and it decreases to about 1 x 10 ¢cm?® s for
molecular weight of a few thousand Da.

The value of ¢ for any given solute is reasonably
constant. Differences in the diffusion coeff cient of
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a substance in solution in various solvents arise
mainly from changes in jump frequency (¢), which
is determined, in turn, by the free volume or loose-
ness of packing in the solvent.

When the size of the solute molecules is not
appreciably larger than that of the solvent mole-
cules, then it has been shown that the diffusion
coeffcient of the former is related to its molecular
weight (M) by the relationship:

DM'? = constant
(3.28)

When the solute is much greater in size than the
solvent, diffusion arises largely from transport of
solvent molecules in the opposite direction and the
relationship becomes:

DM = constant
(3.29)

This latter equation forms the basis of the Stokes—
Einstein equation (Eqn 3.30) for the diffusion of
spherical particles that are larger than surrounding
liquid molecules. Since the mass (m) of a spherical
particle is proportional to the cube of its radius (7),
ie. r [ m'?, it follows from Equation 3.29 that
Dm'”? and consequently D and r are constants for
such a system. The Stokes—Einstein equation is
usually written in the form:

kT
6rn

D:

(3.30)

where & 1s the Boltzmann constant, 7 1s the absolute
temperature and # is the viscosity of the liquid.
The appearance of a viscosity term in this type of
equation is not unexpected because the recipro-
cal of viscosity, which is known as the fluidity of
a liquid, is proportional to the free volume in a
liquid. Thus, jump frequency (¢) and diffusion
coeffcient (D) will increase as the viscosity of a
liquid decreases or as the number of ‘holes’ in its
structure increases.

The experimental determination of diffusion
coeff cients of solutes in liquid solvents is not easy
because the effects of other factors that may influ-
ence the movement of solute in the system, e.g.
temperature and density gradients, mechanical agi-
tation and vibration, must be eliminated.
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PART ONE

Summary

This chapter has outlined the key fundamental
issues relating to the properties of solutions. The
issues discussed are of relevance both to dosage
forms, which themselves comprise solutions, and to
the fate of the drug molecule once in solution fol-
lowing administration.
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KEY POINTS

* Solids and liquids have surfaces that define the
outer limits. The contact between any two
materials 1s an mterface, which can be between
two solids, two liquids, a solid and a liquid, a
solid and a vapour or a liquid and a vapour.

© 2013, Elsevier Ltd

* Inevitably for materials to react and interact
interfacial contact must be made.

* The study of surfaces and their interfacial
interactions is therefore important as it defines
(at least the onset of) all mteractions and
reactions.

* The surfaces of liquids (liquid/vapour interfaces)
are studied by use of surface tension
measurements and the magnitude of the surface
tension is related to the strength of bonding
pulling molecules at the surface towards the
bulk. Hydrogen bonding (as in water) is stronger
than van der Waals forces, so water has a
higher surface tension than an alkane.

* The surfaces of solids can be studied by use of
contact angle measurements which define the
extent to which a liquid wets the solid. If there is
no wetting, then there is no interaction and a
solid could not, for example, dissolve in the
liguid. To aid drug dissolution in the gastro-
intestinal tract, good wetting is desirable.

* Adsorption is defined as a higher concentration
at the surface than mn the bulk, and can be
related to solid/liquid and solid/vapour systems
through adsorption isotherms. Amongst other
uses, adsorption can be used to measure the
surface area of a powder.

* Absorption is the movement of one phase
into another. Water often absorbs nto
amorphous solids, but adsorbs onto
crystalline solids.

Introduction

A surface 1s the outer boundary of a material. In
reality, each surface is the boundary between two
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phases: an interface, which can be solid/liquid (SL),
solid/vapour (SV) or liquid/vapour (LV); or a bound-
ary between two immiscible phases of the same
state, 1.e. liquid/liquid or solid/solid interfaces.
There cannot be vapour/vapour interfaces, as two
vapours would mix, rather than form an interface.

Pharmaceutically we often think of materials in
terms of their bulk properties, such as solubility,
particle size, density and melting point. However,
surface material properties often bear little relation-
ship to bulk properties, for example materials can
be readily wetted by a liquid but not dissolve in it,
1.e. they could have water loving surfaces but not be
soluble; an example of this 1s glass. As contact
between materials occurs at interfaces, a knowledge
of surface properties is necessary if interactions
between two materials are to be understood (or
predicted). Indeed every process, reaction, interac-
tion, whatever it may be, either starts, or fails to
start, due to the extent of interfacial contact.

Surface tension

If we compare the forces acting on a molecule in
the bulk of the liquid with one at the interface (see
Fig. 4.1), in the bulk, the molecules are surrounded
on all sides by other liquid molecules and will con-
sequently have no net force acting on them (all
attractive forces generally being balanced). At
the surface, however, each liquid molecule is sur-
rounded by other liquid molecules to the sides and
below (essentially in a hemisphere below the mol-
ecule), whilst above the molecule the interactions

Fig. 4.1 « The balance of forces on molecules at the
surface and i the bulk of a liquid. Molecules (depicted
here as large circles) m the bulk of a liquid have
neighbours on all sides and a net balance of forces.
Molecules at the surface have neighbours to each side,
but no balance for the attraction of molecules from
below, giving a net inward force mto the body of the
liquid — this is the basis of surface tension.
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will be with gas molecules from the vapour;
these will be much weaker than those between the
liquid molecules. As the molecule at the liquid
surface has balanced forces pulling sideways, the
imbalance is a net inward attraction in a line perpen-
dicular to the interface. Due to the net inward force
exerted on liquids, the liquid surface will tend to
contract, and to form a sphere (the geometry with
minimum surface area to volume ratio). The con-
tracted liquid surface is said to exist in a state of
tension — known as surface tension. The value of
surface tension for a liquid will be related to the
strength of the pull between the liquid molecules.
The interfacial interactions are a consequence of
long range forces which are electrical in nature and
consist of three types: dipole, induced dipole and
dispersion forces.

Dipole forces are due to an imbalance of charge
across the structure of a molecule. This situation is
quite common, certainly most drugs are ionizable,
and have such an asymmetric charge distribution, as
do many macromolecules and proteins. Such mate-
rials are said to have permanent dipoles, and interac-
tive forces are due to attraction between the negative
pole of one molecule when in reasonably close
contact with the positive pole of another. Hydrogen
bonding interactions are a specific sort of this type
of bonding, resulting from the fact that hydrogen
consists of only one proton and one electron, making
it very strongly electronegative. When hydrogen
bonds, its electron is ‘lost’, leaving an ‘exposed’
proton (i.e. one without any surrounding electrons).
This unique situation causes a strong attraction
between the proton and an electronegative region
from another atom. The strength of the hydrogen
bond results in drastically different properties of
interaction, exemplified by the fact that water has
such a high surface tension, melting and boiling
point (in comparison with non-hydrogen bonded
materials).

A bond between carbon and oxygen would be
expected to be dipolar, however, if the molecule of
carbon dioxide is considered (O=C=0), it can be
seen that the molecule is in fact totally symmetrical,
the dipole on each end of the linear molecule being
in perfect balance with that on the other end. Even
though these molecules do not carry a permanent
dipole, if they are placed in the presence of a polar-
ized material, a dipole will be induced on the (nor-
mally symmetrical) molecule, such that interaction
can occur (dipole — induced dipole, or Debye
interactions).



London — van der Waals forces are termed disper-
sion forces. These are interactions between mole-
cules which do not have a charge imbalance, and
which do not have the ability to have an induced
dipole either. Essentially these are interactions
between non-polar materials. These dispersion
forces occur between all materials, and thus, even
though the interaction forces are weak, they make
a very significant contribution to the overall interac-
tion between two molecules. Dispersion forces can
be understood in a simplistic fashion by considering
the fact that the electrons which spin around two
neighbouring non-polarized atoms will inevitably not
remain equally spaced. This will result i local
imbalances in charge that lead to transient induced
dipoles. These induced dipoles, and the forces which
result from them will be constantly changing, and
obviously the magnitude of these interactions is
small compared to the permanent and induced
dipole situations described above. Dispersion forces
are long range, in the order of 10 nm which is sig-
nificantly longer than a bond length.

Measurement of surface tension

The surface tension of a liquid is the combined
strength of polar and dispersion forces that are
pulling on the molecules in the surface of the liquid.
There are a number of methods by which surface
tension can be measured, including the rise of a
liquid 1n a capillary, but more usually the force expe-
rienced by the surface is measured using a microbal-
ance. To do this, an object either in the form of a
thin plate (Wilhelmy plate) or ring (Du Nouy ring),
1s introduced to the surface and then pulled free,
with the force at detachment being measured. For
the Wilhelmy plate method, a plate (usually very
clean glass or platinum) is positioned edge on in the
surface whilst suspended from a microbalance arm,
the force is then measured as the plate is pulled out
of the liquid. The surface tension i1s obtained by
dividing the measured force at the point of detach-
ment by the perimeter of the plate.

Water is the liquid with the highest value for its
surface tension of all commonly used liquids in the
pharmaceutical field (although metals have much
higher surface tensions than water, e.g. mercury
with 380 mNm™"). Water is also of great pharma-
ceutical interest, being the vehicle used for the large
majority of liquid formulations, and being the essen-
tial component of all biological fluids. At the
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Fig. 4.2 « The surface tension of mixtures of methanol
and water (*) and sodium chloride and water (x). Based
on data from Weast (1988).

standard reporting temperature, the surface tension
of water is 72.6 mNm ™.

The addition of small quantities of impurities will
alter the surface tension. In general, organic impuri-
ties are found to lower the surface tension of water
significantly. Take for example the addition of meth-
anol to water. The surface tension of methanol is
22.7 mN m™', but the surface tension of a 7.5% solu-
tion of methanol in water is 60.9 mNm™' (Fig. 4.2).
On the basis of a linear reduction in surface tension
in proportion to the concentration of methanol
added, the surface tension of this mixture would be
expected to be about 68.9 mN m™, thus the initial
reduction in surface tension upon addition of an
organic impurity is dramatic, and cannot be explained
by the weighted mean of the surface tensions of the
two liquids. Methanol has been used as the example
here, as it is one of the more polar organic liquids,
containing just 1 carbon, attached to a polar hydroxyl
group. However, it is its hydrophobicity that causes
the significant reduction in surface tension. The
reason for the large effect on surface tension is that
the water molecules have a greater attraction to each
other than to methanol, consequently the methanol
1s concentrated at the water/air interface, rather
than in the bulk of the water. The methanol here is
said to be surface active (surface active agents are
discussed elsewhere in this book; in particular in
Chapters 5 and 27). Water obtained directly from a
tap can have a surface tension greater than
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72.6 mNm™', due to the presence of ionic impuri-
ties, such as sodium chloride, which are concen-
trated preferentially in the bulk of water rather than
at the surface. Inorganic additives also strengthen
the bonding within water, so the surface tension is
increased in their presence.

Solid we ttability

The vast majority of pharmaceutically active com-
pounds exist in the solid state at standard tempera-
tures and pressures. Inevitably, the solid drug will
come into contact with a liquid phase, either during
processing, and/or in the formulation, and also ulti-
mately during use in the body. Consequently, the
solid/liquid interface is of great importance. Here
the term wettability is used to assess the extent to
which a solid will come into contact with a liquid.
Obviously a material which is potentially soluble,
but which is not wetted by the liquid (i.e. the liquid
does not spread over the solid) will have limited
contact with the liquid and this will certainly reduce
the rate at, and potentially the extent to, which the
solid will dissolve. When formulating an active phar-
maceutical ingredient, it is important that the
powder ultimately becomes wetted by body fluids
in order that it will dissolve.

As with liquid surfaces, there is a net imbalance
of forces in the surface of a solid, and so solids will
have a surface energy. The surface energy of a solid
is a reflection of the ease of making new surface, and
in simple terms can be considered to be the same as
surface tension for a liquid. With liquids, the surface
molecules are free to move, and consequently
surface levelling is seen, resulting in a consistent
surface tension/energy over the entire surface.
However, with solids the surface molecules are held
much more rigidly, and are consequently less able to
move. The shape of solids is dependent upon previ-
ous history (perhaps crystallisation or milling tech-
niques). These processes may yield rough surfaces
with different regions of the same solid’s surface
having different surface energies. Certainly different
crystal faces and edges can all be expected to have
a different surface nature due to the local orienta-
tion of the molecules presenting different functional
groups at the surface of different faces of the crystal
— some more and some less polar, and therefore
some regions more water loving and other regions
less so.
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Contact angle

The properties of solids raise many problems with
respect to surface energy determination, not least
the fact that it is not possible to measure directly
the forces exerted on the surface. The methods that
are used for liquid surface tension measurement,
such as immersing a Wilhelmy plate and measuring
the force as it 1s pulled from the liquid, cannot be
used as the plate cannot gain access into the solid.
This means that surface properties of solids must be
derived from techniques such as contact angle meas-
urement. The tendency for a liquid to spread is
estimated from the magnitude of the contact angle
(6), which is defined as the angle formed between
the tangent drawn to the liquid drop at the three
phase interface and the solid surface, measured
through the liquid (Fig. 4.3). The contact angle is a
consequence of a balance of the three interfacial
forces; ysy acting to aid spreading; ys. acting to
prevent spreading and y;y which acts along the
tangent to the drop. The mterfacial forces are related
to contact angle by Young’s equation:

Yiv €0SO =Ygy —7sL

(4.1)

A low value for the contact angle indicates good
wettability, with total spreading being described by
an angle of 0 degrees. Conversely, a high contact
angle indicates poor wettability, with an extreme
being total non-wetting with a contact angle of 180
degrees. The contact angle provides a numerical
assessment of the tendency of a liquid to spread over
a solid, and as such i1s a measure of wettability.

Y LV

A=
v

2
D

Y S/L

Fig. 4.3 = A contact angle — the angle (0) between the
tangent to the drop (drawn at the point where liquid,
solid and vapour all co-exist), measured through the
liquid to the solid surface. The angle 1s a consequence
of the mterfacial energies of y.y (the surface tension of
the liquid), and the mterfacial tension between the solid
and vapour (ysy), and the solid and hquid (ys;).



If a contact angle were measured on an ideal
(perfectly smooth, homogeneous and flat) surface,
with a pure liquid, then there would be only one
value for the contact angle. In reality there are many
contact angles that can be formed on a solid surface.
The simplest analogy is water on glass. The contact
angle of pure water on clean glass is zero, which
provides the basis of surface tension experiments (as
a finite contact angle would prevent such measure-
ments). However, whenever raindrops are seen to
form on a glass window, they do not spread, but
rather form drops. The reason for this i1s that the
window will not be clean and the liquid not pure. If
raindrops fall on to a plate of glass which is horizon-
tal, each drop will have the same contact angle all
around its circumference. This value is termed the
equilibrium contact angle, 0g. If the glass plate 1s
displaced from the horizontal, the drops will run
down the surface, forming a tear shape. The leading
edge of this drop will always have a larger contact
angle than the trailing edge. The angle formed at the
leading edge 1s termed the advancing contact angle
(6,) and the other angle is termed the receding
contact angle (0z). The difference between 6, and
Or defines the contact angle hysteresis. There are
two possible reasons for contact angle hysteresis,
surface roughness and contamination or variability
of the composition of the surface, 1.e. surface
heterogeneity.

There are many different methods by which it is
possible to measure a contact angle formed by a
liquid on a solid. The vast majority of studies deal
with smooth flat surfaces, such as polymer films,
onto which it is comparatively simple to position a
drop of liquid. The approaches to determination of
the angle for such systems include direct measure-
ment of the angle on a video image.

The Wilhelmy plate apparatus is described above
as a method by which it is possible to measure
surface tension. To do so it is necessary for the liquid
to have a zero contact angle on the plate. Conversely,
it 1s possible to assess the contact angle () between
the solid plate and the liquid if the surface tension
of the liquid (y.y) i1s known. The force detected by
the balance (F) is:

F=py,ycosf
(4.2)

where p is the perimeter of the plate, and from this
the value of the contact angle can be determined.
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As mentioned above, certain polymeric systems
are readily formed into smooth flat plates for contact
angle studies, however, most pharmaceutical materi-
als exist as powders, for which such a physical state
1s not readily achievable. A full understanding of
powder surface energetics, and an ability to alter and
control powder surface properties, would be a major
advantage to the pharmaceutical scientist.

A drug crystal will consist of a number of differ-
ent faces which may each consist of different pro-
portions of the functional groups of the drug
molecule; thus a contact angle for a powder will in
fact be, at best, an average of the contact angles of
the different faces, with contributions from crystal
edges and defects. Also, impurities in the crystallis-
ing solvent can cause an adjustment of habit, and
crystals of the same drug can exist in different poly-
morphic forms; such changes in molecular packing
will potentially alter the surface properties. A final
complication is that despite the fact that most phar-
maceutical powders have a very high degree of crys-
tallinity (and are called crystals), in reality sometimes
they will have a small degree of amorphous content
which is likely to be present at the surface. Thus,
drug powders have heterogeneous surfaces of differ-
ent shapes and sizes, which can readily change their
surface properties. It is clear that all contact angle
data for powders and the appropriate choice of
methodology must be viewed in full knowledge of
the inherent difficulties of the solid sample.

