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What is ‘Pharmaceutics’?

One of the earliest impressions that many new phar-
macy 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.
The aim of this section is to explain to the reader
what is meant by the term ‘pharmaceutics’, how it
has been interpreted for the purpose of this book,
and how pharmaceutics fits into the overall scheme
of pharmaceutical science. It will also lead the read-
er through the organization of this book and explain
why an understanding of the material contained in
its chapters is important in the design of modern
drug delivery systems.

The word pharmaceutics is used in pharmacy and
pharmaceutical science to encompass many subject
areas, which are all associated with the steps to
which a drug is subjected towards the end of its
development — i.e. it is the stages that follow its dis-
covery or synthesis, its isolation and purification,
and testing for advantageous pharmacological
effects and the absence of serious toxicological prob-
lems. Put at its most simplistic, pharmaceutics con-
verts a drug into a medicine. Pharmaceutics, and
therefore this book, is concerned with the scientific
and technological aspects of the design and manu-
facture of dosage forms.

Pharmaceutics is arguably the most diverse of all
the subject areas in pharmaceutical science and
encompasses:

e an understanding of the basic physical chemistry
necessary for the efficient design of dosage forms
(physical pharmaceutics)

o the design and formulation of medicines (dosage
form design),

o the manufacture of these medicines on both a
small (compounding) and a large (pharmaceuti-
cal technology) scale;

e the cultivation, avoidance and elimination of
microorganisms in medicines (microbiology).

Medicines are drug delivery systems. That is,
they are a means of administering drugs to the body
in a safe, efficient, reproducible and convenient
manner. The first chapter in the book introduces, in
a general way, the considerations that must be made
so that this conversion of drug to medicine can take
place. It emphasizes the fact that medicines are
rarely drugs alone, but require additives to make
them into dosage forms and this in turn introduces
the concept of formulation. The chapter explains
that there are three major considerations in the
design of dosage forms:

1. The physicochemical properties of the drug
itself,

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

3. Therapeutic considerations of the disease state
to be treated, which in turn decide 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.

This first chapter is an excellent introduction to
the book as a whole and the perfect justification for
the need to understand the subject matter of this
text. New readers are encouraged to read this chap-
ter thoroughly and carefully so they can grasp the
basics before delving into the later, more detailed
information.

Part 1 of this book describes some of the more
important physicochemical knowledge that it is nec-
essary to have in order to study and understand the
design and preparation of dosage forms. The chap-
ters have been designed to give the reader an insight
into those scientific and physicochemical principles
that are important to the formulation scientist.
They are not intended as a substitute for a thorough
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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 formu-
lated 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 pharmaceutical func-
tions. It is the formulation additives that, among
other things, solubilize, suspend, thicken, preserve,
emulsify, modify dissolution, improve the compress-
ibility and flavour drug substances to form various
preparations 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,
suitable preservation against microbial contamina-
tion 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
is difficult to achieve. However, recent developments
that rely on the specific metabolic activity of individ-
ual patients, or implants that respond, for example,
to externally applied sound or magnetic fields to
trigger a drug delivery function, are beginning to
accommodate this requirement.

Consideration should be given to differences in
bioavailability between apparently similar formula-
tions, and the possible causes for this. In recent years
increasing attention has therefore been directed
towards eliminating variation in bioavailability char-
acteristics, particularly for chemically equivalent
products, as it is now recognized that formulation
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sensitive drugs antioxidants can be included in the
formulation 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 gastrointestinal pH range of 1-8 should be
understood. Buffers may be required to control the
pH of the preparation to improve stability, or where
liquid dosage forms are sensitive to microbial attack,
preservatives are required. In these formulations,
and indeed in all dosage forms incorporating addi-
tives, it is also important to ensure that the compo-
nents, which may include additional drug substances
as in multivitamin preparations, do not produce
chemical interactions themselves. Interactions
between drug(s) and added excipients, such as
antioxidants, preservatives, suspending agents,
colourants, tablet lubricants and packaging materi-
als, do occur and must be checked for during for-
mulation. Over recent years data from thermal
analysis techniques, particularly differential scanning
calorimetry (DSC), when critically examined have
been found useful in rapid screening for possible
drug-additive and drug-drug interactions. For
example, using DSC it has been demonstrated 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.
Unfortunately, many drug substances in use today
are unpalatable and unattractive in their natural state
and dosage forms containing such drugs, particu-
larly 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.
Available as concentrated extracts, solutions,
adsorbed on to powders or microencapsulated,
flavours are usually composed of mixtures of natural
and synthetic materials. The taste buds of the
tongue respond quickly to bitter, sweet, salt or acid
elements of a flavour. In addition, unpleasant taste
can be overcome by using water-insoluble deriva-
tives of drugs which have little or no taste. An
example is the use of amitriptyline pamoate. In such
approaches other factors, such as bioavailability,
must remain unchanged. If an insoluble derivative is
unavailable or cannot be used, a flavour or perfume
can be used. Alternatively, unpleasant drugs can be
administered in capsules or prepared as coated par-
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ticles, or tablets may be easily swallowed avoiding
the taste buds.

The selection of flavour depends upon several
factors, but particularly on the taste of the drug sub-
stance. Certain flavours are more effective at masking
various taste elements: for example, citrus flavours
are frequently used to combat sour or acid-tasting
drugs. The solubility and stability of the flavour in the
vehicle are also important. The age of the intended
patient should also be considered, as children, for
example, prefer sweet tastes, as well as the psycho-
logical links between colours and flavours (e.g. yellow
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 is 200-700 times sweeter depending
on concentration, are available. Sorbitol is recom-
mended for diabetic preparations.

Colours are employed to standardize or improve
an existing drug colour, to mask a colour change or
complement a flavour. Although colours are
obtained both from natural sources (e.g.
carotenoids) and synthesized (e.g. amaranth), the
majority used are synthetically produced. Dyes may
be aqueous (e.g. amaranth) or oil soluble (e.g. Sudan
IV) or insoluble in both (e.g. aluminium lakes).
Insoluble colours are known as pigments. Lakes
(which are generally water-insoluble calcium or alu-
minium complexes of water-soluble dyes) are partic-
ularly useful in tablets and tablet coatings because of
their greater stability to light than corresponding
dyes, which also vary in their stability to pH and
reducing agents. However, in recent years the inclu-
sion of colours in formulations has become
extremely complex because of the banning of many
traditionally used colours in many countries. (A
useful summary on colours is given in Martindale,
The Extra Pharmacopoeia).

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 compressibility, 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
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Application of aerosols in pharmacy The use of
aerosols as a dosage form is particularly important in
the administration of drugs via the respiratory
system. In addition to local effects, systemic effects
may be obtained if the drug is absorbed into the
bloodstream from the lungs. Topical preparations are
also well suited for presentation as aerosols.
Therapeutic aerosols are discussed in more detail in
Chapter 31.
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formulations may require the addition of flow agents
(e.g. fumed silica). Studies of the compressibility of
drug substances are frequently undertaken using
instrumented tablet machines in formulation labora-
tories to exarnine the tableting potential of the mate-
rial, in order to foresee any potential problems
during compaction, such as lamination or sticking
which may require modification to the formulation
or processing conditions.

THERAPEUTIC CONSIDERATIONS IN
DOSAGE FORM DESIGN

The nature of the clinical indication, disease or
illness against which the drug is intended is an
important factor when selecting the range of dosage
forms to be prepared. Factors such as the need for
systemic or local therapy, the duration of action
required and whether the drug will be used in emer-
gency situations, 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
particular 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 inhala-
tion 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 for rapid drug absorption
from the buccal cavity. Thus, although systemic
effects are generally obtained following oral and par-
enteral drug administration, other routes can be
employed as the drug and the situation demand.
Local effects are generally restricted to dosage forms
applied directly, such as those applied to the skin,
ear, eye and throat. Some drugs may be well
absorbed by one route and not another, and must
therefore be considered 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, with a liquid
preparation the amount of drug administered 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 preparations are prepared as
pleasantly flavoured syrups or mixtures. Adults gen-

erally prefer solid dosage forms, primarily because of
their convenience. However, alternative liquid prepa-
rations are usually available for those unable to take
tablets and capsules.

Interest has grown recently in the design of for-
mulations that deliver drugs to specific ‘targets’ in the
body, for example the use of liposomes and nanopar-
ticles, 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.
Superecritical fluid processing using carbon dioxide as
a solvent or antisolvent is one such method, allowing
fine-tuning of crystal properties and particle design
and fabrication. Undoubtedly these new technologies
and others, as well as sophisticated formulations, will
be required to deal with peptide and protein drugs,
the advent of gene therapy and the need to deliver
such labile macromolecules to specific cells in the
body. Interest is also likely to be directed to individ-
ual patient requirements, such as age, weight and
physiological and metabolic factors, features that can
influence drug absorption and bioavailability.

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
from several study areas. Although the physical and
chemical properties of drugs and additives need to
be understood, the factors influencing drug absorp-
tion and the requirements of the disease to be
treated also have to be taken into account when
identifying potential delivery routes. The formula-
tion and associated preparation of dosage forms
demand the highest standards, with careful examina-
tion, analysis and evaluation of wide-ranging infor-
mation by pharmaceutical scientists to achieve the
objective of creating high-quality and efficacious
dosage forms.
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Solutions are encountered extremely frequently in
pharmaceutical development, either as a dosage
form in their own right or as a clinical trials mater-
ial. Equally importantly, almost all drugs function in
solution in the body. This book therefore starts with
a description of the formation of solutions and a
consideration of their properties.

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. It will discuss this process par-
ticularly in the context of a solid dissolving in a
liquid, as this is the situation most likely to be
encountered during the formation of a drug solu-
tion, either during manufacturing or during drug
delivery.

Further properties of solutions are discussed in
the subsequent chapters in Part One of this book.
Because of the number of principles and properties
that need to be considered, the contents of each of
these chapters should only be regarded as introduc-
tions to the various topics. The student is therefore
encouraged to refer to the bibliography at the end of
each chapter in order to augment the present con-
tents. The textbook written by Florence and Attwood
(1998) is particularly recommended because of the
large number of pharmaceutical examples that are
used to aid an understanding of physicochemical
principles.

DEFINITION OF TERMS

This chapter begins by clarifying a number of terms
relevant to the formation and concentration of solu-
tions

Solution, solubility

A solution may be defined as a mixture of two or
more components that form a single phase which is
homogeneous down to the molecular level. The com-
ponent that determines the phase of the solution is
termed the solvent and usually constitutes the
largest proportion of the system. The other compo-
nents are termed solutes, 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. The extent 1o
which the dissolution proceeds under a given set of
experimental conditions is referred to as the solu-
bility of the solute in the solvent. Thus, the solubil-
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ity of a substance is the amount of it that passes into
solution when equilibrium is established between
the solution and excess (undissolved) substance. The
solution that is obtained under these conditions is
said to be saturated.

Because the above definitions are general ones
they may be applied to all types of solution involv-
ing any of the three states of matter (gas, liquid,
solid) dissolved in any of the three states of matter.
However, when the two components forming a
solution are either both gases or both liquids it is
more usual to talk in terms of miscibility rather
than solubility.

One point to emphasize at this stage is that the
rate of solution (dissolution) and amount which can
be dissolved (solubility) are not the same and are not
necessarily related, although in practice high drug
solubility is usually associated with a high dissolution
rate.

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 ST 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:

1gL1,0.1 gper 100 mL, 1 mg mL-!,
5mgin 5 mL, or 1 pug pull.

Percentage

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

weight of solute %100

concentration in %o w/v = -

volume of solution
Equivalent percentages based on weight and volume
ratios (% v/w,% v/v and % w/w expressions) can also
be used for solutions of liquids in liquids and solu-
tions of gases in liquids.
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It should be realized that if concentration is
expressed in terms of weight of solute in a given
volume of solution, then changes in volume caused by
temperature fluctuations will alter the concentration.

Parts

Pharmacopoeias express some concentrations in
terms of the number of ‘parts’ of solute dissolved in a
stated number of ‘parts’ of solution. The use of this
method to describe the strength of a solution of a
solid in a liquid implies that a given number of parts
by volume (mL) of solution contain a certain number
of parts by weight (g) of solid. 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 implied.

Molarity

This is the number of moles of solute contained in
1 dm?® (or, more commonly in pharmaceutical
science, 1 litre) of solution. Thus, solutions of equal
molarity contain the same number of solute mole-
cules in a given volume of solution. The unit of
molarity is mol L! (equivalent to 10> mol m=3 if con-
verted 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 is unaffected by temperature.

Mole fraction

This is often used in theoretical considerations and is
defined as the number of moles of solute divided by
the total number of moles of solute and solvent, i.e.:

il 2.1

mole fraction of solute (xl) =
n, +n,

where #; 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 those 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 milliequivalent (mEq)
of an ion is, in fact, one thousandth of the gram
equivalent of the ion, which is in turn the ionic
weight expressed in grams divided by the valency of
the ion. Alternatively,

| mEq = ionic weight in mg

valency

A knowledge of the concept of chemical equivalents
is also required in order to understand the use of
‘normality’ as a means of expressing the concentra-
tion of solutions, because a normal solution, i.e. con-
centration = 1 N, is one that contains the equivalent
weight of the solute, expressed in grams, in 1 litre of
solution. It was thought that this term would disap-
pear on the introduction of SI units, but it is still
encountered in some volumetric assay procedures.

THE PROCESS OF DISSOLUTION

States of matter

The kinetic theory of matter indicates that in con-
densed phases the thermal motions of molecules are
reduced sufficiently so that intermolecular forces of
attraction result in the formation of coherent masses
of molecules, unlike the situation in gaseous phases,
where the molecules move independently within the
confines of the container. In solid condensed phases
the thermal motion of molecules (or ions) is virtually
restricted to vibrations about mean positions and the
components tend to form three-dimensional
arrangements or crystal lattices (see Chapter 9), in
which the intercomponent forces are best satisfied
and the potential energy of the system is minimized.
In liquid condensed systems the thermal motions of
molecules are greater than those in solids but less
than those in gases. The structure of liquids is there-
fore intermediate between that of solids and that of
gases. Thus, although the molecules can move within
the confines -of the liquid phase boundaries small
groups of them tend to form regular arrangements in
a transient manner. In addition, liquids are thought
to contain a small amount of so-called ‘free volume’
in the form of ‘holes’ which, at a given instant, are
not occupied by the solvent molecules themselves
(discussed further in Chapter 3).

When a substance dissolves in a liquid the increase
in volume of the latter is less than would be expected.

17
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The process of dissolution may therefore be consid-
ered to involve the relocation of a solute molecule
from an environment where it is surrounded by other
identical molecules, with which it forms intermolecu-
lar attractions, into a cavity in a liquid, where it is sur-
rounded by non-identical molecules, with which it
may interact to different degrees.

Energy changes

In order for this process to occur spontaneously at a
constant pressure the accompanying change in free
energy, or Gibbs free energy (AG), must be negative.
The free energy (G) is a measure of the energy avail-
able 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 available, i.e. AG = 0 at
equilibrium.

This change in free energy is defined by the gen-
erally applicable thermodynamic equation:

AG = AH — TAS (2.2)

where AH, which is known as the change in the
enthalpy of the system, is the amount of heat
absorbed or evolved as the system changes its ther-
modynamic state, i.e. in this case when dissolution
occurs T is the thermodynamic temperature and A4S
is the change in the so-called entropy, which is a
measure of the degree of disorder or randomness in
the system.

The entropy change (AS) is usually positive for
any process, such as dissolution, that involves mixing
of two or more components. In an ideal solution
there is, by definition, no net change in the inter-
molecular forces experienced by either solute or
solvent when dissolution occurs. In such circum-
stances AH = 0. Thus, the free energy change AG
during the formation of an ideal solution is dictated
solely by the term TAS.

In most real systems dissolution is accompanied
by a change in the intermolecular forces experienced
by the solute and the solvent before and after the
event. A change in enthalpy will therefore accom-
pany dissolution in such systems. Equation 2.2 indi-
cates that the likelihood of dissolution will depend
on the sign of AH and, if this sign is positive, on the
value of AH relative to that of . TAS. In other words,
it follows from Eqn 2.2 that as TAS is usually posi-
tive then dissolution will occur if AH is either nega-
tive, zero or very slightly positive (i.e. it must be less
than the value of TAS).

The overall change in enthalpy of dissolution AH
can be regarded as being made up of the change
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resulting from the removal of a solute molecule from
its original environment plus that resulting from its
new location in the solvent. For example, in the case
of a crystalline solid dissolving in a liquid these con-
tributions can be described by Eqn 2.3:

AH = AH, + AH,,, (2.3)

where the change in crystal lattice enthalpy (4H,) is
the heat absorbed when the molecules (or ions) of
the crystalline solute are separated by an infinite dis-
tance against the effects of their intermolecular
attractive forces. The enthalpy of solvation (4H,,,) is
the heat absorbed when the solute molecules are
immersed in the solvent.

AH is always positive and AH,, is most com-
monly negative. Thus, in most cases AH > AH,,,, s0
that AH is also positive. In these cases heat is
absorbed when dissolution occurs and the process is
usually defined as an endothermic one. In some
systems, where marked affinity between solute and
solvent occurs, the negative AH,, is so great that it
exceeds the positive AH,. The overall enthalpy
change then becomes negative, so that heat is
evolved and the process is an exothermic one.

DISSOLUTION RATES OF SOLIDS IN
LIQUIDS

Dissolution mechanisms

The dissolution of a solid in a liquid may be
regarded 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. This involves a phase change, so that
molecules of solid become molecules of solute in
the solvent in which the crystal is dissolving. The
solution in contact with the solid will be
saturated (because it is in direct contact with
undissolved solid). Its concentration will be Cg, a
saturated solution.