The most cited method of obtaining a contact
angle for powders is to prepare a compact in order
to produce a smooth surface, and then to place a
drop on the surface in order to measure the contact
angle that is formed. The first major problem with
compacted samples is that the very process of com-
paction will potentially change the surface energy of
the sample. Compacts form by processes of brittle
fracture and plastic deformation, thus new surfaces
will be formed during compaction, which can mask
subtle differences in the original surface nature. The
alternative 1s to not compact the powder, for
example sticking fine powder to a piece of doubled
sided adhesive tape. This presents a rough surface
which gives rise to hysteresis and potentially also has
a contribution from the surface property of the
adhesive. There is no solution to these sample prep-
aration difficulties, so a compromise decision has to
be made in order to proceed with measurements.

Alternatives to placing a drop on the surface
of a material exist for powder contact angle
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measurement, including making the powder into a
plate and adapting the Wilhelmy plate method, and
also measuring the rate at which liquid penetrates
into a packed bed of the powder. These methods
and their limitations have been reviewed elsewhere
(Buckton, 1995). The different methods by which
contact angle 1s measured for powders gives rise to
different results, so comparison of data should take
this into account.

An alternative to contact angle measurement is
to use inverse gas chromatography (IGC). Whilst
IGC has been used for many years in other sectors,
it has only been used pharmaceutically to any great
extent in recent years. Further discussion of IGC 1s
presented below.

Adsorption at interfaces

Adsorption 1s the presence of a greater concentration
of a material at the surface than is present in the
bulk. The material which is adsorbed is called the
adsorbate, and that which does the adsorbing is the
adsorbent. Adsorption can be due to physical
bonding between adsorbent and adsorbate (phy-
sisorption) or chemical bonding (chemisorption).
The differences between physisorption and chemi-
sorption are that physisorption is by weak bonds
(such as hydrogen bonding, with energies up to
40 kJ mol™) whilst chemisorption is due to strong
bonding (greater than 80 kJ mol™); physisorption is
reversible, whilst chemisorption seldom is; phy-
sisorption may progress beyond a single layer cover-
age of molecules on the surface (monolayer formation
to multilayer formation), whilst chemisorption can
only proceed to monolayer coverage.

Sohd/hiquid mterfaces

The usual pharmaceutical situation is to have a liquid
(solvent), particles of a solid dispersed in that liquid
and another component dissolved into the liquid
(solute). This forms the basis of stabilising suspension
formulations, where there may be water with sus-
pended active pharmaceutical ingredient and in order
to help stabilize the suspension (keep the solid par-
ticles from joining together) there may be a surface
active agent dissolved in the water. The surface active
agent will adsorb on the surface of the powder par-
ticles and help to keep them separated from each
other (steric stabilisation). It is also possible to use
this surface interaction in the treatment of drug
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overdose, where charcoal of high surface area can be
administered and the excess of drug in the patient’s
gastrointestinal tract can be adsorbed from solution
onto the surface of the charcoal, which isthen cleared
from the patient. Kaolin is administered as a therapy
in order to adsorb toxins in the stomach and soreduce
gastrointestinal disturbances. A further example is
analysis by HPLC — where molecules in solution are
adsorbed onto a column to achieve separation. As a
final example, the loss of active pharmaceutical ingre-
dient, or preservative, from a solution product to a
container can be a damaging effect of adsorption
from solution to a solid.

The quantity of solute which adsorbs will be
related to its concentration in the liquid. The adsorp-
tion will proceed until equilibrium 1is reached
between that which has been adsorbed at the inter-
face and that which is in the bulk.

Many factors will affect adsorption from solution
onto a solid, these include temperature, concentra-
tion, and the nature of the solute, solvent and solid.
The effect of temperature is almost always that an
increase in temperature will result in a decrease in
adsorption. This can be viewed as a consequence of
giving the solute molecules more energy, and thus
allowing them to escape the forces of adsorption, or
simply viewed as the fact that adsorption is almost
always exothermic, and thus an increase in tempera-
ture will cause it to decrease.

pH 1s important as many materials are ionizable,
and the tendency to interact will vary greatly if they
exist as polar ions, rather than a non-polar unionized
material. In most pharmaceutical examples (chroma-
tographic separation being an obvious exception),
adsorption will be from aqueous fluids, and for these
adsorption will tend to be greatest when the solute 1s
in 1ts unionized form, 1.e. at low pH for weak acids,
at high pH for weak bases, and at the isoelectric points
for amphoteric compounds (those which exhibit acid
and basic regions), although at other pH values the
solubility in water will be higher (due to greater ioni-
zation favouring the interaction with water) and there
will still be some unionized molecules present, which
will usually adsorb on surfaces in preference to main-
taming a disfavoured interaction with water.

The effect of solute solubility will influence
adsorption as the greater the affinity of the solute
for the liquid, the lower the tendency to adsorb to
a solid. Thus, adsorption from solution is approxi-
mately inversely related to solubility.

The nature of the solid (the adsorbent) will be
very important, both in terms of its chemical



composition and its physical form. The physical
form 1s the easiest to deal with, as it relates largely
to available surface area. Materials such as carbon
black (a very finely divided form of carbon) have
extremely large surface areas, and as such are excel-
lent adsorbents, both from solution (e.g. as an anti-
dote as mentioned above) and from the vapour state
where it has been used for gas masks. The chemical
nature of the adsorbent solid is important, as it can
be a nonpolar hydrophobic surface, or a polar
(charged) surface. Obviously, adsorption to a non-
polar surface will be predominantly by dispersion
force interactions, whilst charged materials can also
interact by ionic or hydrogen bonding processes.

Sohd/vapour mterfaces

When considering the solid/vapour mterface, it i1s
necessary to understand processes of adsorption and
absorption. Adsorption has already been defined as
the presence of greater concentrations of a material
at the surface than is present in the bulk. Pharma-
ceutically, absorption 1s usually considered as the
passage of a molecule across a barrier membrane,
and is the essential requirement for enteral drug
delivery routes to the systemic circulation. However,
absorption should be considered as the movement
into something, for example a gas or vapour can pass
into the structure of an amorphous material, such
that the uptake onto/into the solid i1s a sum of
adsorption (to the surface) and absorption (into the
bulk). If the uptake is thought to consist of both
adsorption and absorption processes, it 1s often
referred to by the general term, sorption.

There are many processes at the solid/vapour
interface which are of pharmaceutical interest, but
two of the most important are water vapour/solid
interactions, and surface area determination using
nitrogen (or similar inert gas)/solid interactions.

Solid/vapour adsorption
iSsotherms

As with adsorption at the solid/liquid interface,
the process can be due to chemisorption or phy-
sisorption. Most usually we will be concerned with
physisorption.

Adsorption 1sotherms of vapours onto solids are
representations of experimental data, usually plotted
as amount adsorbed as a function of pressure of the
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gas, at a constant temperature. For such a plot, the
pressure of the gas can be varied from zero to the
saturated vapour pressure of the gas at that tempera-
ture (P,), and in each case the amount adsorbed can
be determined (often by monitoring the change of
weight of the sample). The concept of named
adsorption isotherms (e.g. the Langmuir isotherm)
is simply one of observing whether the experimental
data fit to one of the existing mathematical models.
If the data can be fitted, then there are several
advantages: firstly, it becomes possible to define the
adsorption process numerically, and thus exact com-
parisons can be made with similar data for other
materials, and secondly, the models provide clues as
to the nature of the adsorption process that has
occurred (e.g. indicating whether the process is
monolayer or multilayer, etc.).

Langmuir (Type I) isotherm

The Langmuir isotherm (one which fits the equation
developed by Langmuir) is shown schematically in
Figure 4.4. It has a characteristic shape of fairly
rapid adsorption at low pressures of gas/vapour,
which reaches a plateau well below P,, after which
any further increases in pressure do not cause an
increase in adsorption. This is the idealized model
for monolayer adsorption, in that initially the surface

0 20 40 60 80
%P/P,

100

Fig. 4.4 « A schematic representation of a Langmuir
isotherm. Weight increases as the partial pressure of the
vapour (P/P,)is mcreased until a monolayer of
molecules has formed on the surface of the sold, after
which there is no further weight change as P/P, is
mcreased further. The mass uptake (no scale shown on
the figure) will depend upon the available surface areca of
the sample.
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1s ‘clean’ and consists entirely of adsorption sites.
Thus, a small amount of vapour allows rapid and
extensive adsorption. Subsequently, more and more
of the available adsorption sites become occupied,
and thus further increases in pressure result in com-
paratively little increase in the amount adsorbed. At
a certain pressure, all the adsorption sites will be
occupied, i.e. monolayer coverage has been achieved,
after which adsorption stops, giving a plateau region
in which further increases in pressure have no effect
on the amount adsorbed.

The Langmuir isotherm can only occur in situa-
tions where the entire surface is covered with
equally accessible, identical adsorption sites, and the
presence of an adsorbed molecule on one site does
not hinder (or encourage) adsorption to a neighbour-
ing site. For a system to follow a Langmuir isotherm,
there must be a strong non-specific interaction
between the adsorbate and the adsorbent (such that
adsorption is desirable over the entire surface), and
there must be little adsorbate — adsorbate interac-
tion (in terms of attraction or repulsion).

Type I isotherms

The Langmuir isotherm (Fig. 4.4) which describes
adsorption of a monolayer only is often referred to
as a Type I physical adsorption isotherm. There are
other common shapes for adsorption isotherms,
each of which can be taken to give an indication of
the nature of the adsorption process. The schematic
shapes of some other isotherms are shown in Figure
4.5. Type II isotherms are thought to correspond to
a process which initially follows the Langmuir type
of 1sotherm, in that there i1s a build-up of a monol-
ayer, after this monolayer region, however, further
increases in the vapour content result in further, and
extensive adsorption. This subsequent adsorption is
multilayer coverage, and is a consequence of strong
interactions between the molecules of the adsorb-
ate. These post-monolayer regions can be regarded
as being analogous to condensation, and the iso-
therm rises as the pressure approaches P,.

Type Il sotherms

Type III isotherms are typical of the situation where
the interaction between adsorbate molecules is
greater than that between the adsorbate and adsorb-
ent molecules, 1.e. the solid and the vapour have no
great affinity for each other. This results in an
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Fig. 4.5 « Type I and Il isotherms. Type I shows
weight gain as the partial pressure of the vapour (P/P,)
(which would be relative humidity for water) is increased,
with rapid uptake at low P/P,, passing through
monolayer to multilayer coverage. Type Il shows little
weight gain at low P/P, with mass gam accelerating at
higher P/P,.

isotherm shape for which it is necessary to have a
significant presence of vapour before the adsorption
process becomes significant, but once the surface
starts to be covered with adsorbate, then the favour-
able adsorbate-adsorbate interaction results in a dra-
matic increase in adsorption for limited further
increases in vapour concentration.

Brunauer,. Emmett.and.Teller.isotherm

The i1sotherm derived by Brunauer, Emmett and
Teller 1s eponymously known as the BET isotherm.



It 1s widely used as a standard method of determin-
ing surface area for solids. Just as the Langmuir
isotherm fits to the Type I physical isotherm, the
BET isotherm fits those situations which follow the
Type II 1sotherm. The Type II isotherm is perhaps
the most commonly encountered practically deter-
mined isotherm.

Interpretation of isotherm plots

With the Langmuir isotherm it can be assumed that
the plateau region corresponds to monolayer forma-
tion, thus the quantity of gas adsorbed at monolayer
1s known, and consequently, as the area of each
molecule of gas is known, the surface area of the
solid can be determined. With a Type II isotherm,
the system passes through monolayer coverage, at a
region on the isotherm, this is rather difficult to
define with any certainty from the graphical iso-
therm, but can easily be obtained from the BET
equation.

(P/R)/I(1=(P/R))V =/(cVion))
+((c=D/(cVmon NP/ R)
(4.3)

where P is vapour pressure; P, is saturated vapour
pressure (note P/ P, for water 1s the relative humid-
ity), V is the volume of gas adsorbed, V., 1s the
volume of gas adsorbed at monolayer coverage and
c 1s a constant.

If (P/P)/(1-(P/P,)) V is plotted as a function of
P/P,, the slope will be (c-1)/(cVmen) and intercept
1/(cVmon). From this it is possible to calculate Vo,
1s the volume of the adsorbed gas which covers a
monolayer. If the volume of gas is known, the
number of gas molecules can be calculated, and then
if the area occupied by each gas molecule is known,
then the surface area of the solid is obtained.

The measured surface area can vary depending
upon the gas/vapour used to determine the iso-
therm. The most commonly used gas for surface
area determination 1s nitrogen. The concept of
fractal geometries brings into question all definitions
of length, and consequently surface area. The stand-
ard typical illustration of fractals is shown in Figure
4.6, im which it can be seen that the length of an
irregular, rough object can be altered enormously
depending upon the resolution used in its measure-
ment. For example, it is easy to consider the length
of coastline on low magnification, but it becomes
hard to know at what magnification one should
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Fig. 4.6 « Schematic image to show that the same
region of a surface seems to have a bigger surface areca
as the accuracy of measurement is increased.
Expanding part of the line on the left, gives a rougher
surface (middle), expanding part of the middle gives
further features (right image).

reasonably stop, as with each magnification the
length will increase by a factor proportional to that
magnification. This caution is included, as the
surface area of most solids is determined in relation
to a nitrogen molecule as a probe. There will be
many indentations in solids which may not be readily
accessed by nitrogen gas, so a different probe gas
(different size of molecule, e.g. krypton gas) can
access different regions of the solid surface and the
calculated surface area will change.

Isotherm models, other than Langmuir and BET,
exist which can also be used to understand powder
— vapour interactions, but these will not be discussed
here.

Interactions between powders
and water vapour

The mteraction between water and a product 1s a con-
sideration for almost every pharmaceutical product.
Water may be important during formulation/
preparation (for example, affecting powder flow, in
wet granulation process, drying processes, ease of com-
paction, as a film coating solvent, aqueous liquid for-
mulations, etc.), during storage (where it may influence
chemical stability, physical transitions such as crystal-
lization, or microbial spoilage), and during use (where
there is a need to contact aqueous body fluids).

57



Scientif ¢ Principles of Dosage Form Design

It 1s clear from the above paragraph that interac-
tion with water 1s essential at certain stages, but
undesirable in other situations. Consequently, an
understanding of how, why, where, when and how
much water will associate with a solid 1s an impor-
tant issue in the development of pharmaceutical
products. Water may interact with surfaces by
adsorption and condensation, with some solids by
absorption, as well as by inclusion into crystal struc-
tures as hydrates.

Water adsorption

Water is able to adsorb to a wide range of different
materials over a wide range of temperature and
humidity. Most gasses that have been mentioned so
far, such as nitrogen, are thought to adsorb uni-
formly across surfaces, whilst water is thought to
selectively bind to polar regions of a solid surface.
Thus, the extent of adsorption of water to a solid
surface is related to the degree of polarity of the
solid itself.

It has been reported (van Campen ef al., 1983;
Kontny et al., 1987) that the adsorption of water
onto most crystalline solids is not able to cause the
solids to dissolve. This i1s because only a few layers
of water molecules form as a ‘multilayer’ on solids,
and this 1s a very small volume for dissolution. Fur-
thermore, the structure of water adsorbed to the
surface of a solid is different to the tetrahedral
structure of bulk water, so the adsorbed material
cannot be expected to have the same properties as
a solvent as would be expected of bulk water. Given
the observation of Kontny ef al. (1987), that water
which 1s adsorbed to the surface is only a few mol-
ecules thick and is not acting as bulk liquid, the
question must be asked as to why water can have
such a huge influence on the properties of materials,
and on their physical and chemical stability. It can
casily be calculated that the quantities of water
which are said to be associated with solids are greatly
in excess of that which can be accommodated in a
few layers around their surface. Water can also inter-
act with powders by being condensed in capillaries
(or at other regions), or can be absorbed in amor-
phous regions, which is water that has the properties
of bulk water and the ability to cause instability and
spoilage.

The water content can be divided into different
regions by considering the shape of the isotherm.
The standard Type II 1sotherm (Fig. 4.7) has two
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Fig. 4.7 « Water adsorption isotherm, showing W, as
the point where monolayer coverage will have occurred
and W;above which the water is considered to be ‘free’
and to have the properties of bulk water.

inflection points, the first of which is termed W,
(the water content at the point which is thought to
be the onset of monolayer coverage) and the second
W (the water content regarded as free). At all
humidities below that which corresponds to W, the
water can be regarded as tightly bound. At all points
above W the water is considered to be liquid at
room temperature and freezable.

The condensation of water into capillaries is a
consequence of the small pore sizes reducing the
relative pressure at which condensation is possible.
It can be estimated that the relative humidity at
which water would condense would be 99% for
pores of 100 nm, but only 50% for pores of 1.5 nm.
It follows that materials which have surfaces which
consist of many thousands of large volume micropo-
res will adsorb huge quantities of water by capillary
condensation. Materials such as silica gel have this
type of structure, but it is comparatively rare to find
pharmaceuticals which have microporous surfaces.

Water absorption

It 1s incorrect to assume that most pharmaceuticals
are fully crystalline, or that most water association
with pharmaceuticals is by adsorption. It has already
been stated that pharmaceuticals can have amor-
phous regions, and that even those which are
regarded as crystalline can have amorphous surfaces.
Amorphous surfaces result from physical treatment
moving surface molecules, and there being no



mechanism by which they can recrystallize rapidly.
The amorphous regions can result in chemical insta-
bility, and altered interactions between surfaces.

For amorphous materials, experimental evidence
points to water uptake being due to absorption of
water, as the quantity of water sorbed is related to
the weight of materials present, and not the surface
area (as would be the case for adsorption). It is also
common for sorption and desorption isotherms for
amorphous materials to show considerable hystere-
sis, despite the absence of microporous structure
(the other main cause of such effects).

The interpretation of isotherms for systems
which are suspected to have undergone absorption
must be undertaken with care. The value W, for
example, will still exist as a Type II isotherm will be
a common occurrence; however, it can no longer be
expected to represent monolayer coverage. For
amorphous materials the value of W, reflects the
polarity of the solid, the higher the value, the more
polar the solid. The second inflection point (W) for
amorphous materials is believed to be the point at
which the water has so plasticized the solid that the
glass transition temperature (7,) of the amorphous
mass has fallen, such that it now equals the tem-
perature of the experiment.

The glass transition temperature of an amorphous
material is the point at which it shows a change in
properties. Below the 7, materials are brittle and are
said to be in the glass (or glassy) state. For example,
window glass has a T, of about 1000 °C, and as such
is brittle at ambient conditions. Above the T, a
material becomes more rubbery. It is often desirable
to have materials of a rubbery nature at room tem-
perature, for example for the production of bottles
which are less prone to shatter than glass. It is pos-
sible to mix another material with the main compo-
nent, the minor component will fit between the
molecules of the first, and will allow greater molecu-
lar movement, thus lowering 7,. The additive i1s
called a plasticizer. It 1s possible to estimate the
effect of a plasticizer by use of the following simple
equation:

I/TgIZ = Wl/Tgl + Wz/ng
(4.4)

where W is the weight fraction of material 1 (with
T~ T,y), and W, is the weight fraction of material
2 (with T;= Typ) and Ty, is the T, of the mixture.
Thus, a plasticizer 1s a material which has a lower 7,
than the material, and which can gain access to
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regions within the molecules of the material. Water
has a T, of about —138 °C, and as such can efficiently
plasticize many amorphous materials.

The process of amplification has been explained
by Ahlneck and Zografi (1990) who regard absorp-
tion into amorphous regions as being the preferred
form of interaction between powders and water
vapour. It is argued that the amorphous regions are
energetic ‘hot spots’, such that water would rather
absorb than adsorb to the general surface. If we
accept this hypothesis, which does seem entirely
reasonable, then there must be great concern about
materials which have a very small amorphous
content and a small amount of associated water. It
is quite usual for materials to contain 0.5% moisture,
which sounds insignificant, however, if the material
1s 0.5% amorphous then it is likely that 0.5 % mois-
ture is in 0.5% of the solid, and is thus present in a
50:50 ratio of water to solid. This would provide a
region of enormous potential for physical transition,
chemical reaction or microbial spoilage. The example
does not have to be as extreme as this; it has been
calculated (Ahlneck and Zografi, 1990) that only 0.1
% moisture content is needed in a sucrose sample
which 1s 1 % amorphous in order to plasticize the
T, of the amorphous sucrose to below room
temperature.

It is clear then that the critical drastic conse-
quences of water/solid interaction are much more
likely to result as a consequence of amplification of
water into the minor regions of amorphous surface
material, than by surface adsorption. It follows that
materials can be expected to change their properties
as a consequence of any process which can re-order
surface molecules, such as milling, spray drying, etc.

It is worth restating that the great increases in
molecular mobility that accompany the transition
from glass to rubber state will be sufficient to trigger
physical changes and to initiate, or speed up, chemi-
cal degradation processes. This can occur in any
amorphous material, which includes surface regions
of ‘crystalline’ drugs and excipients.

The presence of high proportions of water in
amorphous regions of solids is often enough to
promote surface recrystallisation. The surface need
not have dissolved in the true dissolution sense of
the word, but may simply have been plasticized to
give sufficient reduction in viscosity to allow molec-
ular realignment. It is now a matter of some com-
mercial interest that surfaces will behave in totally
different manners depending upon whether they are
partially amorphous, or crystalline, this will relate to
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case of use, stability on storage and ease of manu-
facture (see examples in Chapter 8).

Deliquescence

Certain saturated solutions of salts are known to
produce an atmosphere of a certain relative humid-
ity above their surface. If any of these salts are
stored in solid form at any humidity above the
values that would be produced above their saturated
solutions, then they will dissolve in the vapour. If
they are stored below that critical humidity value
then they will adsorb water vapour, but will not
dissolve. Such materials which dissolve in water
vapour are known as deliquescent.

A major characteristic of deliquescent materials
is that they are very soluble, and have a large colliga-
tive effect on the solution formed, such that the
vapour pressure of water is drastically reduced by
the presence of the dissolved solute. The stage of
events in deliquescence is that some water 1is
adsorbed/absorbed. At a critical humidity, a small
amount of the highly soluble solid dissolves, this
lowers the vapour pressure of water, leading to
extensive condensation, and an auto-catalytic
process develops (i.e. as more solid dissolves the
vapour pressure lowers, which causes more conden-
sation to occur, which causes more solid to dissolve).
The process will continue until all the material has
dissolved, or until the relative humidity falls below
that which 1s exhibited above the saturated solution
of the salt. The reason that different salts produce
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such a range of relative humidities above their satu-
rated solution is due to the colligative action of their
respective molecules reducing the activity of water.
The relative humidity produced in the vapour space
above saturated solutions of certain salts is reported
in Table 4.1.

Inverse phase gas
chromatography (IGC)

As mentioned above, there are practical issues with
measuring the contact angle for powdered systems.
An alternative is to study the interaction between
the powder and a vapour. Gas chromatography is a
well-established analytical method. A column is
packed with a powder and a test sample is injected
into a constant flow of gas that is passing through
the column, which 1s held at constant temperature.
A detector 1s positioned at the end of the column.
The test sample will be carried through the column
by the carrier gas, however as it interacts with the
powder in the column, components of the test
sample will be slowed to different extents based on
the extent of interaction between them and the
powder in the column. This achieves separation and
good analysis. Inverse phase gas chromatography is
where a known substance 1s injected and the test
material is the powder packed into the column. For
example, the known gas could be hexane vapour and
the powder packed in the column is the material for
which we wish to know the nature of its surface. It

Table 4.1 The relative humidity (%) that is produced in a sealed air space above certain saturated solutions at

different temperatures (data from Wade, 1980)

Temperature (°C) 10 15 20 25 30 35 40
Salt

Potassium sulfate 98 97 97 97 96 96 96
Potassium chloride 88 87 86 85 84 83 82
Sodium chloride 76 76 76 75 75 75 75
Magnesium nitrate 57 56 55 53 52 50 49
Potassium carbonate 47 44 A 43 43 43 42
Magnesium chloride 34 34 33 33 33 32 32
Potassium acetate 24 23 23 22 22 21 20
Lithium chloride 13 13 12 12 12 12 11
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would be usual to inject vapours of a series of
alkanes, say hexane, heptane, octane, nonane, and
also to inject a number of polar vapours. From the
retention times of the injected vapour it is possible
to understand the dispersive surface energy (from
the retention of the alkanes) and the polar surface
energy (form the retention of polar probes) of the
test solid. This allows the surface nature of different
solids to be compared without the need to compact
the sample and measure a contact angle.
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KEY POINTS

* Disperse systems comprise one component,
the disperse phase, dispersed as particles or
droplets throughout another component, the
continuous phase. They may be colloidal
dispersions (I nm—1 um), such as surfactant
micelles or coarse dispersions e.g. emulsions,
suspensions or aerosols.
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Disperse systems

David Attwood

Colloids can be broadly classifed as:

* lophobic (solvent hating) (= hydrophobic in
aqueous systems) or

* lophilic (= hydrophilic m aqueous
systems).

The physical stability of disperse systems is

determined by forces of interaction between the

particles mcluding electrical double layer

interaction, van der Waals attraction, solvation

forces and steric repulsion arising from

adsorbed polymeric material. The stability of

lyophobic systems may be explamed

quantitatively by the DLVO theory.

Emulsions are usually dispersions of oil in water
or water in oil, stabilized by an interfacial fIm

of surfactant or hydrophilic polymer around

the dispersed droplets. They are mtrinsically
unstable systems and if droplet growth is
unchecked the emulsion will separate into two
phases (i.e. crack).

Suspensions may be stabilized by controlling
the flocculation of the dispersed particles

by the addition of electrolytes or ionic
surfactants.

Aqueous surfactant solutions form micelles
when the concentration of surfactant exceeds
a critical value, termed the critical micelle
concentration, determined by the chemical
structure of the surfactant and the external
conditions. Micellar solutions are stable
dispersions within the true colloidal size range.
Unlike other colloidal dispersions there 1s a
dynamic equilibrum between the micelles and
the free surfactant molecules in solution; the
micelles continuously breakdown and reform
in solution. The interior core of typical micelles
has propertics similar to that of a liquid
hydrocarbon, and is a site of solubilization of
poorly soluble drugs.



Introduction

A disperse system consists essentially of one com-
ponent, the disperse phase, dispersed as particles or
droplets throughout another component, the con-
tinuous phase. By definition, those dispersions in
which the size of the dispersed particles is within
the range 10~ m (1 nm) to about 10° m (1 pum) are
termed colloidal. However, the upper size limit is
often extended to include emulsions and suspen-
sions which are very polydisperse systems in which
the droplet size frequently exceeds 1 um, but which
show many of the properties of colloidal systems.
Some examples of colloidal systems of pharmaceuti-
cal interest are shown in Table 5.1. Many natural
systems such as suspensions of microorganisms,
blood and isolated cells in culture are also colloidal
dispersions.

This chapter will examine the properties of both
coarse dispersions, such as emulsions, suspensions
and aerosols, and also fine dispersions, such as micel-
lar systems, which fall within the defined size range
of true colloidal dispersions.

Colloids can be broadly classified as those that
are lyophobic (solvent-hating) and those that are
lyophilic (solvent-liking). The terms hydrophobic
and hydrophilic are used when the solvent is water.
Surfactant molecules tend to associate in water into
aggregates called micelles and these constitute
hydrophilic colloidal dispersions. Proteins and gums
also form lyophilic colloidal systems because of a
similar affinity between the dispersed particles and
the continuous phase. On the other hand, disper-
sions of oil droplets in water or water droplets 1n oil
are examples of lyophobic dispersions.

Table 5.1 Types of disperse systems

CHAPTER 5

Disperse systems

It is because of the subdivision of matter in col-
loidal systems that they have special properties. A
common feature of these systems is a large surface-
to-volume ratio of the dispersed particles. As a con-
sequence, there is a tendency for the particles to
associate i order to reduce their surface area. Emul-
sion droplets, for example, eventually coalesce to
form a macrophase, so attaining a minimum surface
area and hence an equilibrium state. This chapter
will examine how the stability of colloidal disper-
sions can be understood by a consideration of the
forces acting between the dispersed particles.
Approaches to the formulation of emulsions, sus-
pensions and aerosols will be described and the
instability of these coarse dispersions will be dis-
cussed using a theory of colloid stability. The asso-
ciation of surface-active agents into micelles and the
applications of these colloidal dispersions in the
solubilization of poorly water-soluble drugs will also
be considered.

Colloids

Preparation of colloidal systems

Lyophilic.colloids

The affinity of lyophilic colloids for the dispersion
medium leads to the spontaneous formation of col-
loidal dispersions. For example, acacia, tragacanth,
methylcellulose and certain other cellulose deriva-
tives readily disperse in water. This simple method
of dispersion is a general one for the formation of
lyophilic colloids.

Dispersed phase Dispersion medium Name Examples

Liquid Gas Liquid aerosol Fogs, mists, aerosols

Solid (Gas Solid aerosol Smoke, powder aerosols

(as Liquid Foam Foam on surfactant solutions

Liquid Liquid Emulsion Milk, pharmaceutical emulsions

Solid Liquid Sol, suspension Silver iodide sol, aluminium hydroxide suspension
Gas Solid Solid foam Expanded polystyrene

Liquid Solid Solid emulsion Liquids dispersed in soft paraffin, opals, pearls

Solid Solid Solid suspension Pigmented plastics, colloidal gold in glass, ruby glass
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Lyophobic.colloids

The preparative methods for lyophobic colloids may
be divided into those methods that involve the
breakdown of larger particles into particles of col-
loidal dimensions (dispersion methods) and those in
which the colloidal particles are formed by aggrega-
tion of smaller particles such as molecules (conden-
sation methods).

Dispersion methods. The breakdown of coarse
material may be carried out by the use of a colloid
mill or ultrasonics.

Colloid mills. These mills cause the dispersion of
coarse material by shearing in a narrow gap between
a static cone (the stator) and a rapidly rotating cone
(the rotor).

Ultrasonic treatment. The passage of ultrasonic waves
through a dispersion medium produces alternating
regions of cavitation and compression in the medium.
The cavities collapse with great force and cause the
breakdown of coarse particles dispersed in the liquid.

With both these methods the particles will tend
to reunite unless a stabilizing agent such as a surface-
active agent 1s added.

Condensation methods. These involve the rapid
production of supersaturated solutions of the col-
loidal material under conditions in which it is depos-
ited in the dispersion medium as colloidal particles
and not as a precipitate. The supersaturation is often
obtained by means of a chemical reaction that
results in the formation of the colloidal material. For
example, colloidal silver 1odide may be obtained by
reacting together dilute solutions of silver nitrate
and potassium i1odide; colloidal sulphur is produced
from sodium thiosulfate and hydrochloric acid solu-
tions; and ferric chloride boiled with excess of water
produces colloidal hydrated ferric oxide.

A change of solvent may also cause the production
of colloidal particles by condensation methods. If a
saturated solution of sulphur in acetone is poured
slowly into hot water, the acetone vaporizes, leaving
a colloidal dispersion of sulphur. A similar dispersion
may be obtained when a solution of a resin, such as
benzoin in alcohol, is poured into water.

Purifcation of colloidal systems

Dialysis

Colloidal particles are not retained by conventional
filter papers but are too large to diffuse through the
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pores of membranes such as those made from regen-
erated cellulose products, e.g. collodion (cellulose
nitrate evaporated from a solution in alcohol and
ether) and cellophane. The smaller molecules in
solution are able to pass through these membranes.
Use is made of this difference in diffusibility to
separate micromolecular impurities from colloidal
dispersions. The process 1s known as dialysis. The
process of dialysis may be hastened by stirring so as
to maintain a high concentration gradient of diffus-
ible molecules across the membrane and by renew-
ing the outer liquid from time to time.

Ultrafiltration. By applying pressure (or suction),
the solvent and small particles may be forced across
a membrane whilst the larger colloidal particles are
retained. The process is referred to as ultrafiltration.
It is possible to prepare membrane filters with known
pore size and use of these allows the particle size of
a colloid to be determined. However, particle size
and pore size cannot be properly correlated because
the membrane permeability is affected by factors
such as electrical repulsion, when both the mem-
brane and particle carry the same charge, and particle
adsorption which can lead to blocking of the pores.

Electrodialysis. An electric potential may be
used to increase the rate of movement of 1onic
impurities through a dialysing membrane and so
provide a more rapid means of purification. The
concentration of charged colloidal particles at one
side and at the base of the membrane is termed
electrodecantation.

Properties of colloids

Size.and.shape.of.colloidal.particles

Size distribution. Within the size range of colloidal
dimensions specified above, there is often a wide
distribution of sizes of the dispersed colloidal parti-
cles. The molecular weight or particle size is there-
fore an average value, the magnitude of which is
dependent on the experimental technique used in its
measurement. When determined by the measure-
ment of colligative properties such as osmotic pres-
sure, a number average value, M, is obtained which,
in a mixture containing »n,, n,, 13, ... moles of particle
of mass M, M,, M5, ... respectively, is defined by:

_ nlMl +n2M2 +n3M3 T... _ ZniMi
2.1

M,
n1+n2+7’l3 +...

(5.1)



In the light-scattering method for the measurement
of particle size, larger particles produce greater scat-
tering and the weight rather than the number of
particles is important, giving a weight-average value,
M,, defined by:

_ m1M1 +m2M2+m3M3 +... _ anMlz
2 niM;
(5.2)

M,
m1+m2 +m3 +...