2. After this, the solute molecules must migrate
through the boundary layers surrounding the
crystal to the bulk of the solution, at which time
its concentration will be C. This step involves the
transport of these 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 wetted
solid surfaces (see Chapter 4 for further details).
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Mass transfer takes place more slowly through
these static or slow-moving layers, which inhibit
the movement of solute molecules from the
surface of the solid to the bulk of the solution.
The concentration of the solution in the
boundary layers changes therefore from being
saturated (Cg) at the crystal surface to being
equal to that of the bulk of the solution (C) at its
outermost limit.

These stages are illustrated in Figure 2.1.

Like any reaction that involves consecutive stages,
the overall rate of dissolution will depend on
whichever of these steps is the slowest (the rate-
determining or rate-limiting step). In dissolution the
interfacial step ((1) above) is virtually instantaneous
and so the rate of dissolution will be determined by
the rate of the slower step ((2) above), of diffusion of
dissolved solute across the static boundary layer of
liquid that exists at a solid—liquid interface.

The rate of diffusion will obey Fick’s law of diffu-
sion, i.e. the rate of change in concentration of dis-
solved material with time is directly proportional to
the concentration difference between the two sides
of the diffusion layer, i.e.,

ac e 2.4)
dr
or
dc _ EAC (2.5)
dr

where the constant % is the rate constant (s71).
In the present context AC is the difference in con-
centration of solution at the solid surface (C,) and

Crystal Solvent

Concentration
of solute

T

Boundary
layers

Fig.2.1 Diagram of boundary layers and concentration change
surrounding a dissolving particle.

the bulk of the solution (G,). At equilibrium, the
solution in contact with the solid (C;) will be satu-
rated (concentration = Cg), as discussed above.

If the concentration of the bulk (C,) is greater
than this, the solution is referred to as supersatu-
rated and the movement of solid molecules will be in
the direction of bulk to surface (as during crystal-
lization), and if C, is less than saturated the mole-
cules will move from the solid to the bulk (as during
dissolution).

An equation known as the Noyes-Whitney equa-
tion was developed to define the dissolution from a
single spherical particle. The rate of mass transfer
of solute molecules or ions through a static diffu-
sion layer (dm/d:) is directly proportional to the
area available for molecular or ionic migration (A4),
the concentration difference (AC) across the
boundary layer, and is inversely proportional to the
thickness of the boundary layer (4). This relation-
ship is shown in Egn 2.6, or in a modified form in
Egn 2.7.

dm _ kAAC (2.6)
dz h
dm _ kA(Cs-C) 2.7

dr h
where the constant %, is known as the diffusion
coeffictent, D, and has the units of m?%s.

If the solute is removed from the dissolution
medium by some process at a faster rate than it
passes into solution, then the term (Cg - C) in Eqn
2.7 may be approximated to Cs. Alternatively, if the
volume of the dissolution medium is so large that C
is not allowed to exceed 10% of the value of Cg, then
the same approximation may be made in particular.
In either of these circumstances dissolution is said to
occur under ‘sink’ conditions, and Eqn 2.7 may be
simplified to

dm _ DACq
de h
It should be realised that such ‘sink’ conditions may
arise in vivo when a drug is absorbed from its solu-
tion in the gastrointestinal fluids at a faster rate than
it dissolves in those fluids from a solid dosage form
such as a tablet.

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 > Cg/10, then ‘non-sink’ conditions are said to be
in operation. When C = Cy it is obvious from Eqn 2.7
that the overall dissolution rate will be zero, as the
dissolution medium is saturated with solute.

(2.8
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factors can influence their therapeutic performance.
"To optimize the bioavailability of drug substances it
is often necessary to carefully select the most appro-
priate chemical form of the drug. For example, such
selection should address solubility requirements,
drug particle size and physical form, and consider
appropriate additives and manufacturing aids
coupled to selecting the most appropriate adminis-
tration route(s) and dosage form(s). Suitable manu-
facturing processes and packaging are also required.

There are numerous dosage forms into which a
drug substance can be incorporated for the conve-
nient 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
that can be used to deliver drugs by the various
administration routes. However, it is necessary to
relate the drug substance to the clinical indication
being treated before the correct combination of drug
and dosage form can be made, as each disease or
illness often requires a specific type of drug therapy.
In addition, factors governing the choice of adminis-
tration 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 phar-

Table 1.1 Dosage forms available for different
administration routes

Administration route

Dosage forms

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

| Rectal Suppositories, cintments, creams,
powders, solutions
| Topical Ointments, creams, pastes, lotions,
gels, solutions, topical aerosols
Parenteral Injections (solution, suspension,
| emulsion forms), implants, irrigation
' and dialysis solutions
Respiratory Aerosols (solution, suspension,
. emulsion, powder forms)
inhalations, sprays, gases
| Nasal Solutions, inhalations
Eye Solutions, cintiments, creams
Ear Solutions, suspensions, ointments

creams

maceutical characteristics suitable for a specific appli-
cation. One such drug is the glucocorticoid pred-
nisolone, used in the suppression of inflammatory and
allergic disorders. Through the use of different chem-
ical forms and formulation additives a range of effec-
tive anti-inflammatory preparations are available,
including tablet, enteric-coated tablet, injections, eye
drops and enema. The extremely low aqueous solubil-
ity of the base prednisolone and acetate salt makes
these forms useful in tablet and slowly absorbed intra-
muscular suspension injection forms, whereas the
soluble sodium phosphate salt enables a soluble tablet
form, and solutions for eye and ear drops, enema and
intravenous injection to be prepared. The analgesic
paracetamol is also available in a range of dosage
forms and strengths to meet specific needs of the user,
including tablets, dispersible tablets, paediatric
soluble tablets, paediatric oral solution, sugar-free oral
solution, oral suspension, double-strength oral sus-
pension and suppositories.

It is 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 bio-
logical sciences applied to drugs, dosage forms and
drug action. Clearly, understanding the principles of
this subject is important in dosage form design, par-
ticularly with regard to drug absorption, as well as
drug distribution, metabolism and excretion. In
general, a drug substance must be in solution form
before it can be absorbed via the absorbing mem-
branes and epithelia of the skin, gastrointestinal tract
and lungs into body fluids. Drugs are absorbed in two
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Summary of factors affecting dissolution
rates

These factors may be derived from a consideration
of the terms that appear in the Noyes—Whitney equa-
tion (Eqn 2.7) and a knowledge of the factors that in
turn affect these terms. Most of the effects of these
factors are included in the summary given in Table
2.1. It should be borne in mind that pharmacists are
often concerned with the rate of dissolution of a
drug from a formulated product such as a tablet or a
capsule, as well as with the dissolution rates of pure
solids. Later chapters in this book should be con-
sulted for information on the influence of formula-

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

Term in Noyes-Whitney equation Affected by

A, surface area of Size of solid particles

undissolved solid

Dispersibility of powdered
solid in dissolution medium

Porosity of solid particles

C; solubility of solid in
dissolution medium.

Temperalure

Nature of dissolution medium

Molecular structure of solute

Crystalline form of solid

Presence of other compounds

C, concenltration of solute in
solution at time

Any process that removes
dissolved solute from the
dissolution medium

k, dissolution rate constant

Diffusion coefficient of solute

in the dissolution medium
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Volume of dissolution medium

Thickness of boundary layer

tion factors on the rates of release of drugs into solu-
tion from various dosage forms.

Intrinsic dissolution rate

Because the rate of dissolution is dependent on so
many factors, it is advantageous to have a measure of
the rate of dissolution which is independent of rate of
agitation, area of solute available etc. 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
into contact with water.

Comments

A = 1/particle size. Particle size will change during
dissolution process, because large particles will become
smaller and small particles will eventually disappear.
Compacted masses of solid may also disintegrate into
smaller particles

If particles tend to form coherent masses in the
dissolution medium then the surface area available for
dissolution is reduced. This effect may be overcome by
the addition of a wetting agent

Pores must be large enough to allow access of
dissolution medium and outward diffusion of dissolved
solute molecules

Dissolution may be an exothermic or an endothermic
process

See previous comments on solubility parameters,
cosolvents and pH.

See previous comments on sodium salts of weak acids
and esterification

See previous comments on polymorphism and solvation

See previous comments on common ion effect, complex
formation and solubilizing agents

If volume is small C will approach C; if volume is large C
may be negligible with respect to C; i.e. apparent ‘sink’ |
conditions will operate

For example, adsorption on to an insoluble adsorbent,
partition into a second liquid that is immiscible with the
dissolution medium, removal of solute by dialysis or by
continuous replacement of solution by fresh dissolution
medium

Affected by degree of agitation, which depends, in turn,
on speed of stirring or shaking, shape, size and position
of stirrer, volume of dissolution medium, shape and size
of container, viscosity of dissolution medium

Affected by viscosity of dissolution medium and size ol
diffusing molecules.
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This is known as the intrinsic dissolution rate
(IDR), which is the rate of mass transfer per area of
dissolving surface and typically has the units of mg
cm~? min~'. IDR should be independent of boundary
layer thickness and volume of solvent (if sink condi-
tions are assumed). Thus:

IDR = £,Cq 2.9

Thus IDR measures the intrinsic properties of the
drug only as a function of the dissolution medium,
e.g. its pH, ionic strength, counter ions etc).
Techniques for measuring IDR are discussed briefly
below and in more detail in Chapter 8.