In Equation 5.2, m,, m,, and m; ... are the masses
of each species, and m; 1s obtained by multiplying
the mass of each species by the number of particles
of that species; that is, m; = n;M;. A consequence is
that M, > M, and only when the system is mono-
disperse will the two averages be identical. The ratio
M,/ M, expresses the degree of polydispersity of the
system.

Shape. Many colloidal systems, including emul-
sions, liquid aerosols and most dilute micellar solu-
tions, contain spherical particles. Small deviations
from sphericity are often treated using ellipsoidal
models. Ellipsoids of revolution are characterized
by their axial ratio, which is the ratio of the half-
axis a to the radius of revolution b (see Fig. 5.1).
Where this ratio is greater than unity, the ellipsoid
is said to be a prolate ellipsoid (rugby ball shaped),
and when less than unity an oblate -ellipsoid
(discus-shaped).

High molecular weight polymers and naturally
occurring macromolecules often form random coils
in aqueous solution. Clay suspensions are examples
of systems containing plate-like particles.

Kinetic.properties

In this section several properties of colloidal systems,
which relate to the motion of particles with respect
to the dispersion medium, will be considered.
Thermal motion manifests itself in the form of

b

Prolate Oblate

Fig. 5.1 « Model representation of ellipsoids of
revolution.
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Brownian motion, diffusion and osmosis. Gravity (or
a centrifugal field) leads to sedimentation. Viscous
flow is the result of an externally applied force.
Measurement of these properties enables molecular
weights or particle size to be determined.

Brownian motion. Colloidal particles are subject
to random collisions with the molecules of the dis-
persion medium with the result that each particle
pursues an irregular and complicated zigzag path.
If the particles (up to about 2 pm diameter)
are observed under a microscope or the light
scattered by colloidal particles is viewed using an
ultramicroscope, an erratic motion 1s seen. This
movement is referred to as Brownian motion after
Robert Brown who first reported his observation of
this phenomenon with pollen grains suspended in
water.

Diffusion. As a result of Brownian motion, col-
loidal particles spontaneously diffuse from a region
of higher concentration to one of lower concentra-
tion. The rate of diffusion 1s expressed by Fick’s
First Law. One form of this relationship is shown in
Equation 5.3.

dm __, 4€
d¢ dx

(5.3)

where dm 1s the mass of substance diffusing in time
dt across an area 4 under the influence of a concen-
tration gradient dC/dx (the minus sign denotes that
diffusion takes place in the direction of decreasing
concentration). D is the diffusion coefficient and has
the dimensions of area per unit time. The diffusion
coefficient of a dispersed material is related to the
frictional coefficient, f, of the particles by Einstein’s
Law of Diffusion:

Df = kgT
(5.4)
where ki 18 the Boltzmann constant and 7T
temperature.
Therefore, as the frictional coefficient is given by
the Stokes equation:

f=6nna
(5.5)

where # 1s the viscosity of the medium and a the
radius of the particle (assuming sphericity), then:
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_ k' _ RT
6rna 6znaN A

(5.6)

N 4 1s the Avogadro constant, R is the universal gas
constant and kg = R/N .. The diffusion coefficient
may be obtained by an experiment measuring the
change in concentration, via refractive index gradi-
ents, when the solvent 1s carefully layered over the
solution to form a sharp boundary and diffusion is
allowed to proceed. A more commonly used method
is that of dynamic light scattering which is based on
the frequency shift of laser light as it is scattered by
a moving particle, the so-called Doppler shift. The
diffusion coefficient can be used to obtain the
molecular weight of an approximately spherical par-
ticle, such as egg albumin and haemoglobin, by using
Equation 5.5 in the form:

RT 3 477:NA

D:
61NN NV 3Mv

(5.7)

where M is the molecular weight and v is the partial
specific volume of the colloidal material.

Sedimentation. Consider a spherical particle of
radius a and density o falling in a liquid of density
p and viscosity 7. The velocity v of sedimentation is
given by Stokes’ Law:

v=2a’g(c —p)/9n
(5.8)

where g 1s acceleration due to gravity.

If the particles are only subjected to the force of
gravity then, due to Brownian motion, the lower size
limit of particles obeying Equation 5.8 1s about
0.5 um. A stronger force than gravity is therefore
needed for colloidal particles to sediment and use is
made of a high-speed centrifuge, usually termed an
ultracentrifuge, which can produce a force of about
10° g. In a centrifuge, gis replaced by w’x, where w
is the angular velocity and x the distance of the
particle from the centre of rotation.

The ultracentrifuge is used in two distinct ways
in investigating colloidal material. In the sedimenta-
tion velocity method, a high centrifugal field is
applied, up to about 4 x 10° g, and the movement
of the particles, monitored by changes in concentra-
tion, is measured at specified time intervals. In the
sedimentation equilibrium method, the colloidal
material is subjected to a much lower centrifugal
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field until sedimentation and diffusion tendencies
balance one another, and an equilibrium distribution
of particles throughout the sample is attained.

Sedimentation velocity. The velocity dx/dz of a par-
ticle in a unit centrifugal force can be expressed in
terms of the Svedberg coefficient s:

s =(dx/dt) o*x
(5.9)

Under the influence of the centrifugal force, parti-
cles pass from position x; at time ¢, to position x, at
time ¢,. The differences in concentration with time
can be measured using changes in refractive index
and the application of the schlieren optical arrange-
ment, whereby photographs can be taken showing
these concentrations as peaks. The expression giving
molecular weight M from this method is:

M: RTS _ RTInX2/xl
D(1-vp) D(1-vp)(t, —t))o’
(5.10)

where v is the partial specific volume of the
particle.

Sedimentation equilibrium. Equilibrium 1s estab-
lished when sedimentation and diffusional forces
balance.

Combination of sedimentation and diffusion
equations 1s made in the analysis giving:

. 2RT1HC2/C1

0’ (1-Vp)(x} —x})

(5.11)

where C, and C, are the sedimentation equilibrium
concentrations at distances x; and x, from the axis
of rotation. A disadvantage of the sedimentation
equilibrium method is the length of time required
to attain equilibrium, often as long as several days.
A modification of the method in which measure-
ments are made in the early stages of the approach
to equilibrium significantly reduces the overall
measurement time.

Osmotic pressure. The determination of molecu-
lar weights of dissolved substances from colligative
properties such as the depression of freezing point
or the elevation of boiling point is a standard proce-
dure. However, of the available methods, only
osmotic pressure has a practical value in the study
of colloidal particles because of the magnitude of



the changes in the properties. For example, the
depression of freezing point of a 1% w/v solution of
a macromolecule of molecular weight 70000 Da is
only 0.0026 K, far too small to be measured with
sufficient accuracy by conventional methods and
also very sensitive to the presence of low molecular
weight impurities. In contrast, the osmotic pressure
of this solution at 20 °C would be 350 Nm™ or
about 35 mm of water. Not only does the osmotic
pressure provide an effect that is measurable, but
also the effect of any low molecular weight material,
which can pass through the membrane, 1s virtually
eliminated.

However, the usefulness of osmotic pressure
measurement 1s limited to a molecular weight range
of about 10*—10° Da; below 10* Da the membrane
may be permeable to the molecules under consid-
eration and above 10° Da the osmotic pressure will
be too small to permit accurate measurement.

If a solution and solvent are separated by a semi-
permeable membrane, the tendency to equalize
chemical potentials (and hence concentrations) on
either side of the membrane results in a net diffu-
sion of solvent across the membrane. The pressure
necessary to balance this osmotic flow is termed the
osmotic pressure.

For a colloidal solution the osmotic pressure, /7,
can be described by:

IT/C=RT/M+BC
(5.12)

where C 1s the concentration of the solution, M the
molecular weight of the solute and B a constant
depending on the degree of interaction between the
solvent and solute molecules.

Thus a plot of 77/ C versus C is linear with the
value of the intercept at C — 0 giving RT/M ena-
bling the molecular weight of the colloid to be cal-
culated. The molecular weight obtained from
osmotic pressure measurements is a number-average
value.

A potential source of error in the determination
of molecular weight from osmotic pressure meas-
urements arises from the Donnan membrane effect.
The diffusion of small ions through a membrane will
be affected by the presence of a charged macromol-
ecule that is unable to penetrate the membrane
because of its size. At equilibrium, the distribution
of the diffusible ions is unequal, being greater on the
side of the membrane containing the non-diffusible
ions. Consequently, unless precautions are taken to
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correct for this effect or eliminate it, the results of
osmotic pressure measurements on charged colloi-
dal particles such as proteins will be invalid.

Viscosity. Viscosity is an expression of the resist-
ance to flow of a system under an applied stress. An
equation of flow applicable to colloidal dispersions
of spherical particles was developed by Einstein:

n=n,(1+2.5¢)
(5.13)

where 7, 1s the viscosity of the dispersion medium
and # the viscosity of the dispersion when the
volume fraction of colloidal particles present is ¢.

A number of viscosity coefficients may be defined
with respect to Equation 5.13. These include rela-
tive viscosity:

Mt =N/N, =1+2.5¢
(5.14)

and specific viscosity:

N/ @=2.5
(5.15)

nsp = Nrel —1 :25(10 or

Since volume fraction is directly related to concen-
tration, Equation 5.15 may be written as:

Ne/C =k
(5.16)

where C is the concentration expressed as grams of
colloidal particles per 100 mL of total dispersion
and k is a constant. If # is determined for a number
of concentrations of macromolecular material in
solution and #./C 1s plotted versus C then the
intercept obtained on extrapolation of the linear
plot to infinite dilution is known as the intrinsic
viscosity [n].

This constant may be used to calculate the molec-
ular weight of the macromolecular material by
making use of the Mark—H ouwink equation:

[n]=KM*
(5.17)

where K and o are constants characteristic of the
particular polymer-solvent system. These constants
are obtained initially by determining [#] for a
polymer fraction whose molecular weight has been
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determined by another method such as sedimenta-
tion, osmotic pressure or light scattering. The
molecular weight of the unknown polymer fraction
may then be calculated. This method 1s suitable for
use with polymers, such as dextrans used as blood
plasma substitutes.

Optical.properties

Light scattering. When a beam of light is passed
through a colloidal sol (dispersion of very fine par-
ticles), some of the light may be absorbed (when
light of certain wavelengths is selectively absorbed,
a colour 1s produced), some is scattered and the
remainder 1s transmitted undisturbed through the
sample. Due to the light scattered, the sol appears
turbid; this 1s known as the Tyndall effect. The tur-
bidity of a sol is given by the expression:

I=1exp™
(5.18)

where [, is the intensity of the incident beam, / that
of the transmitted light beam, / the length of the
sample and 7 the turbidity.

Light-scattering measurements are of great value
for estimating particle size, shape and interactions,
particularly of dissolved macromolecular materials,
as the turbidity depends on the size (molecular
weight) of the colloidal material involved. Measure-
ments are simple in principle but experimentally
difficult because of the need to keep the sample free
from dust, the particles of which would scatter light
strongly and introduce large errors.

As most colloids show very low turbidities,
instead of measuring the transmitted light (which
may differ only marginally from the incident beam),
it is more convenient and accurate to measure the
scattered light, at an angle (usually 90°) relative to
the incident beam. The turbidity can then be calcu-
lated from the intensity of the scattered light, pro-
vided the dimensions of the particle are small
compared to the wavelength of the incident light,
by the expression:

(5.19)
Ry 1s known as the Rayleigh ratio after Lord Rayleigh

who laid the foundations of the light-scattering
theory. The light-scattering theory was modified for
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use in the determination of the molecular weight of
colloidal particles by Debye who derived the follow-
ing relationship between turbidity and molecular

weight:

HC/7=1/M+2BC
(5.20)

C is the concentration of the solute and B an interac-
tion constant allowing for non-ideality. H 1is an
optical constant for a particular system depending
on the refractive index change with concentration
and the wavelength of light used. A plot of HC/t
against concentration results in a straight line of
slope 2B. The intercept on the HC/t axis is 1/M,
allowing the molecular weight to be calculated. The
molecular weight derived by the light-scattering
technique 1s a weight-average value.

Light-scattering measurements are particularly
suitable for finding the size of the micelles of
surface-active agents and for the study of proteins
and natural and synthetic polymers.

For spherical particles, the upper limit of the
Debye equation is a particle diameter of approxi-
mately one-twentieth of the wavelength 4 of the
incident light; that is, about 20-25 nm. The light-
scattering theory becomes more complex when one
or more dimensions exceed 4/20 because the parti-
cles can no longer be considered as point sources of
scattered light. By measuring the light scattering
from such particles as a function of both the scat-
tering angle 0 and the concentration C, and extrapo-
lating the data to zero angle and zero concentration,
it 1s possible to obtain information on not only the
molecular weight but also the particle shape.

Because the intensity of the scattered light is
inversely proportional to the fourth power of the
wavelength of the light used, blue light (A =450 nm)
is scattered much more than red light (A =650 nm).
With incident white light, a scattering material will
therefore tend to be blue when viewed at right
angles to the incident beam, which 1s why the sky
appears to be blue, the scattering arising from dust
particles in the atmosphere.

Ultramicroscopy. Colloidal particles are too small
to be seen with an optical microscope. Light scat-
tering is employed in the ultramicroscope first
developed by Zsigmondy, in which a cell containing
the colloid is viewed against a dark background at
right angles to an intense beam of incident light. The
particles, which exhibit Brownian motion, appear as
spots of light against the dark background. The



ultramicroscope is used in the technique of micro-
electrophoresis for measuring particle charge.

Electron microscopy. The electron microscope,
capable of giving actual pictures of the particles, 1s
used to observe the size, shape and structure of col-
loidal particles. The success of the electron micro-
scope is due to its high resolving power, defined in
terms of d, the smallest distance by which two
objects are separated yet remain distinguishable.
The smaller the wavelength of the radiation used,
the smaller is d and the greater the resolving power.
An optical microscope, using visible light as its radia-
tion source, gives a d of about 0.2 um. The radiation
source of the electron microscope is a beam of high-
energy electrons having wavelengths in the region of
0.01 nm; d i1s thus about 0.5 nm. The electron
beams are focused using electromagnets and the
whole system is under a high vacuum of about
107°-107 Pa to give the electrons a free path. With
wavelengths of the order indicated, the image cannot
be viewed directly, so the image is displayed on a
monitor or computer screen.

A major disadvantage of the electron microscope
for viewing colloidal particles is that normally only
dried samples can be examined. Consequently, it
usually gives no information on solvation or configu-
ration in solution and, moreover, the particles may
be affected by sample preparation. A recent devel-
opment which overcomes these problems is environ-
mental scanning electron microscopy (ESEM) which
allows the observation of material in the wet state.

Electrical.properties

Electrical properties of interfaces. Most surfaces
acquire a surface electric charge when brought into
contact with an aqueous medium, the principal
charging mechanisms being as follows.

lon dissolution. lonic substances can acquire a
surface charge by virtue of unequal dissolution of the
oppositely charged ions of which they are composed.
For example, the particles of silver iodide in a solu-
tion with excess [I'] will carry a negative charge, but
the charge will be positive if excess [Ag'] is present.
Since the concentrations of Ag" and I determine the
electric potential at the particle surface, they are
termed potential-determining ions. In a similar way,
H" and OH are potential-determining ions for metal
oxides and hydroxides of, for example, magnesium
and aluminium hydroxides.

lonization. Here the charge is controlled by the
lonization of surface groupings; examples include
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the model system of polystyrene latex which fre-
quently has carboxylic acid groupings at the surface
which ionize to give negatively charged particles. In
a similar way, acidic drugs such as ibuprofen and
nalidixic acid also acquire a negative charge.

Amino acids and proteins acquire their charge
mainly through the ionization of carboxyl and amino
groups to give -COO ™~ and NH;" ions. The ionization
of these groups and so the net molecular charge
depends on the pH of the system. At a pH below
the pK, of the COO  group the protemn will be
positively charged because of the protonation of this
group, -COO~ — COOH, and the ionization of the
amino group, -NH, — —NH;", which has a much
higher pK,. At higher pH, where the amino group is
no longer ionized, the net charge on the molecule is
negative because of the ionization of the carboxyl
group. At a certain definite pH, specific for each
individual protein, the total number of positive
charges will equal the total number of negative
charges and the net charge will be zero. This pH is
termed the isoelectric point of the protein and the
protein exists as its zwitterion. This may be repre-
sented as follows:

R —NH, — COO~ Alkaline solution

A
R —NH,;" —COO~ Isoelectric point

(zwitterion)

A
R — NH,"—COOH Acidic solution
A protein is least soluble (the colloidal sol is least
stable) at its isoelectric point and is readily desol-
vated by very water-soluble salts such as ammonium
sulfate. Thus insulin may be precipitated from
aqueous alcohol at pH 5.2.

lon adsorption. A net surface charge can be
acquired by the unequal adsorption of oppositely
charged ions. Surfaces in water are more often nega-
tively charged than positively charged, because
cations are generally more hydrated than anions.
Consequently, the former have the greater tendency
to reside in the bulk aqueous medium whereas the
smaller, less hydrated and more polarizing anions
have the greater tendency to reside at the particle
surface. Surface-active agents are strongly adsorbed
and have a pronounced influence on the surface
charge, imparting either a positive or negative charge
depending on their ionic character.

The electrical double layer. Consider a solid
charged surface in contact with an aqueous solution
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containing positive and negative ions. The surface
charge influences the distribution of ions in the
aqueous medium; ions of opposite charge to that of
the surface, termed counter-ions, are attracted
towards the surface, ions of like charge, termed co-
ions, are repelled away from the surface. However,
the distribution of the ions will also be affected by
thermal agitation which will tend to redisperse the
ions in solution. The result is the formation of an
electrical double layer made up of the charged
surface and a neutralizing excess of counter-ions
over co-1ons (the system must be electrically neutral)
distributed in a diffuse manner in the aqueous
medium.

The theory of the electric double layer deals with
this distribution of ions and hence with the magni-
tude of the electric potentials which occur in the
locality of the charged surface. For a fuller explana-
tion of what is a rather complicated mathematical
approach, the reader is referred to a textbook of
colloid science (e.g. Shaw 1992). A somewhat sim-
plified picture of what pertains from the theories of
Gouy, Chapman and Stern follows.

The double layer 1s divided into two parts (see Fig.
5.2a): the mner, which may include adsorbed 1ons,
and the diffuse part where ions are distributed as
influenced by electrical forces and random thermal
motion. The two parts of the double layer are sepa-
rated by a plane, the Stern plane, at about a hydrated
ion radius from the surface; thus counter-ions may be

Particle surface

___—Surface of shear

Solid

Specifically
adsorbed ion

@

Stern plane

(@)

held at the surface by electrostatic attraction and the
centre of these hydrated ions forms the Stern plane.

The potential changes linearly from w, (the
surface potential) to y;, (the Stern potential) in the
Stern layer and decays exponentially from w; to
zero in the diffuse double layer (Fig. 5.2b). A plane
of shear is also indicated in Figure 5.2. In addition
to ions in the Stern layer, a certain amount of solvent
will be bound to the ions and the charged surface.
This solvating layer is held to the surface, and the
edge of the layer, termed the surface or plane of
shear, represents the boundary of relative movement
between the solid (and attached material) and the
liquid. The potential at the plane of shear is termed
the zeta, {, or electrokinetic, potential and its mag-
nitude may be measured using microelectrophoresis
or any other of the electrokinetic phenomena. The
thickness of the solvating layer is ill-defined and the
zeta potential therefore represents a potential at an
unknown distance from the particle surface; its
value, however, is usually taken as being slightly less
than that of the Stern potential.

In the discussion above, 1t was stated that the
Stern plane existed at a hydrated ion radius from the
particle surface; the hydrated ions are electrostati-
cally attracted to the particle surface. It is possible
for 1ons/molecules to be more strongly adsorbed at
the surface, termed specific adsorption, than by
simple electrostatic attraction. In fact, the specifically
adsorbed ion/molecule may be uncharged as is the
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Fig. 5.2 » The electric double layer. (a) Schematic representation. (b) Changes in potential with distance from

particle surface.
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Fig. 5.3 « Changes i potential with distance from solid surface. (a) Reversal of charge sign of Stern potential .,
due to adsorption of surface-active or polyvalent counter-ion. (b) Increase in magnitude of Stern potential w5, due

to adsorption of surface-active co-ions.

case with non-ionic surface-active agents. Surface-
active ions specifically adsorb by the hydrophobic
effect and can have a significant effect on the Stern
potential, causing v, and y; to have opposite signs, as
in Figure 5.3a, or for w; to have the same sign as y,
but be greater in magnitude, as in Figure 5.3b.

Figure 5.2b shows an exponential decay of the
potential to zero with distance from the Stern plane.
The distance over which this occurs 1s 1/x, referred
to as the Debye—Hiickel length parameter or the
thickness of the electrical double layer. The param-
eter x 1s dependent on the electrolyte concentration
of the aqueous media. Increasing the electrolyte
concentration increases the value of x and conse-
quently decreases the value of 1/x; that is, it com-
presses the double layer. As w5 stays constant this
means that the zeta potential will be lowered.

As indicated earlier, the effect of specifically
adsorbed ions may be to lower the Stern potential
and hence the zeta potential without compressing
the double layer. Thus the zeta potential may be
reduced by additives to the aqueous system in either
(or both) of two different ways.

Electrokinetic phenomena. This is the general
description applied to the phenomena that arise
when attempts are made to shear off the mobile part
of the electrical double layer from a charged surface.
There are four such phenomena: namely, electro-
phoresis, sedimentation potential, streaming poten-
tial and electroosmosis. All of these electrokinetic
phenomena may be used to measure the zeta

potential but electrophoresis is the easiest to use and
has the greatest pharmaceutical application.

Electrophoresis. The movement of a charged parti-
cle (plus attached ions) relative to a stationary liquid
under the influence of an applied electric field is
termed electrophoresis. When the movement of the
particles 1s observed with a microscope, or the
movement of light spots scattered by particles too
small to be observed with the microscope 1is
observed using an ultramicroscope, this constitutes
microelectrophoresis.

A microscope equipped with an eyepiece grati-
cule is used and the speed of movement of the
particle under the influence of a known electric field
1s measured. This is the electrophoretic velocity, v,
and the electrophoretic mobility, u, 1s given by:

u=v/E
(5.21)

where v is measured in m s™', and E, the applied
field strength, in V. m™, so that u has the dimensions
of m*s™' V™! Typically, a stable lyophobic colloidal
particle may have an electrophoretic mobility of
4 x10° m*s' V'. The equation used for converting
the electrophoretic mobility, u, into the zeta poten-
tial depends on the value of xa (x 1s the Debye—
Hiickel reciprocal length parameter described
previously and a the particle radius). For values of
xa > 100 (as 1s the case for particles of radius 1 pm
dispersed in 10~ moldm™ sodium chloride solu-
tion) the Smoluchowski equation can be used:
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u=¢e¢/n
(5.22)

where ¢ 1s the permittivity and # the viscosity
of the liquid used. For particles in water at 25 °C,
{ =12.85 x 10~ u volts and, for the mobility given
above, a zeta potential of 0.0514 wvolts or 51.4
millivolts is obtained. For values of ka <100, a more
complex relationship which is a function of xa and
the zeta potential 1s used.

The technique of microelectrophoresis finds
application in the measurement of zeta potentials,
of model systems (like polystyrene latex disper-
sions) to test colloid stability theory, of coarse dis-
persions (like suspensions and emulsions) to assess
their stability, and in identification of charge groups
and other surface characteristics of water-insoluble
drugs and cells such as blood and bacteria.

Other electrokinetic phenomena The other elec-
trokinetic phenomena are as follows. Sedimentation
potential, the reverse of electrophoresis, is the elec-
tric ield created when particles sediment; streaming
potential, the electric field created when liquid is
made to flow along a stationary charged surface,
¢.g. a glass tube or a packed powder bed; and elec-
troosmosis, the opposite of streaming potential, the
movement of liquid relative to a stationary charged
surface, e.g. a glass tube, by an applied electric field.

Physical stability of
colloidal systems

In colloidal dispersions, frequent encounters bet-
ween the particles occur due to Brownian move-
ment. Whether these collisions result in permanent
contact of the particles (coagulation), which leads
eventually to the destruction of the colloidal system
as the large aggregates formed sediment out, or tem-
porary contact (flocculation) or whether the parti-
cles rebound and remain freely dispersed (a stable
colloidal system) depends on the forces of interac-
tion between the particles.

These forces can be divided into three groups:
electrical forces of repulsion, forces of attraction
and forces arising from solvation. An understanding
of the first two explains the stability of lyophobic
systems, and all three forces must be considered in
a discussion of the stability of lyophilic dispersions.
Before considering the interaction of these forces, it
is necessary to define the terms aggregation, coagu-
lation and flocculation as used in colloid science.
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Aggregation is a general term signifying the col-
lection of particles into groups. Coagulation signifies
that the particles are closely aggregated and difficult
to redisperse — a primary minimum phenomenon
of the DLVO theory of colloid stability (see next
section). In flocculation, the aggregates have an open
structure mn which the particles remain a small dis-
tance apart from one another. This may be a second-
ary minimum phenomenon (see the DLVO theory)
or a consequence of bridging by a polymer or poly-
electrolyte, as explained later in this chapter.

As a preliminary to discussion on the stability of
colloidal dispersions, a comparison of the general
properties of lyophobic and lyophilic sols 1s given in
Table 5.2.

Stability of lyophobic systems (DLVO theory).
In considering the interaction between two colloidal
particles, Derjaguin and Landau and, independently,
Verwey and Overbeek in the 1940s produced a
quantitative approach to the stability of hydropho-
bic sols. In what has come to be known as the DLV O
theory of colloid stability, they assumed that the
only interactions involved are electrical repulsion,
V', and van der Waals attraction, V,, and that these
parameters are additive. Therefore the total poten-
tial energy of interaction Vi (expressed schemati-
cally in the curve shown in Fig. 5.4) is given by:

Ve =Va+Vr
(5.23)

Repulsive forces between particles. Repulsion bet-
ween particles arises due to the osmotic effect pro-
duced by the increase in the number of charged
species on overlap of the diffuse parts of the electri-
cal double layer. No simple equations can be given
for repulsive interactions; however, it can be shown
that the repulsive energy that exists between two
spheres of equal but small surface potential is
given by:

Vi =2meay;exp[—«xH]
(5.24)

where ¢ 1s the permittivity of the polar liquid, a the
radius of the spherical particle of surface potential
W, k 1s the Debye—H1ickel reciprocal length param-
eter and H the distance between particles. An esti-
mation of the surface potential can be obtained from
zeta potential measurements. As can be seen, the
repulsion energy is an exponential function of the



Table 5.2 Comparison of properties of lyophobic and lyophilic sols

Disperse systems .

Property Lyophobic Lyophilic
Effect of Very sensitive to added electrolyte, leading to Dispersions are stable generally in the
electrolytes aggregation in an irreversible manner. Depends on: presence of electrolytes. May be salted out by
(@) type and valency of counter ion of electrolyte, high concentrations of very soluble
e.g. with a negatively charged sol. 1a’" > Ba** > Na* electrolytes. Effect is due to desolvation of the
(b) Concentration of electrolyte. At a particular lyophilic molecules and depends on the
concentration sol passes from disperse to aggregated tendency of the electrolyte 1ons to become
state. For the electrolyte types in (a) the concentrations hydrated. Proteins more sensitive to
are about 10,107, 10" moldm™ respectively. electrolytes at their isoelectric points.
These generalizations, (a) and (b), form what is Lyophilic colloids when salted out may appear
known as the Schulze—Hardy rule as amorphous droplets known as a coacervate
Stability Controlled by charge on particles Controlled by charge and solvation of particles

Formation of

Dispersions usually of metals, inorganic crystals,

Generally proteins, macromolecules, etc.,

dispersion etc., with a high interfacial surface-free energy due which disperse spontaneously in a solvent.
to large increase in surface area on formation. A Interfacial free energy is low. There is a large
positive AG of formation, dispersion will never form increase in entropy when rigidly held chains
spontaneously and is thermodynamically unstable. of a polymer i the dry state unfold in
Particles of sol remain dispersed due to electrical solution. The free energy of formation is
repulsion negative, a stable thermodynamic system
VMscosity Sols of low viscosity, particles unsolvated and sually high. At sufficiently high concentration

usually symmetrical

___ Repulsion

of disperse phase a gel may be formed.
Particles solvated and usually asymmetric
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Fig. 5.4 « Schematic curve of total potential energy of interaction, V;, versus distance of separation, H, for two

particles. Vi = Vi + V,.

distance between the particles and has a range of the
order of the thickness of the double layer.

Attractive forces between particles. The energy of
attraction, V,, arises from van der Waals universal
forces of attraction, the so-called dispersion forces,
the major contribution to which are the electromag-
netic attractions described by London. For an assem-
bly of molecules, dispersion forces are additive,

summation leading to long-range attraction between
colloidal particles. As a result of the work of de Boer
and Hamaker, it can be shown that the attractive
interaction between spheres of the same radius, a,
can be approximated to:

Vy=—Aa/12H
(5.25)
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where 4 i1s the Hamaker constant for the particular
material derived from London dispersion forces.
Equation 5.25 shows that the energy of attraction
varies as the inverse of the distance between parti-
cles, H.

Total potential energy of interaction. Consideration
of the curve of total potential energy of interaction
V1 versus distance between particles, H (Fig. 5.4),
shows that attraction predominates at small dis-
tances, hence the very deep primary minimum. The
attraction at large interparticle distances, that pro-
duces the secondary minimum, arises because the
fall-off in repulsive energy with distance is more
rapid than that of attractive energy. At intermediate
distances, double layer repulsion may predominate,
giving a primary maximum 1n the curve. If this
maximum is large compared with the thermal energy
ksT of the particles, the colloidal system should be
stable, 1.e. the particles should stay dispersed. Oth-
erwise, the interacting particles will reach the energy
depth of the primary minimum and irreversible
aggregation, 1.e. coagulation, occurs. If the secondary
minimum 1s smaller than kg7 the particles will not
aggregate but will always repel one another, but if it
is significantly larger than kT a loose assemblage of
particles will form which can be easily redispersed
by shaking, i.e. flocculation occurs.

The depth of the secondary minimum depends
on particle size, and particles may need to be of
radius 1 um or greater before the attractive force is
sufficiently great for flocculation to occur.

The height of the primary maximum energy
barrier to coagulation depends upon the magnitude
of V', which 1s dependent on y, and hence the zeta
potential. In addition, 1t depends on electrolyte
concentration via x, the Debye—Hiickel reciprocal

length parameter. Addition of electrolyte com-
presses the double layer and reduces the zeta poten-
tial; this has the effect of lowering the primary
maximum and deepening the secondary minimum
(Fig. 5.5). This latter means that there will be an
increased tendency for particles to flocculate in the
secondary minimum and this 1s the principle of the
controlled flocculation approach to pharmaceutical
suspension formulation described later. The primary
maximum may also be lowered (and the secondary
minimum deepened) by adding substances, such as
ionic surface-active agents, which are specifically
adsorbed within the Stern layer. Here ;5 is reduced
and hence the zeta potential; the double layer is
usually not compressed.

Stability of lyophilic systems. Solutions of mac-
romolecules, lyophilic colloidal sols, are stabilized by
a combination of electrical double layer interaction
and solvation and both of these stabilizing factors
must be sufficiently weakened before attraction pre-
dominates and the colloidal particles coagulate. For
example, gelatin has a sufficiently strong affinity for
water to be soluble even at its isoelectric pH where
there is no double layer interaction.

Hydrophilic colloids are unaffected by the small
amounts of added electrolyte which cause hydro-
phobic sols to coagulate. However, when the con-
centration of electrolyte is high, particularly with an
electrolyte whose ions become strongly hydrated,
the colloidal material loses its water of solvation to
these 1ons and coagulates, 1.e. a ‘salting out’ effect
occurs.

Variation in the degree of solvation of different
hydrophilic colloids affects the concentration of
soluble electrolyte required to produce their coagu-
lation and precipitation. The components of a

— Repulsien Fig. 5.5 « Schematic curves of total potential
> + _ _ energy of mteraction, Vi, versus distance of
c 10~ mel dm™ . : :

0 = 3 separation, H, showing the effect of adding
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mixture of hydrophilic colloids can therefore be
separated by a process of fractional precipitation,
which involves the ‘salting out’ of the various com-
ponents at different concentrations of electrolyte.
This technique is used in the purification of
antitoxins.

Lyophilic colloids can be considered to become
lyophobic by the addition of solvents such as acetone
and alcohol. The particles become desolvated and
are then very sensitive to precipitation by added
electrolyte.

Coacervation and microencapsulation. Coacerva-
tion 1s the separation of a colloid-rich layer from a
lyophilic sol as the result of the addition of another
substance. This layer, which is present in the form
of an amorphous liquid, constitutes the coacervate.
Simple coacervation may be brought about by a
‘salting out’ effect on addition of electrolyte or addi-
tion of a non-solvent. Complex coacervation occurs
when two oppositely charged lyophilic colloids are
mixed, e.g. gelatin and acacia. Gelatin at a pH below
its 1soelectric point is positively charged, acacia
above about pH 3 is negatively charged; a combina-
tion of solutions at about pH 4 results in coacerva-
tion. Any large ions of opposite charge, for example
cationic surface-active agents (positively charged)
and dyes used for colouring aqueous mixtures (nega-
tively charged), may react in a similar way.

If the coacervate is formed in a stirred suspension
of an insoluble solid, the macromolecular material
will surround the solid particles. The coated

Polymer
molecule

(a)

CHAPTER 5

Disperse systems

particles can be separated and dried and this tech-
nique forms the basis of one method of microencap-
sulation. A number of drugs including aspirin have
been coated in this manner. The coating protects
the drug from chemical attack and microcapsules
may be given orally to prolong the action of the
medicament.