Measurement of dissolution rates

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 efficiency of
these dosage forms (see Chapters 17, 27, 29 and 30).
Attempts have been made to classify the methods for
determining dissolution rates. These classifications
are based mainly on whether or not the mixing
processes that take place in the various methods
occur by natural convection arising from density gra-
dients produced in the dissolution medium, or by
forced convection brought about by stirring or
shaking the system. The following brief descriptions
are given as examples of the more commonly used
methods that are illustrated in Figure 2.2.

Beaker method

The methodology of Levy and Hayes forms the basis
of this technique. In their initial work they used a
400 cm? beaker containing 250 dm? of dissolution
medium, which was agitated by means of a three-
bladed polyethylene stirrer with a diameter of 50
mm. The stirrer was immersed to a depth of 27 mm
into the dissolution medium and rotated at 60 rpm.
Tablets were dropped into the beaker and samples of
the liquid were removed at known times, filtered and
assayed.

Flask—stirrer method

This is similar to the previous method except that a
round-bottomed flask is used instead of a beaker.
The use of a round-bottomed container helps to
avoid the problems that may arise from the forma-
tion of ‘mounds’ of particles in different positions on
the flat bottom of a beaker.

Rotating basket method

This method is described in most pharmacopoeias
for the determination of the dissolution rates of
drugs from tablets and capsules. Details of the appa-
ratus and methods of operation are given in these
official compendia. Basically these methods involve
placing the tablet or capsule inside a stainless steel
wire basket, which is rotated at a fixed speed while
immersed in the dissolution medium, which is con-
tained in a wide-mouthed cylindrical vessel, the
bottom of which is either flat or spherical. Samples
of the dissolution medium are removed at specified
times, filtered and assayed.

Paddle method

This is another official method. The dissolution
vessel described in the rotating basket method, i.e.
the cylindrical vessel with the spherical bottom, is
also used in this method. Agitation is provided by a
rotating paddle and the dosage form is allowed to
sink to the bottom of the dissolution vessel before
agitation is commenced.

Rotating and static disc methods

In these methods the compound that is to be
assessed for rate of dissolution is compressed into a
non-disintegrating disc which is mounted in a holder
so that only one face of the disc is exposed. The
holder and disc are immersed in the dissolution
medium and either held in a fixed position (static
disc method) or rotated at a given speed (rotating
disc method). Samples of the dissolution medium
are removed after known times, filtered and assayed.

In both methods it is assumed that the surface area
from which dissolution can occur remains constant.
Under these conditions the amount of substance dis-
solved per unit time and unit surface area can be deter-
mined. This is the intrinsic dissolution rate and
should be distinguished from the measurement
obtained from the previously described methods. In
these latter methods the surface area of the drug that
is available for 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 disso-
lution proceeds. As these changes are not usually mon-
itored the dissolution rate is measured in terms of the
total amount of drug dissolved per unit time.

It should be appreciated from a consideration of
the comments made in Table 2.1 that not only will
different dissolution rate methods yield different
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Fig. 2.2 Methods of measuring dissolution rates.

results, but also changes in the experimental vari-
ables in a given method are likely to lead to changes
in the results. This latter point is particularly impor-
tant, as dissolution rate tests are usually performed
in a comparative manner to determine, for example,
the difference between two polymorphic forms of the

22

same compound, or between the rates of release of a
drug from two formulations. Thus, standardization
of the experimental methodology is essential if such
comparisons are to be meaningful.

Finally, it should also be realized that although the
majority of dissolution testing is concerned with
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pure drugs or with conventional tablet or capsule
formulations, knowledge of the rates of drug release
from other types of dosage form is also important.
Reference should be made therefore to later chapters
in this book for information on the dissolution
methods applied to these other dosage forms.

SOLUBILITY

The solution produced when equilibrium is 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 the equilibrium at constant temper-
ature and pressure and so produce a saturated solution
is known as the solubility of the substance. It is possi-
ble to obtain supersaturated solutions but these are
unstable and the excess solute tends to precipitate
readily.

Methods of expressing solubility

Solubilities may be expressed by means of any of the
variety of concentration terms that are defined at the
beginning of this chapter. They are expressed most
commonly, however, in terms of the maximum mass
or volume of solute that will dissolve in a given mass
or volume of solvent at a particular temperature.

Pharmacopoeias give information on the approx-
imate solubilities of official substances in terms of
the number of parts by volume of solvent required
to dissolve one part by weight of a solid, or one part
by volume of a liquid. Unless otherwise specified,
these solubilities apply at a temperature of 20°C.
They also use the expression ‘parts’ in defining the
approximate solubilities that correspond to descrip-
tive terms such as ‘freely soluble’ and ‘sparingly
soluble’.

Prediction of solubility

Probably the most sought-after information about
solutions in formulation problems is ‘what is the
best?” or ‘what is the worst?’ solvent for a given
solute. Theoretical prediction of precise solubilities is
an involved and occasionally unsuccessful operation,
but from a knowledge of the structure and properties
of solute and solvent an educated guess can be
made. This is best expressed in subjective terms,
such as ‘very soluble’ or ‘sparingly soluble’. Often
(particularly in pre- or early formulation) this is all
the information that the formulator requires. The

Table 22 Descriptive solubllities i

Description Approximate weight of solvent (g)
necessary to dissolve 1 g of solute
Very soluble <1

Between 1 and 10
Between 10 and 30

Freely soluble
Soluble
Between 30 and 100
Between 100 and 1000
Between 1000 and 10 000
= 10 000

Sparingly soluble
Slightly soluble
Very slightly soluble

Practically insoluble

interrelationships between such terms and approxi-
mate solubilities are shown in Table 2.2.

Speculation on what is likely to be a good solvent
is usually based on the ‘like dissolves like’ principle,
that is, a solute dissolves best in a solvent with similar
chemical properties. The concept traditionally
follows two rules:

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

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

To rationalize the above rules, consider the forces
of attraction between solute and solvent molecules. If
the solvent is A and the solute B and the forces of
attraction are represented by A-A, B-B and A-B,
one of three conditions will arise:

1. If A-A >> A-B, i.e. the affinity of a solvent
molecule for its own kind is markedly greater
than its affinity for a solute molecule, the solvent
molecules will be attracted to each other and
form aggregations from which the solute is
excluded. As an example, benzene is almost
completely insoluble in water. Attraction
between water molecules is very strong, so that
water exists as aggregates, which have a similar
form to ice, floating in a matrix of free
molecules. It may be visualized as ‘icebergs’
floating in a ‘sea’ of free water molecules.
Molecules are continually moving from sea to
icebergs and from icebergs to sea. The attraction
between benzene molecules arises from weak van
der Waals forces, so that although very little
energy is required to disperse benzene
molecules, discrete benzene molecules are
unable to penetrate the closely bound water
aggregates.
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2. If B-B >> A-A, the solvent will not be able to
break the binding forces between solute molecules
and disperse them. This situation would apply if
you tried to dissolve sodium chloride in benzene.
The sodium chloride crystal is held together by
strong electrovalent forces which cannot be broken
by benzene. A conducting solvent, such as water,
would be required to overcome the attraction
between solute molecules.

3. If A-B > A-A or B-B, or the three forces are of
the same order, the solute will disperse and form
a solution.

The above is a simplified overview of the situation.
The rest of this chapter will attempt to explain the
basic physicochemical properties of solutions that
lead to such observations.

Physicochemical prediction of solubility

Similar types of intermolecular force may contribute
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 mole-
cules, or between non-polar molecules 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 rela-
tively weak. Thus, solvents for non-polar solutes tend
to be restricted to non-polar liquids.

The above considerations are often expressed very
generally as ‘like dissolves like’, i.e. a polar substance
will dissolve in a polar solvent and a non-polar sub-
stance will dissolve in a non-polar solvent. Such a gen-
eralization should be treated with caution, because the
intermolecular forces involved in the process of disso-
lution are influenced by factors that are not obvious
from a consideration of the overall polarity of a mole-
cule. For example, the possibility of intermolecular
hydfogen-bond formation between solute and solvent
may be more significant than polarity.

Solubility parameter Attempts have been made to
define a parameter that indicates the ability of a liquid
to act as a solvent. The most satisfactory approach is
based on the concept that the solvent power of a liquid
is influenced by its intermolecular cohesive forces and
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that the strength of these forces can be expressed in
terms of a solubility parameter. The initally intro-
duced parameters, which are concerned with the
behaviour of non-polar, non-interacting liquids, are
referred to as Hildebrand solubility parameters.
Although 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 influence of
factors such as hydrogen-bond formation and ioniza-
tion. The concept has been extended, however, by the
introduction of partial solubility parameters, e.g.
Hansen parameters and interaction parameters, that
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 con-
stant and dipole moment, have often been linked by
empirical or semiempirical relationships either to
these parameters or to solvent properties. Studies on
solubility parameters are sometimes reported in the
pharmaceutical literature. The use of dielectric con-
stants as indicators of solvent power has also
received attention, but deviations from the behaviour
predicted by such methods may occur.

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 a mean of those of
each pure liquid. If the liquids have dissimilar struc-
tures, e.g. water and propanol, then the molecules 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 composition as in the
previous case.

Solubility of solids in liquids

Solutions of solids in liquids are the most common
type encountered in pharmaceutical practice. The
pharmacist should therefore 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.

Determination of the solubility of a solid in a
liquid

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

1. The solvent and the solute must be pure.
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2. A saturated solution must be obtained before
any solution is removed for analysis.

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

4. The method of analysing the solution must be
reliable.

5. 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 comple-
tion of this stage in order to ensure that the solution
is saturated.

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

1. it is carried out at the temperature of the
solubility determination, in order to prevent any
change in the equilibrium between dissolved and
undissolved solute; and

2. loss of a volatile component does not occur.

The filtration process has been simplified by the
introduction of membrane filters that can be used in
conjunction with conventional syringes fitted with
suitable inline adapters.

The amount of solute contained in the sample of
saturated solution may be determined by a variety of
methods, e.g. gravimetric or volumetric analysis,
electrical conductivity measurements, ultraviolet
(UV) spectrophotometry and chromatographic
methods. The selection of an appropriate method is
affected by the natures 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, which are discussed
below together with their practical applications, is an
important aspect of the pharmacist’s expertise.
Additional information, which shows how some of
these factors may be used to improve the solubilities
and bioavailabilities of drugs, is given in Chapters 21
and 17, respectively.

Temperarure Earlier discussion centred on Eqgn
2.2 shows that the free energy change (AG) that
accompanies dissolution is dependent on the value
and sign of the change in enthalpy (AH). The addi-

tional comments that referred to Eqn 2.3 indicate
that when AH is positive the dissolution process is
usually an endothermic one, i.e. heat is normally
absorbed when dissolution occurs. If this type of
system is heated it will tend to react in a way that will
nullify the constraint imposed upon it, e.g. the rise in
temperature. This tendency is an example of Le
Chatelier’s principle. Thus, a rise in temperature will
lead to an increase in the solubility of a solid with a
positive heat of solution. Conversely, in the case of
the less commonly occurring systems that exhibit
exothermic dissolution, an increase in temperature
will give rise to a decrease in solubility.

Plots of solubility versus temperature, which are
referred to as solubility curves, are often used to
describe the effect of temperature on a given system.
Some examples are shown in Figure 2.3. 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 at a
specific transition temperature. For example, sodium
sulphate exist as the decahydrate Na,SO,,10H,0 up
to 32.5°C, and its dissolution in water is an
endothermic process. Its solubility therefore
increases with rise in temperature until 32.5°C is
reached. Above this temperature the solid is con-
verted into the anhydrous form Na,SO,, and the dis-
solution of this compound is an exothermic process.
The solubility therefore exhibits a change from a
positive to a negative slope as the temperature
exceeds the transition value.
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Fig-2.3 Solubility curves for various substances in water
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Molecular structure of solute Tt should be appreci-
ated from the previous comments on the prediction
of solubility that the natures of the solute and the
solvent will be of paramount importance in deter-
mining the solubility of a solid in a liquid. It should
also be realized that even a small change in the mole-
cular structure of a compound 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 solubilities of phenol and 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 is markedly increased and the solubility con-
sequently rises. A specific example of this effect is
provided by a comparison of the aqueous solubilities
of salicylic acid and its sodium salt, which are 1:550
and 1:1, respectively.

The reduction in 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 provide a suitable method for:

1. masking the taste of a parent drug, e.g.
chloramphenicol palmitate is used in paediatric
suspensions rather than the more soluble and
very bitter chloramphenicol base;

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

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

Nature of solvent: cosolvents The importance of the
nature of the solvent has already been discussed 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 phar-
maceutical practice to obtain aqueous-based systems
that contain solutes in excess of their solubilities 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 solu-
bility of metronidazole is about 100 mg in 10 mlL..
Chien (1984) has shown, however, that the solubility
of this drug can be increased exponentially by the
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incorporation of one or more water-miscible cosol-
vents, so that a solution containing 500 mg in 10 mL
and suitable for parenteral administration in the
treatment of anaerobic infection, can be obtained.

Crystal characteristics: polymorphism and solvation
The value of the term AH; in Eqn 2.3 is determined
by the strength of the interactions between adjacent
molecules (or ions) in a crystal lattice. These inter-
actions will depend on the relative positions and ori-
entations of the molecules in the crystal. When the
conditions under which crystallization is allowed to
occur are varied, some substances produce crystals
in which the constituent molecules are aligned in dif-
ferent ways with respect to one another in the lattice
structure. These different crystalline forms of the
same substance, which are known as polymorphs,
consequently possess different lattice energies, and
this difference is reflected by changes in other prop-
erties; 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 the stable
forms. Polymorphs are explained more fully in
Chapter 9.

The effect of polymorphism on solubility is partic-
ularly 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
metastable form to be regarded as being sufficiently
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. In addition, con-
version to the less soluble and most stable poly-
morph may contribute to the growth of crystals in
suspension formulations.

Many drugs exhibit polymorphism, e.g. steroids,
barbiturates and sulphonamides. Examples of the
importance of polymorphism with respect to the
bioavailabilities of drugs and to the occurrence of
crystal growth in suspensions are given in Chapters
17 and 23, respectively.

The absence of crystalline structure that is usually
associated with a so-called amorphous powder (see
Chapter 9) may also lead to an increase in the solubil-
ity of a drug compared to that of its crystalline form.

In addition to the effect of polymorphism the lattice
structures of crystalline materials may be altered by
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the incorporation of molecules of the solvent from
which crystallization occurred. The resultant solids
are called solvates; the phenomenon is referred to
correctly as solvation and sometimes incorrectly and
confusingly as pseudopolymorphism. The alter-
ation in crystal structure that accompanies solvation
will affect AH, so that the solubilities of solvated and
unsolvated crystals will differ.

If water is the solvating molecule, i.e. if a hydrate
is 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 sol-
ubility than their unhydrated forms. This decrease in
solubility can lead to precipitation of drugs from
solutions.

In contrast to the effect of hydrate formation, the
aqueous solubilities of other, i.e. non-aqueous, sol-
vates are often greater than those of the unsolvated
forms. Examples of the effects of solvation and the
attendant changes in solubilities of drugs on their
bioavailabilities are given in Chapter 17.

Particle size of the solid The changes in interfacial
free energy that accompany the dissolution of parti-
cles of varying sizes cause the solubility of a sub-
stance to increase with decreasing particle size, as
indicated by Eqn 2.10:

log S__2M (2.10)

S, 2.303RTpr

where S is the solubility of small particles of radius r,
8, is the normal solubility (i.e. of a solid consisting
of fairly large particles), vy 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.

This effect may be significant in the storage of
pharmaceutical suspensions, as the smaller particles
in such a suspension will be more soluble than the
larger ones. As the small particles disappear, the
overall solubility of the suspended drug will decrease
and the larger particles will grow. The occurrence of
crystal growth by this mechanism is of particular
importance in the storage of suspensions intended
for injection (Winfield and Richards, 1998).

The increase in solubility with decrease in particle
size ceases when the particles have a very small
radius, and any further decrease in size causes 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 important as the size of the
particles decreases.

pH If the 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
solution increases. Precipitation may therefore occur
because the solubility of the unionized species is less
than that of the ionized form. Conversely, in the case
of solutions of weakly basic drugs or their salts pre-
cipitation 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 the solubility of
ionized solutes is extremely important with respect
to the ionization of weakly acidic and basic drugs as
they pass through the gastrointestinal tract and expe-
rience 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 is discussed in
some detail, elsewhere in this book and the reader is
referred to Chapters 3 and 17 in particular.

The relationship between pH and the solubility
and pK, value of an acidic drug is given by Eqn 2.11,

which is a modification of the Henderson—
Hasselbalch equation (Egn 3.12):
pH=pKa+10gS;S“ (2.11)

where S is the overall solubility of the drug and S,
is the solubility of its unionized form, i.e. $ = §, +
solubility of ionized form (S)). If the pH of the solu-
tion is known then Egn 2.11 may be used to calcu-
late the solubility of an acidic drug at that pH.
Alternatively, the equation allows determination of
the minimum pH that must be maintained in order
to prevent precipitation from a solution of known
concentration.