Effect of addition of macromolecular material to
lyophobic colloidal sols. When added in small
amounts, many polyelectrolyte and polymer mole-
cules (lyophilic colloids) can adsorb simultaneously
on to two particles and are long enough to bridge
across the energy barrier between the particles. This
can even occur with neutral polymers when the
lyophobic particles have a high zeta potential (and
would thus be considered a stable sol). A structured
floc results (Fig. 5.6a).

With polyelectrolytes, where the particles and
polyelectrolyte have the same sign, flocculation can
often occur when divalent and trivalent ions are
added to the system (Fig. 5.6b). These complete the
‘bridge’ and only very low concentrations of these
ions are needed. Use is made of this property of
small quantities of polyelectrolytes and polymers in
removing colloidal material, resulting from sewage,
in water purification.

On the other hand, if larger amounts of polymer
are added, sufficient to cover the surface of the
particles, then a lyophobic sol may be stabilized to
coagulation by added electrolyte — the so-called
steric stabilization or protective colloid effect.

C a2+

(b)

C a2+

Fig. 5.6 « Diagram of flocs formed by (a) polymer bridging and (b) polyelectrolyte bridging n the presence of

divalent ions of opposite charge.
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Steric stabilization (protective colloid action).
It has long been known that non-ionic polymeric
materials such as gums, non-ionic surface-active
agents and methylcellulose adsorbed at the particle
surface can stabilize a lyophobic sol to coagulation
even in the absence of a significant zeta potential.
The approach of two particles with adsorbed
polymer layers results in a steric interaction when
the layers overlap, leading to repulsion. In general,
the particles do not approach each other closer than
about twice the thickness of the adsorbed layer and
hence passage into the primary minimum is inhib-
ited. An additional term has thus to be included in
the potential energy of interaction for what is called
steric stabilization, Vy:

Ve =Va+Vr + Vs
(5.26)

The effect of V5 on the potential energy against
distance between particles is seen in Figure 5.7,
showing that repulsion is generally seen at all shorter
distances provided that the adsorbed polymeric
material does not move from the particle surface.
Steric repulsion can be explained by reference to
the free energy changes that take place when two

Distance

Tetal potential energy of interactien (V7)
(@)

polymer-covered particles interact. Free energy AG,
enthalpy AH and entropy AS changes are related
according to:

AG = AH —TAS
(5.27)

The Second Law of Thermodynamics implies that a
positive value of AG is necessary for dispersion sta-
bility, a negative value indicating that the particles
have aggregated.

A positive value of AG can arise in a number
of ways, for example when AH and AS are both
negative and TAS > AH. Here the effect of the
entropy change opposes aggregation and outweighs
the enthalpy term; this 1s termed entropic stabiliza-
tion. Interpenetration and compression of the
polymer chains decrease the entropy as these chains
become more ordered. Such a process is not spon-
taneous: ‘work’ must be expended to interpenetrate
and compress any polymer chains existing between
the colloidal particles and this work is a reflection
of the repulsive potential energy. The enthalpy of
mixing of these polymer chains will also be negative.
Stabilization by these effects occurs in non-aqueous
dispersions.

’ Distance

Tetal petential energy of interactien (\5)
o

Fig. 5.7 « Schematic curves of the total potential energy of interaction versus distance for two particles, showing
the effect of the steric stabilization term Vs (a) in the absence of electrostatic repulsion, the solid line representing
Vi =V, + Vg; (b) m the presence of electrostatic repulsion, the solid lne representing Vr = Vz + V, + Vs.
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Again, a positive AG occurs if both AH and AS
are positive and TAS < AH. Here enthalpy aids sta-
bilization, entropy aids aggregation. Consequently,
this effect is termed enthalpic stabilization and
1s common with aqueous dispersions, particularly
where the stabilizing polymer has polyoxyethylene
chains. Such chains are hydrated in aqueous solution
due to H-bonding between water molecules and the
‘ether oxygens’ of the ethylene oxide groups. The
water molecules have thus become more structured
and lost degrees of freedom. When interpenetration
and compression of ethylene oxide chains occur,
there is an increased probability of contact between
ethylene oxide groups, resulting in some of the
bound water molecules being released (see Fig. 5.8).
The released water molecules have greater degrees
of freedom than those in the bound state. For this
to occur, they must be supplied with energy, obtained
from heat absorption, i.e. there 1s a positive enthalpy
change. Although there 1s a decrease in entropy in
the interaction zone, as with entropic stabilization,
this is overridden by the increase in the configura-
tional entropy of the released water molecules.

Gels

The majority of gels are formed by aggregation of
colloidal sol particles; the solid or semi-solid system

Fig. 5.8 « Enthalpic stabilization. (a) Particles with
stabilizing polyoxyethylene chams and H-bonded water
molecules. (b) Stabilizing chams overlap, water
molecules released — + AH.
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so formed being interpenetrated by a liquid. The
particles link together to form an interlaced network,
thus imparting rigidity to the structure; the continu-
ous phase is held within the meshes. Often only a
small percentage of disperse phase is required to
impart rigidity; for example, 1% of agar in water
produces a firm gel. A gel rich in liquid may be called
a jelly; if the liquid i1s removed and only the gel
framework remains, this is termed a xerogel. Sheet
gelatin, acacia tears and tragacanth flakes are all
xerogels.

Types of gel

Gelation.of.lyophobic.sols

Gels may be flocculated lyophobic sols where the
gel can be looked upon as a continuous floccule (Fig.
5.9a). Examples are aluminium hydroxide and mag-
nesium hydroxide gels.

Clays such as bentonite, aluminium magnesium
silicate (Veegum) and to some extent kaolin form
gels by flocculation in a special manner. They are
hydrated aluminium (aluminium/magnesium) sili-
cates whose crystal structure is such that they exist
as flat plates. The flat part or ‘face’ of the particle
carries a negative charge due to O atoms and the
edge of the plate carries a positive charge due to
AP"/Mg" atoms. As a result of electrostatic attrac-
tion between the face and edge of different parti-
cles, a gel structure is built up, forming what is
usually known as a ‘card house floc’ (Fig. 5.9b).

The forces holding the particles together in this
type of gel are relatively weak — van der Waals forces
in the secondary minimum flocculation of

Fig. 5.9 » Gel structure. (a) Flocculated lyophobic sol,
¢.g. alummmum hydroxide. (b) ‘Card house’ floc of clays,
¢.g. bentonite.
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aluminium hydroxide, electrostatic attraction in the
case of the clays. Because of this these gels show the
phenomenon of thixotropy, a non-chemical isother-
mal gel-sol-gel transformation. If a thixotropic gel is
sheared (for example, by simple shaking) these
weak bonds are broken and a lyophobic sol is
formed. On standing, the particles collide, floccula-
tion occurs and the gel is reformed. Flocculation in
gels 1s the reason for their anomalous rheological
properties (see Chapter 6). This phenomenon of
thixotropy is employed in the formulation of phar-
maceutical suspensions, €.g. bentonite in calamine
lotion, and in the paint industry.

Gelation.of.lyophilic.sols

Gels formed by lyophilic sols can be divided into
two groups depending on the nature of the bonds
between the chains of the network. Gels of type I
are irreversible systems with a three-dimensional
network formed by covalent bonds between the
macromolecules. Typical examples of this type of
gel are the swollen networks that have been formed
by the polymerization of monomers of water-soluble
polymers in the presence of a cross-linking agent.
For example, poly (2-hydroxyethylmethacrylate)
[poly(HEMA)], crosslinked  with  ethylene
glycol dimethacrylate [EGDMA], forms a three-
dimensional structure (Fig. 5.10), that swells in
water but cannot dissolve because the crosslinks are
stable. Such polymers have been used in the fabrica-
tion of expanding implants that imbibe body fluids
and swell to a predetermined volume. Implanted in
the dehydrated state, these polymers swell to fill a

CH, CH, CH,
(—C—CH,—C—CH, —C—),
C—0 C—0 C—0
O O O
CH,CH,  (CH,), (CH,),0H
OH O
C—0
— C—CH,—C—

Fig. 5.10 » PolyHEMA): poly(2-hydroxyethyl
methacrylate) crosslinked with ethylene glycol
dimethacrylate (EGDMA).
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body cavity or give form to surrounding tissues.
They also find use in the fabrication of implants
for the prolonged release of drugs, such as anti-
biotics, into the immediate environment of the
implant.

Type II gels are held together by much weaker
intermolecular bonds such as hydrogen bonds.
These gels are heat reversible, a transition from
the sol to gel occurring on either heating or
cooling. Poly(vinyl alcohol) solutions, for example,
gel on cooling below a certain temperature re-
ferred to as the gel point. Because of their gelling
properties, poly(vinyl alcohol)s are used as jellies
for application of drugs to the skin. On applica-
tion, the gel dries rapidly, leaving a plastic film
with the drug in intimate contact with the skin.
Concentrated aqueous solutions of high molecu-
lar weight poly(oxyethylene)-poly(oxypropylene)-
poly(oxyethylene) block copolymers, commercially
available as Pluronic™ or Synperonic™ surfactants,
form gels on heating. These compounds are am-
phiphilic and many form micelles with a hydro-
phobic core comprising the poly(oxypropylene)
blocks, surrounded by a shell of the hydrophilic
poly(oxyethylene) chains. Unusually, water 1s a
poorer solvent for these compounds at higher tem-
peratures and consequently warming a solution
with a concentration above the critical micelle con-
centration leads to the formation of more micelles.
If the solution is sufficiently concentrated gelation
may occur as the micelles pack so closely as to
prevent their movement (see Fig. 5.11). Gelation
is a reversible process, the gels returning to the sol
state on cooling.
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Fig. 5.11 « Poly(oxyethylene)}poly(oxypropylene)-
poly(oxyethylene) block copolymers. (a) Micelle
formation. (b) Formation of a cubic gel phase by
packing of micelles.



Surface-active agents

Certain compounds, because of their chemical struc-
ture, have a tendency to accumulate at the boundary
between two phases (see Chapter 4 for further infor-
mation on surfaces and interfaces). Such compounds
are termed amphiphiles, surface-active agents or sur-
factants. The adsorption at the various interfaces
between solids, liquids and gases results in changes in
the nature of the interface which are of considerable
importance in pharmacy. Thus, the lowering of the
interfacial tension between oil and water phases facili-
tates emulsion formation, the adsorption of sur-
factants on insoluble particles enables these particles
to be dispersed in the form of a suspension, their
adsorption on solid surfaces enables these surfaces to
be more readily wetted, and the incorporation of
insoluble compounds within micelles of the surfactant
can lead to the production of clear solutions.

Surface-active compounds are characterized by
having two distinct regions in their chemical struc-
ture, one hydrophilic (water-liking) and the other
hydrophobic (water-hating) regions. The existence of
two such regions in a molecule 1s referred to as
amphipathy and the molecules are consequently often
referred to as amphipathic molecules. The hydropho-
bic portions are usually saturated or unsaturated
hydrocarbon chains or, less commonly, heterocyclic or
aromatic ring systems. The hydrophilic regions can be
anionic, cationic or non-ionic. Surfactants are gener-
ally classified accordingto the nature of the hydrophilic
group. Typical examples are given in Table 5.3.

Many water-soluble drugs have also been reported
to be surface active, this surface activity being a
consequence of the amphipathic nature of the drugs.
The hydrophobic portions of the drug molecules are
usually more complex than those of typical surface-
active agents, being composed of aromatic or hetero-
cyclic ring systems. Examples include tranquillizers
such as chlorpromazine which are based on the large
tricyclic phenothiazine ring system; antidepressant
drugs such as imipramine which also possess tricy-
clic ring systems; and antihistamines such as diphen-
hydramine which are based on a diphenylmethane
group. Further examples of surface-active drugs are
given in Attwood & Florence (1983).

Surface activity

The dual structure of amphipathic molecules is the
unique feature that is responsible for the surface

Disperse systems '

activity of these compounds. It is a consequence of
their adsorption at the solution—air interface, the
means by which the hydrophobic region of the mol-
ecule ‘escapes’ from the hostile aqueous environ-
ment by protruding into the vapour phase above.
Similarly, adsorption at the interface between water
and an immiscible non-aqueous liquid occurs in such
a way that the hydrophobic group is in solution
in the non-aqueous phase, leaving the hydrophilic
group in contact with the aqueous solution.

As discussed in Chapter 4, the molecules at the
surface of a liquid are not completely surrounded by
other like molecules as they are i the bulk of the
liquid. As aresult there is anet inward force of attrac-
tion exerted on a molecule at the surface from the
molecules in the bulk solution, which results in a
tendency for the surface to contract. The contraction
of the surface is spontaneous; that is, it is accompa-
nied by a decrease in free energy. The contracted
surface thus represents a minimum free energy state
and any attempt to expand the surface must involve
an increase in the free energy. The surface tension is
a measure of the contracting power of the surface.
Surface-active molecules in aqueous solution orien-
tate themselves at the surface mm such a way as to
remove the hydrophobic group from the aqueous
phase and hence achieve a minimum free energy
state. As a result, some of the water molecules at the
surface are replaced by non-polar groups. The attrac-
tive forces between these groups and the water mol-
ecules, or between the groups themselves, are less
than those existing between water molecules. The
contracting power of the surface is thus reduced and
so therefore is the surface tension.

A similar imbalance of attractive forces exists at the
interface between two immiscible liquids. The value
of the mterfacial tension is generally between those of
the surface tensions of the two liquids imvolved except
where there 1s interaction between them. Intrusion of
surface-active molecules at the interface between two
immiscible liquids leads to a reduction of interfacial
tension, in some cases to such a low level that spon-
taneous emulsification of the two liquids occurs.

Micelle formation

The surface tension of a surfactant solution decreases
progressively with increase of concentration as more
surfactant molecules enter the surface or interfacial
layer. However, at a certain concentration this layer
becomes saturated and an alternative means of
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Table 5.3 (assification of surface-active agents
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Alcohol ethoxylate Polyoxyethylene-polyoxypropylene-polyoxyethylene block

shielding the hydrophobic group of the surfactant
from the aqueous environment occurs through the
formation of aggregates (usually spherical) of col-
loidal dimensions, called micelles. The hydrophobic
chains form the core of the micelle and are shielded
from the aqueous environment by the surrounding
shell composed of the hydrophilic groups that serve
to maintain solubility in water.

The concentration at which micelles first form in
solution is termed the critical micelle concentration
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copolymer

or CMC. This onset of micelle formation can be
detected by a variety of experimental techniques.
When physical properties such as surface tension,
conductivity, osmotic pressure, solubility and light-
scattering intensity are plotted as a function of con-
centration (see Fig. 5.12) a change of slope occurs at
the CMC and such techniques can be used to measure
its value. CMC decreases with increase of the length
of the hydrophobic chain. With non-ionic surfactants,
which are typically composed of a hydrocarbon chain



b
\\ : |
N .B

N L/ o
NI :
N

. 7D
o
b
L
~— LL

|
AN _cC
: I \-' 7~
] R
DT Vg
B ..~‘/,/' AN
| | o7 \\
|
—_——— T N E
0 ¢, log c or Ve

Fig. 5.12 » Solution properties of an ionic surfactant

as a function of concentration, c. A Osmotic

pressure (agamst c); B solubility of a water-insoluble
solubilizate (agamnst c¢); C mtensity of light scattered by
the solution (against ¢); D surface tension (agamnst log c);
E molar conductivity (against \/;).

and an oxyethylene chain (see Table 5.3), an increase
of the hydrophilic oxyethylene chain length causes an
increase of the CMC. Addition of electrolytes to
ionic surfactants decreases the CMC and increases
the micellar size. The effect is simply explained in
terms of a reduction in the magnitude of the forces
of repulsion between the charged head groups in the
micelle, allowing the micelles to grow and also reduc-
ing the work required for their formation.

The primary reason for micelle formation is the
attainment of a state of mmimum free energy. The
free energy change, AG, of a system is dependent on
changes in both the entropy, S, and enthalpy, /, which
are related by the expression AG = AH —TAS (as
previously discussed — see Eqn 5.27). For a micellar
system at normal temperatures, the entropy term is
by far the most important in determining the free
energy changes (TAS constitutes approximately 90—
95% of the AG value). The explanation most generally
accepted for the entropy change is concerned with
the structure of water. Water possesses a relatively
high degree of structure due to hydrogen bonding
between adjacent molecules. If an 1onic or strongly
polar solute is added to water, it will disrupt this
structure but the solute molecules can form hydrogen
bonds with the water molecules that more than com-
pensate for the disruption or distortion of the bonds
existing in pure water. Ionic and polar materials thus
tend to be easily soluble in water. No such compensa-
tion occurs with non-polar groups and their solution

Disperse systems .

in water 1s accordingly resisted, the water molecules
forming extra structured clusters around the non-
polar region. This increase in structure of the water
molecules around the hydrophobic groups leads to a
large negative entropy change. To counteract this, and
achieve a state of minimum free energy, the hydro-
phobic groups tend to withdraw from the aqueous
phase, either by orientating themselves at the inter-
face with the hydrocarbon chain away from the
aqueous phase or by self-association into micelles.