In the case of basic drugs the corresponding
relationship is given by Eqn 2.12:

(2.12)

pH =pK, +logSS“

u
Common ion effect The equilibrium in a saturated
solution of a sparingly soluble salt in contact with
undissolved solid may be represented by:

AB & A*+ B

(solid) (ions) (2.13)

From the Law of Mass Action the equilibrium
constant K for this reversible reaction is given by
Egn 2.14:

_[A']B]

(2.14)
[AB]
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where the square brackets signify concentrations of
the respective components. As the concentration of a
solid may be regarded as being constant, then

K¢ = [A*](B] (2.15)

where K’ is a constant which is known as the solu-
bility product of compound AB.

If each molecule of the salt contains more than
one ion of each type, e.g. A B;, then in the
definition of the solubility product the concentration
of each ion is expressed to the appropriate power,
ie.:

Ks = [A"]* [B)

These equations for the solubility product are only
applicable to solutions of sparingly soluble salts.

If K{ is exceeded by the product of the concen-
tration of the ions, i.e. [A*][B], then the equilibrium
shown above, (Eqn 2.13) moves towards the left in
order to restore the equilibrium, and solid AB is pre-
cipitated. The product [A*] [B] will be increased by
the addition of more A* ions produced by the disso-
ciation of another compound, e.g. AX —» A* + X,
where A* is the common ion. Solid AB will be pre-
cipitated and the solubility of this compound is
therefore decreased. This is known as the common
ion effect. The addition of common B~ ions would
have the same effect.

The precipitating effect of common ions is, in fact,
less than that predicted from Eqn 2.15. The reason
for this is explained below.

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

The definition of the solubility product of a spar-
ingly soluble electrolyte in terms of the concentra-
tion of ions produced at equilibrium, as indicated by
Eqgn 2.15, is only an approximation from the more
exact thermodynamic relationship expressed by Eqn
2.16:

KS = aA+ ag (2.16)

where Ky’ is the solubility product of compound AB
and a,* and ag~ are known as the activities of the
respective ions. The activity of a particular ion may
be regarded as its ‘effective concentration’. In
general this has a lower value than the actual con-
centration, because some ions produced by dissocia-
tion of the electrolyte are strongly associated with
oppositely charged ions and do not contribute so
effectively as completely unallocated ions to the
properties of the system. At infinite dilution the wide
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separation of ions prevents any interionic associa-
tion, and the molar concentration (c,,) and activity
(aa4) of a given ion (A*) are then equal, i.e.:

a,, =c¢ Aorai =1
Ca+
As the concentration increases, the effects of interi-
onic association are no longer negligible and the
ratio of activity to molar concentration becomes less
than unity i.e.:

or

Gar = Cpr " fax

where f4, is known as the activity coefficient of A*. If
concentrations and activity coefficients are used
instead of activities in Eqn 2.16, then

Ks = (cA*cB) (fA*fB)

The product of the concentrations, i.e. (c5,cg), will
be a constant (Kg) as shown by Eqn 2.15, and
(fas'fp.) may be equated to fy,p, where fa.p_ is the
mean activity coefficient of the salt AB, i.e.

K5 = Kg'farp- 2.17)

Because f,,p_ varies with the overall concentration of
ions present in solution (the ionic strength), and as
K is a constant, it follows that K must also vary
with the ionic strength of the solution in an inverse
manner to the variation of f,,5 . Thus, in a system
containing a sparingly soluble electrolyte without a
common ion, the ionic strength will have an appre-
ciable value and the mean activity coefficient fy,5_
will be less than 1.

From Eqn 2.17 it will be seen that K will there-
fore be greater than K. In fact, the concentration
solubility product K¢ will become larger and larger
as the ionic strength of the solution increases. The
solubility of AB will therefore increase as the con-
centration of added electrolyte increases.

This argument also accounts for the fact that if no
allowance is made for the variation in activity with
ionic strength of the medium, the precipitating effect
of common ions is less than that predicted from the
Law of Mass Action.

Effect of non-electrolytes on the solubility of electrolytes
The solubility of electrolytes depends on the dissoci-
ation of dissolved molecules into ions. The ease of
this dissociation is affected by the dielectric constant
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 attractive forces
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that operate between oppositely charged ions pro-
duced by dissociation of an electrolyte.

If a water-soluble non-electrolyte such as alcohol
is added to an aqueous solution of a sparingly
soluble electrolyte, 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 ions 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
intermolecular bonds (hydrogen bonds) between their
molecules and those of water. The presence of a very
soluble electrolyte (e.g. ammonium sulphate), the ions
of which have a marked affinity for water, will reduce
the solubility of a non-electrolyte by competing for the
aqueous solvent and breaking the intermolecular
bonds between the non-electrolyte and the water. This
effect is important in the precipitation 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. Use is made of complex formation as an aid
to solubility in the preparation of solution of mer-
curic iodide (Hgl,). The latter is not very soluble in
water but is soluble in aqueous solutions of potas-
sium iodide because of the formation of a water-
soluble complex, K,(Hgl,).

Solubilizing agents These agents are capable of
forming large aggregates or micelles in solution
when 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 pro-
ducing an apparent increase in their solubilities in
water. This phenomenon is known as solubiliza-
tion. A similar phenomenon occurs in organic sol-
vents 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 solubilities in the
organic solvents are increased.

Solubility of gases in liquids

The amount of gas that will dissolve in a liquid is
determined by the natures 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 tempera-
ture the solubility of a gas in a liquid is directly pro-
portional to the pressure of the gas above the liquid.
The law may be expressed by Eqn 2.18:

w=kp (2.18)

where w is the mass of gas dissolved by unit volume of
solvent at an equilibrium pressure p and % is a pro-
portionality constant. Although Henry’s law is most
applicable at high temperatures and low pressures,
when solubility is low it provides a satisfactory
description of the behaviour of most systems at
normal temperatures and reasonable pressures, unless
solubility is very high or reaction occurs. Equation
2.18 also applies to the solubility of each gas in a solu-
tion 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 minimal exposure
to air and preventing the 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 attraction exerted
between electrolyte and water.

Solubility of liquids in liquids

The components of an ideal solution are miscible in
all proportions. Such complete miscibility is 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 deviation from
Raoult’s law occurs, the miscibility of the compo-
nents may be reduced. The extent of the reduction
depends on the strength of the self-association and,
therefore, on the degree of deviation from Raoult’s
law. Thus, partial miscibility may be observed in
some systems, whereas virtual immiscibility may be
exhibited when the self-association is very strong
and the positive deviation from Raoult’s law is great.

In 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, introduced by ]J.
Willard Gibbs, which is expressed quantitatively by
Eqn 2.19:
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general ways, by passive diffusion and by specialized
transport mechanisms. In passive diffusion, which is
thought to control the absorption of most drugs, the
process is driven by the concentration gradient that
exists across the cellular barrier, with drug molecules
passing from regions of high to those of low concen-
tration. Lipid solubility and the degree of ionization of
the drug at the absorbing site influence the rate of dif-
fusion. Several specialized transport mechanisms are
postulated, including active and facilitated transport.
Once absorbed, the drug can exert a therapeutic effect
either locally or at a site of action remote from that of
administration. In the latter case the drug has to be
transported in body fluids (Fig. 1.1).

When the drug is administered from dosage forms
designed to deliver via the buccal, respiratory, rectal,
intramuscular or subcutaneous routes, it passes
directly into the blood-stream from absorbing tissues,
but the intravenous route is the most direct of all.
When delivered by the oral route the onset of drug
action will be delayed because of the required transit

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 (Table 1.2). However, all drugs, irre-

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

Time of onset of action Dosage forms

Seconds i.v. injections

Minutes i.m. and s.c. injections,

buccal tablets, aerosols, gases

Minutes to hours Short-term depot injections,
solutions, suspensions,
powders, granules, capsules,
tablets, modified-release

tablets

Several hours Enteric-coated formulations

! ) h ‘ ; Days Depot injections, implants
time in the gastrointestinal tract, the absorption : ; ,
. . . Varies Topical preparations
process and hepatoenteric blood circulation features. -
Gastrointestinal Skin
tract
Buccal - <— Topical
Oral . —{ Mouth g g o
preparations o 5= -—1— S.C. injection
Direct R N
£ or > -——— i.m. injection
—_— @
Stomach <= @ | hepato-|  Circulatory -
S enteric System Hesplratory
Smal _|_ 2 (drug or tract
intestine ~ | § metabolites) -
g % GE) ~——— Aerosols
o B
. Large —_ 8 2 - Gases
intestine >
Rectal i.v. injection
ecta
Rectal . —{ Rectum —>
preparations Drug or
metabolite
in tissues,
extracellular
Drug in fluids and
facces Kidneys lymphatics
Drugin Drug in saliva,
urine exhaled air, etc.
Excretion

Elimination

Fig. 1.1

Pathways a drug may take following the administration of a dosage form by different route.
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F=C-P+2 (2.19)

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, i.e. the number of
variable conditions such as temperature, pressure
and composition that must be stated in order to
define completely the state of the system at equilib-
rium,

The overall effect of temperature variation on the
degree of miscibility in these systems is 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 in 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 equilibrium
has been attained, or by observing the temperature
at which known proportions of the two liquids, con-
tained in sealed glass ampoules, become miscible, as
shown 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, paralde-
hyde plus water. The formation of a compound
produces a negative deviation from Raoult’s law, and
miscibility therefore increases as the temperature
falls, as shown in Figure 2.4.

The effect of temperature on miscibility is of use
in the preparation of paraldehyde enemas, which
usually consist of a solution of paraldehyde in
normal saline. Cooling the mixture during prepara-
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Fig.24 Temperature~composition diagram for the triethylamine—
water system (at 101 325 kPa, standard atmospheric pressure).

tion allows more rapid solution, and storage of the
enema in a cool place is recommended.

Systems showing upper and lower critical
solution temperatures

The decrease in miscibility with increase in temper-
ature in systems having a lower CST is not
indefinite. Above a certain temperature, positive
deviations from Raoult’s law become important and
miscibility starts to increase again with further rises
in temperature. This behaviour produces a closed-
phase diagram, as shown in Figure 2.5, which repre-
sents the nicotine~water system.

1 liquid phase
208 J upper
—_ CS.T.
e
© 2
2 liquid
@
5 phases
o
£
@
61 lower
CS.T.
1 liquid phase
0 100
Composition

(per cent nicotine)

Fig. 2.5 Temperature—composition diagram for the nicotine—
water system (at 101 325 kPa; standard atmospheric pressure).
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In some mixtures where an upper and lower CST
are expected, these points are not actually observed,
as a phase change by one of the components occurs
before the relevant CST is reached. For example, the
ether-water system would be expected to exhibit a
lower CST, but water freezes before the temperature
is reached.

The effects of added substances on critical
solution temperatures

It has already been stated that a CST is an invariant
point at constant pressure. These temperatures are
very sensitive to impurities or added substances. In
general, the effects of additives may be summarized
by Table 2.3.

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 is a triangular plot which indicates the
effects of changes in the relative proportions of the
three components at constant temperature and pres-
sure, and it is a good example of the interpretation
and use of such phase diagrams.

Distribution of solutes between
immiscible liquids

Partition coefficients

If a substance which is soluble in both components
of a mixture of immiscible liquids is dissolved in
such a mixture, then, when equilibrium is attained at
constant temperature, it is found that the solute is
distributed between the two liquids in such a way
that the ratio of the activities of the substance in each
liguid is a constant. This is known as the Nernst dis-
tribution law, which can be expressed by Eqn 2.20:

Za - constant (2.20)

aB
where a, and ag are the activities of the solute in sol-
vents A and B, respectively. When the solutions are
dilute, or when the solute behaves ideally, the activi-
ties may be replaced by concentrations (C, and Cg):
SIS
CB
where the constant K is known as the distribution
coefficient or partition coefficient. In the case of
sparingly soluble substances K is approximately
equal to the ratio of the solubilities (S, and Sg) of
the solute in each liquid, i.e.:
Sak
SB
In most other systems, however, deviation from ideal
behaviour invalidates Eqn 2.22. For example, if the
solute exists as monomers in solvent A and as dimers
in solvent B, the distribution coefficient is given by
Eqn 2.23, in which the square root of the concentra-
tion of the dimeric form is used:

Cy (2.23)

VCs
If the dissociation into ions occurs in the aqueous
layer, B, of a mixture of immiscible liquids, then the
degree of dissociation (@) should be taken into
account, as indicated by Eqn 2.24:

K= _ G .

Cy (l - a)

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 oil

and water may also be cxpressed as a partition

coefficient between water and oil of 0.5. This can be

represented as K°l . = 2 and K¥_; = 0.5. The
abbreviation K°, is often used for the former,

(2.21)

(2.22)

K=

(2.24)

Table 2.3 The effects of additives on critical solution temperature (CS5T)

Type of CST Solubility of additive in each component Effect on CST Effect on miscibility
i 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
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Solubility of solids in solids

If two solids are either melted together and then
cooled or dissolved in a suitable solvent, which is
then removed by evaporation, the solid that is rede-
posited 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 dis-
persed molecularly throughout the other component
(the solvent). Complete miscibility of two solid com-
ponents is only achieved if:

1. the molecular size of the solute is the same as
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

2. 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, respectively. As
these criteria are only satisfied in relatively few
systems, partial miscibility of solids is more commonly
observed. 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,
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i.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 bioavailabil-
ities of poorly soluble drugs may therefore be
improved by the use of solid solutions or eutectics.
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INTRODUCTION

The main aim of this chapter is to provide informa-
tion on certain principles that relate to the applica-
tions of solutions in pharmaceutical science. It deals
mainly with the physicochemical properties of solu-
tions that are important with respect to pharmaceu-
tical systems. These aspects are covered in sufficient
detail to introduce the pharmaceutical scientist to
these properties. Much is published elsewhere in far
greater detail and any reader requiring this addi-
tional information is referred to the bibliography at
the end of the chapter.

TYPES OF SOLUTION

Solutions may be classified according to the physical
states (i.e. gas, solid or liquid) of the solute(s) and the
solvent. Although a variety of different types can exist,
solutions of pharmaceutical interest virtually all
possess liquid solvents. In addition, the solutes are pre-
dominantly solid substances. Consequently, most of
the comments made in this chapter are made with
solutions of solids in liquids in mind. However, appro-
priate comments on other types, e.g. gases in liquids,
liquids in liquids and solids in solids, are also included.

Vapour pressures of solids, liquids 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 consid-
eration of vapour pressure. The present section is
therefore included as an introduction to the later dis-
cussions on ideal and non-ideal solutions.
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The Kkinetic theory of matter indicates that the
thermal motion of molecules of a substance in its
gaseous state is more than adequate to overcome the
attractive forces that exist between the molecules.
Thus, the molecules will undergo a completely
random movement within the confines of the con-
tainer, The situation is reversed, however, when the
temperature is lowered sufficiently so that a con-
densed phase is formed. Thus, the thermal motions
of the molecules are now insufficient to overcome
completely the intermolecular attractive forces and
some degree of order in the relative arrangement of
molecules occurs. If the intermolecular forces are so
strong that a high degree of order, which is hardly
influenced by thermal motions, is brought about
then the substance is usually in the solid state.

In the liquid condensed state the relative
influences of thermal motion and intermolecular
attractive forces are intermediate between those in
the gaseous and the solid states. Thus, the effects of
interactions between the permanent and induced
dipoles, i.c. the so-called van der Waals forces of
attraction, lead to some degree of coherence between
the molecules of liquids. Consequently, unlike gases,
liquids occupy a definite volume with a surface, and
although there is evidence of structure within liquids
such structure is much less apparent than in solids.

Although solids and liquids are condensed systems
with cohering molecules, some of the surface mole-
cules in these systems will occasionally acquire
sufficient energy to overcome the attractive forces
exerted by adjacent molecules. They can therefore
escape from the surface to form a vapour phase. If
temperature is maintained constant, equilibrium will
eventually be established between the vapour and the
condensed phases, and the pressure exerted by the
vapour at 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 inter-
molecular 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 evapo-
ration is more common than surface loss of vapour
from solids via 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
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the solution. It will also depend 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. Therefore,
as the intermolecular forces between solid solutes
and liquid solvents tend to be relatively strong, such
solute molecules do not generally escape from the
surface of a solution and 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
molecules contained in the solution. In a mixture of
miscible liquids, i.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 to provide a model system that can be used as
a standard against which real or non-ideal solutions
can be compared. In the model it is 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, in
fact, to the strength- of the intermolecular inter-
actions in either the pure solvent or the 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.

Because a solution is homogeneous by definition,
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 conve-
niently by the mole fractions of the components
because, for a binary solution (one with two compo-
nents), x; + x, = 1, where x, and x, are the mole frac-
tions of the solute and the solvent, respectively.
Thus, the total vapour pressure (P) exerted by such
a binary solution is given by Eqn 3.1:

P=p, +p, =plx;, + pbx, 3.1

where p, and p, are the partial vapour pressures
exerted above the solution by solute and solvent,
respectively, and p°; 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 Eqn 3.1, then Raoult’s law is obeyed by
the system. Raoult’s law states that the partial vapour
pressure exerted by a volatile component in a solu-
tion at a given temperature is equal to the vapour
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pressure of the pure component at the same temper-
ature, multiplied by its mole fraction in the solution,
ie.:

1= %% (3.2)

One of the consequences of the preceding comments
is that an ideal solution may be defined as one that
obeys Raoult’s law. In addition, ideal behaviour
should be expected to be exhibited only by real
systems comprised of chemically similar compo-
nents, because it is only in such systems that the con-
dition of equal intermolecular forces between
components (as assumed in the ideal model) is likely
to be satisfied. Consequently, Raoult’s law is obeyed
over an appreciable concentration range by relatively
few systems in reality.

Mixtures of benzene + toluene, n-hexane + n-
heptane and ethyl bromide + ethyl iodide are com-
monly mentioned systems that exhibit ideal
behaviour, but a more pharmaceutically interesting
example is provided by binary mixtures of fluori-
nated hydrocarbons. These latter mixtures are cur-
rently still used as propellants in therapeutic
aerosols, although their usage is being phased out.
Their approximation to ideal behaviour allows Eqn
3.1 to be used to calculate the total pressure exerted
by a given mixture of propellants.