This tendency for hydrophobic materials to be
removed from water, due to the strong attraction of
water molecules for each other and not for the
hydrophobic solute, has been termed hydrophobic
bonding. However, because there is, in fact, no actual
bonding between the hydrophobic groups the phe-
nomenon 1s best described as the hydrophobic effect.
When the non-polar groups approach each other until
they are in contact, there will be a decrease in the
total number of water molecules in contact with the
non-polar groups. The formation of the hydrophobic
bond in this way is thus equivalent to the partial
removal of hydrocarbon from an aqueous environ-
ment and a consequent loss of the ice-like structuring
which always surrounds the hydrophobic molecules.
The increase in entropy and decrease in free energy
which accompany the loss of structuring make the
formation of the hydrophobic bond an energetically
favourable process. An alternative explanation of the
free energy decrease emphasizes the increase in inter-
nal freedom of the hydrocarbon chains which occurs
when these chains are transferred from the aqueous
environment, where their motion is restrained by the
hydrogen-bonded water molecules, to the interior of
the micelle. It has been suggested that the increased
mobility of the hydrocarbon chains, and of course
their mutual attraction, constitute the principal
hydrophobic factor in micellization.

It should be emphasized that micelles are in
dynamic equilibrium with monomer molecules in
solution, continuously breaking down and reforming,
It is this factor that distinguishes micelles from other
colloidal particles and the reason why they are called
association colloids. The concentration of surfactant
monomers in equilibrium with the micelles stays
approximately constant at the CMC value when the
solution concentration is increased above the CMC,
1.e. the added surfactant all goes to form micelles.

A typical micelle is a spherical or near-spherical
structure composed of some 50—100 surfactant mol-
ecules. The radius of the micelle will be slightly less
than that of the extended hydrocarbon chain
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(approximately 2.5 nm) with the interior core of the
micelle having the properties of a liquid hydrocar-
bon. For 1onic micelles, about 70-80% of the
counter-ions will be attracted close to the micelle,
thus reducing the overall charge. The compact layer
around the core of an ionic micelle which contains
the head groups and the bound counter-ions is called
the Stern layer (see Fig. 5.13a). The outer surface
of the Stern layer is the shear surface of the micelle.
The core and the Stern layer together constitute
what is termed the ‘kinetic micelle’. Surrounding
the Stern layer is a diffuse layer called the Gouy—
Chapman electrical double layer that contains the
remaining counter-ions required to neutralize the
charge on the kinetic micelle. The thickness of the
double layer 1s dependent on the ionic strength of
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Fig. 5.13 « Schematic representation of (a) partial
cross-section of an anionic micelle and (b) a non-ionic
micelle.
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the solution and is greatly compressed in the pres-
ence of electrolyte. Non-ionic micelles have a hydro-
phobic core surrounded by a shell of oxyethylene
chains which is often termed the palisade layer (Fig.
5.13b). As well as the water molecules that are
hydrogen bonded to the oxyethylene chains, this
layer is also capable of mechanically entrapping a
considerable number of water molecules. Micelles
of non-ionic surfactants tend, as a consequence, to
be highly hydrated. The outer surface of the palisade
layer forms the shear surface; that is, the hydrating
molecules form part of the kinetic micelle.

Solubilization

As outlined previously, the interior core of a micelle
can be considered as having the properties of a liquid
hydrocarbon and is thus capable of dissolving mate-
rials that are soluble in such liquids. This process,
whereby water-insoluble or partly soluble substances
are brought into aqueous solution by incorporation
into micelles, 1s termed solubilization. The site of
solubilization within the micelle is closely related to
the chemical nature of the solubilizate. It is gener-
ally accepted that non-polar solubilizates (aliphatic
hydrocarbons, for example) are dissolved in the
hydrocarbon core (Fig. 5.14a). Water-insoluble

(@)

Fig. 5.14 » Schematic representation of sites
of solubilization in ionic and non-ionic micelles.
(a) non-polar solubilizate; (b) amphipathic solubilizate;

(c) slightly polar solubilizate; (d) polar solubilizate in
polyoxyethylene shell of a non-ionic micelle.



compounds containing polar groups are orientated
with the polar group at the surface of the ionic
micelle amongst the micellar charged head groups,
and the hydrophobic group buried inside the hydro-
carbon core of the micelle (Fig. 5.14b). Slightly
polar solubilizates without a distinct amphiphilic
structure partition between the micelle surface and
core (Fig. 5.14¢). Solubilization in non-ionic polyox-
yethylated surfactants can also occur in the polyox-
yethylene shell (palisade layer) which surrounds the
core (Fig. 5.14d); thus p-hydroxy benzoic acid is
solubilized entirely within this region hydrogen
bonded to the ethylene oxide groups, whilst esters
such as the parabens are located at the shell core
junction.

The maximum amount of solubilizate that can be
incorporated into a given system at a fixed concen-
tration 1s termed the maximum additive concentra-
tion (MAC). The simplest method of determining
the MAC is to prepare a series of vials containing
surfactant solution of known concentration. Increas-
ing concentrations of solubilizate are added and the
vials are then sealed and agitated until equilibrium
conditions are established. The maximum concen-
tration of solubilizate forming a clear solution can be
determined by visual inspection or from turbidity
measurements on the solutions. Solubility data are
expressed as a solubility versus concentration curve
or as phase diagrams. The latter are preferable since
a three-component phase diagram completely
describes the effect of varying all three components
of the system: namely, the solubilizate, the solubi-
lizer and the solvent.

Pharmaceutical.applications..
of.solubilization

A wide range of insoluble drugs has been formulated
using the principle of solubilization, some of which
will be considered here.

Phenolic compounds such as cresol, chlorocresol,
chloroxylenol and thymol are frequently solubilized
with a soap to form clear solutions which are widely
used for disinfection. Pharmacopoeial solutions of
chloroxylenol, for example, contain 5% v/v chlo-
roxylenol with terpineol i an alcoholic soap
solution.

Non-ionic surfactants can be used to solubilize
iodine; such iodine-surfactant systems (referred to
as 1odophors) are more stable than 1odine—iodide
systems. They are preferable in instrument steriliza-
tion since corrosion problems are reduced. Loss of
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iodine by sublimation from iodophor solutions is
significantly less than from simple iodine solutions.
There 1s also evidence of an ability of the iodophor
solution to penetrate hair follicles of the skin, so
enhancing the activity.

The low solubility of steroids in water presents a
problem in their formulation for ophthalmic use.
Because such formulations are required to be opti-
cally clear, it is not possible to use oily solutions or
suspensions and there are many examples of the use
of non-ionic surfactants as a means of producing
clear solutions which are stable to sterilization. In
most formulations, solubilization has been effected
using polysorbates or polyoxyethylene sorbitan
esters of fatty acids.

The polysorbate non-ionics have also been
employed in the preparation of aqueous injections
of the water-insoluble vitamins A, D, E and K.

Whilst solubilization is an excellent means of pro-
ducing an aqueous solution of a water-insoluble
drug, it should be realized that it may well have
effects on the drug’s activity and absorption charac-
teristics. As a generalization, it may be said that low
concentrations of surface-active agents increase
absorption, possibly due to enhanced contact of the
drug with the absorbing membrane, whilst concen-
trations above the CMC either produce no addi-
tional effect or cause decreased absorption. In the
latter case the drug may be held within the micelles
so that the concentration available for absorption is
reduced. For a wider appreciation of this topic, the
review by Attwood & Florence (1983) can be
consulted.

Solubilization.and.drug.stability

Solubilization has been shown to have a modifying
effect on the rate of hydrolysis of drugs. Non-polar
compounds solubilized deep in the hydrocarbon
core of a micelle are likely to be better protected
against attack by hydrolysing species than more
polar compounds located closer to the micellar
surface. For example, the alkaline hydrolysis of ben-
zocaine and homatropine in the presence of several
non-ionic surfactants is retarded, the less polar ben-
zocaine showing a greater increase in stability
compared to homatropine because of its deeper
penetration into the micelle. An important factor in
considering the breakdown of a drug located close
to the micellar surface is the 1onic nature of the
surface-active agent. For base-catalysed hydrolysis,
anionic micelles should give an enhanced protection
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due to repulsion of the attacking OH  group. For
cationic micelles there should be the converse
effect. Whilst this pattern has been found, enhanced
protection by cationic micelles also occurs, suggest-
ing that in these cases the positively charged polar
head groups hold the OH™ groups and thus block
their penetration into the micelle.

Protection from oxidative degradation has also
been found with solubilized systems.

As indicated earlier, drugs may be surface active.
Such drugs form micelles and this self-association
has been found in some cases to increase the drug’s
stability. Thus micellar solutions of penicillin G have
been reported to be 2.5 times more stable than
monomeric solutions under conditions of constant
pH and 1onic strength.

Detergency

Detergency is a complex process whereby sur-
factants are used for the removal of foreign matter
from solid surfaces, be it removal of dirt from
clothes or cleansing of body surfaces. The process
includes many of the actions characteristic of spe-
cific surfactants. Thus, the surfactant must have
good wetting characteristics so that the detergent
can come into intimate contact with the surface to
be cleaned. The detergent must have the ability to
remove the dirt into the bulk of the liquid; the dirt/
water and solid/water interfacial tensions are
lowered and thus the work of adhesion between the
dirt and solid is reduced, so that the dirt particle
may be easily detached. Once removed, the sur-
factant can be adsorbed at the particle surface, cre-
ating charge and hydration barriers which prevent
deposition. If the dirt is oily it may be emulsified or
solubilized.

Coarse disperse systems

Suspensions

A pharmaceutical suspension is a coarse dispersion
in which insoluble particles, generally greater than
1 um in diameter, are dispersed in a liquid medium,
usually aqueous.

An aqueous suspension is a useful formulation
system for administering an insoluble or poorly
soluble drug. The large surface area of dispersed
drug ensures a high availability for dissolution and
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hence absorption. Aqueous suspensions may also be
used for parenteral and ophthalmic use and provide
a suitable form for the application of dermatological
materials to the skin. Suspensions are used similarly
in veterinary practice and a closely allied field is that
of pest control. Pesticides are frequently presented
as suspensions for use as fungicides, insecticides,
ascaricides and herbicides.

An acceptable suspension possesses certain desir-
able qualities amongst which are the following: the
suspended material should not settle too rapidly; the
particles which do settle to the bottom of the con-
tainer must not form a hard mass but should be
readily dispersed into a uniform mixture when the
container 1s shaken; and the suspension must not be
too viscous to pour freely from the orifice of the
bottle or to flow through a syringe needle.

Physical stability of a pharmaceutical suspension
may be defined as the condition in which the parti-
cles do not aggregate and in which they remain
uniformly distributed throughout the dispersion.
Since this ideal situation 1s seldom realized, 1t is
appropriate to add that if the particles do settle they
should be easily resuspended by a moderate amount
of agitation.

The major difference between a pharmaceutical
suspension and a colloidal dispersion is one of size
of dispersed particles, with the relatively large par-
ticles of a suspension liable to sedimentation due to
gravitational forces. Apart from this, suspensions
show most of the properties of colloidal systems.
The reader is referred to Chapter 26 for an account
of the formulation of suspensions.

Controlled.flocculation

A suspension in which all the particles remain dis-
crete would, in terms of the DLVO theory, be con-
sidered to be stable. However, with pharmaceutical
suspensions, in which the solid particles are very
much coarser, such a system would sediment because
of the size of the particles. The electrical repulsive
forces between the particles allow the particles to
slip past one another to form a close packed arrange-
ment at the bottom of the container, with the small
particles filling the voids between the larger ones.
The supernatant liquid may remain cloudy after sedi-
mentation due to the presence of colloidal particles
that will remain dispersed. Those particles lower-
most in the sediment are gradually pressed together
by the weight of the ones above. The repulsive barrier
is thus overcome, allowing the particles to pack



closely together. Physical bonding leading to ‘cake’
or ‘clay’ formation may then occur due to the forma-
tion of bridges between the particles resulting from
crystal growth and hydration effects, forces greater
than agitation usually being required to disperse the
sediment. Coagulation in the primary minimum,
resulting from a reduction in the zeta potential to a
point where attractive forces predominate, thus pro-
duces coarse compact masses with a ‘curdled’
appearance, which may not be readily dispersed.

On the other hand, particles flocculated in the
secondary minimum form a loosely bonded struc-
ture, called a flocculate or floc. A suspension consist-
ing of particles in this state is said to be flocculated.
Although sedimentation of flocculated suspensions is
fairly rapid, a loosely packed, high-volume sediment
is obtained in which the flocs retain their structure
and the particles are easily resuspended. The super-
natant liquid is clear because the colloidal particles
are trapped within the flocs and sediment with them.
Secondary minimum flocculation is therefore a desir-
able state for a pharmaceutical suspension.

Particles greater than 1 pm radius should, unless
highly charged, show a sufficiently deep secondary
minimum for flocculation to occur because the
attractive force between particles, V,, depends on
particle size. Other contributing factors to second-
ary minimum flocculation are shape (asymmetric
particles, especially those that are elongated, being
more satisfactory than spherical ones) and concen-
tration. The rate of flocculation depends on the
number of particles present, so that the greater the
number of particles, the more collisions there will
be and flocculation is more likely to occur. However,
it may be necessary, as with highly charged particles,
to control the depth of the secondary minimum to
induce a satisfactory flocculation state. This can be
achieved by addition of electrolytes or ionic surface-
active agents which reduce the zeta potential and
hence Vg, resulting in the displacement of the whole
of the DLVO plot to give a satisfactory secondary
minimum, as indicated in Figure 5.5. The produc-
tion of a satisfactory secondary minimum leading to
floc formation in this manner is termed controlled
flocculation.

A convenient parameter for assessing a suspen-
sion 1S the sedimentation volume ratio, F, which 1s
defined as the ratio of the final settled volume ¥V, to
the original volume V;:

F=V,V,
(5.28)
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The ratio F gives a measure of the aggregated-
deflocculated state of a suspension and may usefully
be plotted, together with the measured zeta poten-
tial, against concentration of additive, enabling an
assessment of the state of the dispersion to be made
in terms of the DLVO theory. The appearance of the
supernatant liquid should be noted and the redis-
persibility of the suspensions evaluated.

It should be pointed out that in using the control-
led flocculation approach to suspension formulation,
it is important to work at a constant, or narrow, pH
range because the magnitude of the charge on the
drug particle can vary greatly with pH.

Other additives such as flavouring agents may also
affect particle charge.

Steric.stabilization.of.suspensions

As described earlier in this chapter, colloidal parti-
cles may be stabilized against coagulation in the
absence of a charge on the particles by the use of
non-ionic polymeric material — the concept of steric
stabilization or protective colloid action. This
concept may be applied to pharmaceutical suspen-
sions where naturally occurring gums such as traga-
canth and synthetic materials like mnon-ionic
surfactants and cellulose polymers may be used to
produce satisfactory suspensions. These materials
may increase the viscosity of the aqueous vehicle
and thus slow the rate of sedimentation of the par-
ticles, but they will also form adsorbed layers around
the particles so that the approach of their surfaces
and aggregation to the coagulated state is
hindered.

Repulsive forces arise as the adsorbed layers
interpenetrate and, as explained above, these have
an enthalpic component due to release of water of
solvation from the polymer chains and an entropic
component due to movement restriction. As a
result, the particles will not usually approach one
another closer than twice the thickness of the
adsorbed layer.

However, as indicated above in the discussion on
controlled flocculation, from a pharmaceutical point
of view an easily dispersed aggregated system is
desirable. To produce this state, a balance between
attractive and repulsive forces is required. This is
not achieved by all polymeric materials, and the
equivalent of deflocculated and caked systems may
be produced. The balance of forces appears to
depend on both the thickness and the concentration
of the polymer m the adsorbed layer. These
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parameters determine the Hamaker constant and
hence the attractive force, which must be large
enough to cause aggregation of the particles compa-
rable to flocculation. The steric repulsive force,
which depends on the concentration and degree of
solvation of the polymer chains, must be of suffi-
cient magnitude to prevent close approach of the
uncoated particles, but low enough so that the
attractive force is dominant, leading to aggregation
at about twice the adsorbed layer thickness. It has
been found, for example, that adsorbed layers of
certain polyoxyethylene-polyoxypropylene block
copolymers will product satisfactory flocculated
systems, whilst many nonyl phenyl ethoxylates will
not. With both types of surfactant, the molecular
moieties producing steric repulsion are hydrated
ethylene oxide chains, but the concentration of
these in the adsorbed layers varies, giving the results
indicated above.

Wetting.problems

One of the problems encountered in dispersing solid
materials in water 1s that the powder may not be
readily wetted (explained in Chapter 4). This may
be due to entrapped air or to the fact that the solid
surface i1s hydrophobic. The wettability of a powder
may be described in terms of the contact angle, 6,
which the powder makes with the surface of the
liquid. This 1s described by:

YLv €080 = ysy — 751

(as 4.1)
or
Ysv = ¥sL T YLy cost
or
cosg =18V Vst
YLv
(5.29)

where ygy, ysi and y;y are the respective interfacial
tensions.

For a liquid to completely wet a powder, there
should be a decrease in the surface free energy as a
result of the immersion process. Once the particle
1s submerged in the liquid, the process of spreading
wetting becomes important. In most cases where
water 1s involved, the reduction of contact angle
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may only be achieved by reducing the magnitude of
v and yg; by the use of a wetting agent. The wetting
agents are surfactants that not only reduce y;y but
also adsorb on to the surface of the powder, thus
reducing ys;. Both of these effects reduce the contact
angle and improve the dispersibility of the powder.

Problems may arise because of the build-up of an
adhering layer of suspension particles on the walls
of the container just above the liquid line that occurs
as the walls are repeatedly wetted by the suspen-
sion. This layer subsequently dries to form a hard,
thick crust. Surfactants reduce this adsorption by
coating both the container and particle surfaces such
that they repel, reducing adsorption.

Rheological.properties.of.suspensions

Flocculated suspensions tend to exhibit plastic or
pseudoplastic flow, depending on concentration,
while concentrated deflocculated dispersions tend
to be dilatant (Chapter 6). This means that the
apparent viscosity of flocculated suspensions is rela-
tively high when the applied shearing stress is low,
but it decreases as the applied stress increases and
the attractive forces producing the flocculation are
overcome. Conversely, the apparent viscosity of a
concentrated deflocculated suspension is low at low
shearing stress, but increases as the applied stress
increases. This effect 1s due to the electrical repul-
sion that occurs when the charged particles are
forced close together (see the DLVO plot of poten-
tial energy of interaction between particles; Fig.
5.4), causing the particles to rebound, creating voids
into which the liquid flows, leaving other parts of
the dispersion dry. In addition to the rheological
problems associated with particle charge, the sedi-
mentation behaviour is also of course influenced by
the rheological properties of the liquid continuous
phase.

Emulsions

An emulsion is a system consisting of two immisci-
ble liquid phases, one of which is dispersed through-
out the other in the form of fine droplets. A third
component, the emulsifying agent, is necessary to
stabilize the emulsion.

The phase that is present as fine droplets is called
the disperse phase and the phase in which the drop-
lets are suspended is the continuous phase. Most
emulsions will have droplets with diameters of



0.1-100 um and are inherently unstable systems;
smaller globules exhibit colloidal behaviour and have
the stability of a hydrophobic colloidal dispersion.

Pharmaceutical emulsions wusually consist of
water and an oil. Two main types of emulsion can
exist, oil-in-water (o/w) and water-in-oil (w/o0),
depending upon whether the continuous phase is
aqueous or oily. More complicated emulsion systems
may exist; for example, an oil droplet enclosing a
water droplet may be suspended in water to form a
water-in-oil-in-water emulsion (w/o/w). Such
systems, and their o/w/o counterparts, are termed
multiple emulsions and are of interest as delayed-
action drug delivery vehicles.

The pharmaceutical applications of emulsions as
a dosage forms are discussed in Chapter 27. Tradi-
tionally, emulsions have been used to render oily
substances such as castor oil in a more palatable
form. It is possible to formulate together oil-soluble
and water-soluble medicaments in emulsions, and
drugs may be more easily absorbed owing to the
finely divided condition of emulsified substances.

A large number of bases used for topical prepara-
tions are emulsions, water miscible being o/w type
and greasy bases being w/o0. The administration of
oils and fats by intravenous infusion, as part of a
total parenteral nutrition programme, has been
made possible by the use of suitable non-toxic emul-
sifying agents like lecithin. Here, the control of par-
ticle size of emulsion droplets is of paramount
importance in the prevention of the formation of
emboli.

Microemulsions

Unlike the coarse emulsions described above, micro-
emulsions are homogeneous, transparent systems
that are thermodynamically stable. Moreover, they
form spontaneously when the components are
mixed in the appropriate ratios. They can be disper-
sions of oil in water or water in oil but the droplet
size 1s very much smaller, 5-140 nm, than in coarse
emulsions. They are essentially swollen micellar
systems, but obviously the distinction between a
micelle containing solubilized oil and an oil droplet
surrounded by an interfacial layer largely composed
of surfactant is difficult to assess.

An essential requirement for their formation and
stability i1s the attainment of a very low interfacial
tension. It is generally not possible to achieve the
required lowering of interfacial tension with a single
surfactant and 1t 1s necessary to include a second
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amphiphile, usually a medium chain length alcohol,
in the formulation. The second amphiphile is
referred to as the cosurfactant.

Although microemulsions have many advantages
over coarse emulsions, particularly their transpar-
ency and stability, they require much larger amounts
of surfactant for their formulation which restricts
the choice of acceptable components.

Theory.of.emulsion.stabilization

Interfacial films. When two immiscible liquids,
e.g. liquid paraffin and water, are shaken together a
temporary emulsion will be formed. The subdivision
of one of the phases into small globules results in a
large increase in surface area and hence interfacial
free energy of the system. The system is thus ther-
modynamically unstable which results, in the first
place, in the dispersed phase being in the form of
spherical droplets (the shape of mimmimum surface
area for a given volume) and, secondly, in coales-
cence of these droplets, causing phase separation,
the state of minimum surface free energy.

The adsorption of a surface-active agent at the
globule interface will lower the o/w interfacial
tension, the process of emulsification will be made
casier and the stability may be enhanced. However,
if a surface-active agent such as sodium dodecyl
sulfate 1s used, the emulsion, on standing for a short
while, will still separate out into its constituent
phases. On the other hand, substances like acacia,
which are only slightly surface active, produce stable
emulsions. Acacia forms a strong viscous interfacial
film around the globules and it is thought that the
characteristics of the interfacial film are most impor-
tant in considering the stability of emulsions.

Pioneering work on emulsion stability by Schul-
man & Cockbain showed that a mixture of an oil-
soluble alcoholsuch ascholesteroland asurface-active
agent such as sodium cetyl (hexadecyl) sulfate was
able to form a stable complex condensed film at the
oil/water interface. This film was of high viscosity,
sufficiently flexible to permit distortion of the drop-
lets, resisted rupture and gave an interfacial tension
lower than that produced by either component
alone. The emulsion produced was stable, the charge
arising from the sodium cetyl sulfate contributing to
the stability as described for lyophobic colloidal dis-
persions. For complex formation at the interface,
the correct ‘shape’ of molecule 1s necessary. Thus
Schulman & Cockbain found that sodium cetyl
sulfate stabilized an emulsion of liquid paraffin when
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elaidyl alcohol (the trans isomer) was the oil-soluble
component but not when the cis isomer, oleyl
alcohol, was used.

In practice, the oil-soluble and water-soluble
components are dissolved in the appropriate phases
and on mixing the two phases, the complex is
formed at the interface. Alternatively, an emulsify-
ing wax may be used consisting of a blend of the
two components. The wax is dispersed in the oil
phase and the aqueous phase added at the same
temperature. Examples of such mixtures are given
in Table 5.4.

This principle 1s also applied with the non-ionic
emulsifying agents. For example, mixtures of sorb-
itan monooleate and polyoxyethylene sorbitan esters
(e.g. polysorbate 80) have good emulsifying proper-
ties. Non-ionic surfactants are widely used in the
production of stable emulsions and have the advan-
tage over ionic surfactants of being less toxic and
less sensitive to electrolytes and pH variation. These
emulsifying agents are not charged and there is no
electrical repulsive force contributing to stability. It
is likely, however, that these substances, and the
cetomacrogol emulsifying wax included in Table 5.4,
sterically stabilize the emulsions as discussed under
suspensions.

Hydrophilic colloids as emulsion stabilizers. A
number of hydrophilic colloids are used as emulsify-
ing agents in pharmaceutical science. These include
proteins (gelatin, casein) and polysaccharides
(acacia, cellulose derivatives and alginates). These
materials, which generally exhibit little surface
activity, adsorb at the oil/water interface and form
multilayers. Such multilayers have viscoelastic prop-
erties, resist rupture and presumably form mechani-
cal barriers to coalescence. However, some of these

Table 5.4 Emulsifying waxes

Product Oil-soluble Water-soluble
component component
Emulsifying Cetostearyl Sodium lauryl
wax (anionic) alcohol (dodecyl) sulfate
Cetrimide Cetostearyl Cetrimide (hexadecyl
emulsifying alcohol trimethyl ammonium
wax (cationic) bromide)
Cetomacrogol Cetostearyl Cetomacrogol
emulsifying alcohol (polyoxyethylene

wax (non-ionic) monohexadecyl ether)
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substances have chemical groups which ionize, e.g.
acacia consists of salts of arabic acid, proteins contain
both amino and carboxylic acid groupings, thus pro-
viding electrostatic repulsion as an additional barrier
to coalescence. Most cellulose derivatives are not
charged. However, there is evidence from studies on
solid suspensions that these substances sterically sta-
bilize and 1t would appear probable that there will
be a similar effect with emulsions.

Solid particles in emulsion stabilization. Emul-
sions may be stabilized by finely divided solid parti-
cles if they are preferentially wetted by one phase
and possess sufficient adhesion for one another so
that they form a film around the dispersed
droplets.

Solid particles will remain at the interface as long
as a stable contact angle, 6, 1s formed by the liquid/
liquid interface and the solid surface. The particles
must also be of sufficiently low mass for gravita-
tional forces not to affect the equilibrium. If the
solid is preferentially wetted by one of the phases,
then more particles can be accommodated at the
interface if the interface i1s convex towards that
phase. In other words, the liquid whose contact
angle (measured through the liquid) is less than 90°
will form the continuous phase (see Fig. 5.15). Alu-
minium and magnesium hydroxides and clays such
as bentonite are preferentially wetted by water and
thus stabilize o/w emulsions, e.g. liquid paraffin
and magnesium hydroxide emulsion. Carbon black
and talc are more readily wetted by oils and stabilize
w/o0 emulsions.

Emulsion.type

When an oil, water and an emulsifying agent are
shaken together, what decides whether an o/w or
w/o0 emulsion will be produced? A number of simul-
taneous processes have to be considered, for

Water O1l

(a)

Fig. 5.15 « Emulsion stabilization using solid particles.
(a) Preferential wetting of solid by water, leading to an
o/w emulsion. (b) Preferential wetting of solid by oil,
leadng to a w/o emulsion.



example, droplet formation, aggregation and coales-
cence of droplets, and interfacial film formation. On
shaking together oil and water, both phases initially
form droplets. The phase that persists in droplet
form for the longer time should become the disperse
phase and it should be surrounded by the continuous
phase formed from the more rapidly coalescing
droplets. The phase volumes and interfacial tensions
will determine the relative number of droplets pro-
duced and hence the probability of collision, 1.e. the
greater the number of droplets, the higher the
chance of collision, so that the phase present in
greater amount should finally become the continu-
ous phase. However, emulsions containing well over
50% of disperse phase are common.

A more important consideration is the interfacial
film produced by the adsorption of emulsifier at the
o/w interface. Such films significantly alter the rates
of coalescence by acting as physical and chemical
barriers to coalescence. As indicated in the previous
section, the barrier at the surface of an oil droplet
may arise because of electrically charged groups pro-
ducing repulsion between approaching droplets, or
because of the steric repulsion, enthalpic in origin,
from hydrated polymer chains. The greater the
number of charged molecules present, or the greater
the number of hydrated polymer chains at the inter-
face, the greater will be the tendency to reduce oil
droplet coalescence. On the other hand, the inter-
facial barrier for approaching water droplets arises
primarily because of the non-polar or hydrocarbon
portion of the interfacial film. The longer the hydro-
carbon chain length and the greater the number of
molecules present per unit area of film, the greater
1s the tendency for water droplets to be prevented
from coalescing. Thus, it may be said generally that
it is the dominance of the polar or non-polar char-
acteristics of the emulsifying agent which plays a
major part in the type of emulsion produced.

It would appear, then, that the type of emulsion
formed, depending as it does on the polar/non-polar
characteristics of the emulsifying agent, is a function
of the relative solubility of the emulsifying agent,
the phase in which it is more soluble being the con-
tinuous phase. This 1s a statement of what 1s termed
the Bancroft rule, an empirical observation.

The foregoing helps to explain why charged
surface-active agents such as sodium and potassium
oleates which are highly ionized and possess strong
polar groups favour o/w emulsions, whereas calcium
and magnesium soaps which are little dissociated
tend to produce w/o emulsions. Similarly, non-ionic
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sorbitan esters favour w/o emulsions whilst o/w
emulsions are produced by the more hydrophilic
polyoxyethylene sorbitan esters.

By reason of the stabilizing mechanism involved,
polar groups are far better barriers to coalescence
than their non-polar counterparts. It is thus possible
to see why o/w emulsions can be made with greater
than 50% disperse phase and w/o emulsions are
limited in this respect and invert (change type) if
the amount of water present is significant.

Hydrophile—lipophile balance. The fact that a
more hydrophilic interfacial barrier favours o/w
emulsions whilst a more non-polar barrier favours
w/o emulsions 1s employed in the hydrophile—
lipophile balance (HLB) system for assessing sur-
factants and emulsifying agents, which was
introduced by Griffin. Here an HLB number is
assigned to an emulsifying agent that 1s characteristic
of its relative polarity. Although originally conceived
for non-ionic emulsifying agents with polyoxyethyl-
ene hydrophilic groups, it has since been applied
with varying success to other surfactant groups, both
ionic and non-ionic.

By means of this number system, an HLB range
of optimum efhiciency for each class of surfactant is
established, as seen in Figure 5.16. This approach is
empirical but it does allow comparison between dif-
ferent chemical types of emulsifying agent.

There are several formulae for calculating HLB
values of non-ionic surfactants. We can estimate
values for polysorbates (Tweens) and sorbitan esters
(Spans) from:

18
. Selubilizing agents (15—18)
Hydrophilic 15
(water soluble) ’ }Ietergents (13-15)
12 -@/w emulsifying agents (8—16)
Water ° }Wetting and spreading
dispersible agents (7-9)
________________ °
w/e emulsifying agents (3—6)
Hydrophebic 3 _ _
(eil soluble) }Antlfoammg agents (2—-3)
0

Fig. 5.16 » HLB scale showing classification of
surfactant function.
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HLB=(E+P)/5
(5.30)

where E 1s the percentage by weight of oxyethylene
chains and P is the percentage by weight of polyhy-
dric alcohol groups (glycerol or sorbitol) in the mol-
ecule. Ifthe surfactant contains only polyoxyethylene
as the hydrophilic group then we can use a simpler
form of the equation:

HLB = E/5
(5.31)

Alternatively, we can calculate HLB values directly
from the chemical formula using empirically deter-
mined group numbers. The formula is then:

HLB =7+ Z(hydrophilic group numbers)
— X (lipophilic group numbers)

(5.32)

Group numbers of some commonly occurring groups
are given in Table 5.5. Finally, the HLB of polyhydric

Table 5.5 Group contributions to HLB values

Group Contribution
SONa +38.7
600..¢ +21.1
GO00Na +19.1
SO;Na +11.0
N (tertiary amine) +9.4
Ester (sorbitan ring) +6.8
Ester (free) +2.4
(COOH +2.1
OH (free) +1.9
—O- (ether) +1.3
OH (sorbitan) +0.5
CH (H, etc 0
OH(H +0.33
OCHCH (CH —0.15
(alkyl) —0.475
(F, (K —0.870
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alcohol fatty acid esters such as glyceryl monostear-
ate may be obtained from the saponification value,
S, of the ester and the acid number, 4, of the fatty
acid using:

HLB=20(1-5/4)
(5.33)

In addition, it has been suggested that certain emul-
sifying agents of a given HLB value appear to work
best with a particular oil phase and this has given
rise to the concept of a required HLB value for any
oill or combination of oils. However, this does not
necessarily mean that every surfactant having the
required HLB value will produce a good emulsion;
specific surfactants may interact with the oil, with
another component of the emulsion or even with
each other.

For reasons mentioned earlier, mixtures of
surface-active agents give more stable emulsions
than when used singly. The HLB of a mixture of
surfactants, consisting of fraction x of A and (1 —x)
of B, is assumed to be an algebraic mean of the two
HLB numbers:

HLB,,, =x HLB, +(1—x)HLB,
(5.34)

It has been found that, at the optimum HLB for a
particular emulsion, the mean particle size of the
emulsion 1s at a minimum and this factor contributes
to the stability of the emulsion system. The use of
HLB values in the formulation of emulsions is dis-
cussed in Chapter 27.

Phase viscosity. The emulsification process and
the type of emulsion formed are influenced to some
extent by the viscosity of the two phases. Viscosity
can be expected to affect interfacial fi