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 Eqns 3.1 and
3.2. Consequently, deviations from Raoult’s law are
often exhibited by real solutions, and the previous
equations are not obeyed in such cases. These equa-
tions can be modified, however, by substituting each
concentration term (x) by a measure of the effective
concentration; this is provided by the so-called
activity (or thermodynamic activity), a. Thus, Eqn
3.2 is converted into Eqn 3.3:

1 = pha (3.3)

which is applicable to all systems whether they are
ideal or non-ideal. It should be noted that if a solu-
tion exhibits ideal behaviour then a equals x, whereas
a does not equal x if deviations from such behaviour
are apparent. The ratio of activity/concentration is
termed the activity coefficient (f) and it provides a
measure of the deviation from ideality.

If the attractive forces between solute and solvent
molecules are weaker than those exerted between the
solute molecules themselves or the solvent molecules
themselves, then the components will have little
affinity for each other. The escaping tendency of the
surface molecules in such a system is increased com-
pared to that of an ideal solution. In other words, p;,
p, and Pare greater than expected from Raoult’s law,
and the thermodynamic activities of the components
are greater than their mole fractions, i.e. @, > x, and
3 > 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 compo-
nents decreases. For example, a mixture of alcohol
and benzene shows a smaller deviation than the less
miscible mixture of water + diethyl ether, whereas
the virtually immiscible mixture of benzene + water
exhibits a very large positive deviation.

Conversely, if the solute and the solvent have a
strong mutual affinity that results in the formation of
a complex or compound, then a negative deviation
from Raoult’s law occurs. Thus, p,, p, and P are
lower than expected and a, < x; and 3 < x,.
Examples of systems that show this type of behav-
1our 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
because the effects of a small amount of solute on
interactions between solvent molecules are minimal.
Thus, dilute solutions tend to exhibit ideal behaviour
and the activities of their components approximate
to their mole fractions, i.e. @, approximately equals
x; and 3 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 azeotropic
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
sufficient separation of the attractive forces between
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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 are dis-
cussed below.

Hydrogen ion concentration and pH

The dissociation of water can be represented by Eqn
3.4:

H,0 & H* + OH- (3.4)

It should be realized that this is a simplified repre-
sentation because the hydrogen and hydroxyl ions do
not exist in a free state but combine with undissoci-
ated water molecules to yield more complex ions,
such as H,O* and H,04

In pure water the concentrations of H* and OH-
ions are equal, and at 25°C both have the values of
1 x 1077 mol L1, As the Lowry-Bronsted theory of
acids and bases defines an acid as a substance that
donates a proton (or hydrogen ion), it follows that
the addition of an acidic solute to water will result in
a hydrogen ion concentration that exceeds this value.
Conversely, the addition of a base, which is defined
as a substance that accepts protons, will decrease the
concentration of hydrogen ions. The hydrogen ion
concentration range that can be obtained decreases
from 1 mol L for a strong acid to 1 x 10-4 mol L!
for a strong base.

In order to avoid the frequent use of low values
that arise from this range, the concept of pH has
been introduced as a more convenient measure of
hydrogen ion concentration. pH is defined as the
negative logarithm of the hydrogen ion concentra-
tion [H*), as shown by Eqgn 3.5:

pH = —log;,[H"] (3.5)

so that the pH of a neutral solution such as pure
water is 7. This is because the concentration of H*
ions (and thus OH-) ions is 1 X 10~ mol L. The pH
of acidic and alkaline solutions will be < 7 or > 7,
respectively.

pH has several important implications in pharma-
ceutical practice. In addition to its effects on the sol-
ubilities of drugs that are weak acids or bases, pH
may have a considerable effect on the stabilities of
many drugs, be injurious to body tissues, and affect
the case of absorption of drugs from the gastroin-
testinal tract into the blood.

For example, many (indeed most) 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
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drug, as it will be too ionized (see Chapter 16).
Absorption will normally have to wait until the more
alkaline intestine, where the ionization of the dis-
solved base is reduced.

Dissociation (or ionization) constants
and pK,

Many drugs are either weak acids or weak bases. In
solutions of these drugs equilibria exist between
undissociated molecules and their ions. Thus, in a
solution of a weakly acidic drug HA the equilibrium
may be represented by Eqn 3.6:

HA 2 H* + A- (3.6)

Similarly, the protonation of a weakly basic drug B
can be represented by Eqn 3.7:

B + H* 2 BH* 3.7

In solutions of most salts of strong acids or bases in
water, such equilibria are shifted strongly to one side
of the equation because these compounds are com-
pletely ionized.

The tonization constant (or dissociation con-
stant) K, of a weak acid can be obtained by apply-
ing the Law of Mass Action to Egn 3.6 to yield:

_HA]
) [HA]
Taking logarithms of both sides of Eqn 3.8 yields:

log K, = log [H*] + log [A7] — log [HA]
The signs in this equation may be reversed to give:

-log K, = -log [H*] - log [A] + log [HA] (3.9)

3.8)

The symbol pK,, is used to represent the negative
logarithm of the acid dissociation constant K, in the
same way that pH is used to represent the negative
logarithm of the hydrogen ion concentration, and
Egn 3.9 may therefore be rewritten as:

pK, = pH + log [HA] - log [A]  (3.10)
or
(HA]
K, =pH+log—— (G.1D
pK, =pH+log"

A general equation may be written that is applicable
to any acidic drug with one ionizable group, where ¢,
and ¢; represent the concentrations of the unionized
and ionized species, respectively. This is known as the
Henderson—-Hasselbalch equation, (Eqn 3.12):
pK, = pH +log &t (3.12)

1
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Ionization constants are usually expressed in terms
of pK, for both acidic and basic drugs. From Eqn 3.7
it can be seen that the acid dissociation constant (K,)
of a protonated weak base is given by:

K, = [HIE)
(BH']
Taking negative logarithms yields:
—log K, = —log [H*] — log [B] + log [BH*] (3.14)

(3.13)

or

pK, =pH+log (3.15)

[(BH']
B]

The Henderson—Hasselbalch equation for any weak
base with one ionizable group may therefore be
written as:

pK, = pH +log -
4

u

(3.16)

where ¢; and ¢, refer to the concentrations of the pro-
tonated and unionized species, respectively.

Various analytical techniques, e.g. spectrophoto-
metric and potentiometric methods, may be used to
determine ionization constants, but the temperature
at which the determination is performed should be
specified because the values of the constants vary
with temperature.

There is a direct link for most polar ionic com-
pounds between the degree of ionization and
aqueous solubility, as is shown in Figure 3.1.

The degree of ionization of a drug in a solution
can be calculated from the Henderson—
Hasselbalch equations for weak acids and bases
(Eqns 3.11 and 3.15, respectively) if the pK, value

100 e ——— e el \.I,V eak aCid__, 100
(ionized) (ionized)

--------------------------------------------------------------------------------- 50

Percentage ionized
[$,]
S

Percentage of maximum solubility

‘tunionized) (unionized)
| |
pK, —2 pK, pK, +2
pH
Fig. 3.1 Change in degree of ionization and relative solubility

of weakly acidic and weakly basic drugs as a function of pH.

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

Calculation example

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 Eqn 3.12:

1og% =pK,-pH=35-2.0=15

1

so that the ratio of the concentration of unionized
acetylsalicyclic acid to acetylsalicylate anion is given
by:

¢yiq; = antilog 1.5 = 31.62:1
2. The pH of plasma is 7.4, so that the ratio of

unionized to ionized aspirin in this medium is
given by:

log % =pK,-pH=35-74=-39

1

and
cyic; = antilog — 3.9 = 1.259 x 101

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

log % =pK,-pH =8.0-5.0=3.0

and
c,:¢, = antilog 3.0 = 1031

4. The pK, of the basic drug amidopyrine is 5.0. In
the stomach the ratio of ionized to unionized
drug is calculated from Eqgn 3.16 as follows:

log 2 = pK, ~ pH = 5.0 2.0 = 3.0

u
and
¢:c, = antilog 3.0 = 10*1

whereas in the intestine the ratio is given by:

logzcl=5.0—5.0=0

u

and

¢i:c, = antilog 0 = 1:1
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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 a simple system such as a solution of
acetic acid and sodium acetate in water. The acetic
acid, being a weak acid, will be confined virtually to
its undissociated form because its ionization will be
suppressed by the presence of common acetate ions
produced by complete dissociation of the sodium
salt. The pH of this solution can be described by Eqn
3.17, which is a rearranged form of Egn 3.12:

pH = pK, + log %

u

(3.17)

‘It can be seen from Eqn 3.17 that the pH will remain

constant as long as the logarithm of the ratio ¢/c,
does not change. When a small amount of 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 log ¢/c, term become
appreciable and the pH alters. 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
(B). This can be defined 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 one pH unit. From the
remarks above it should be clear that buffer capacity
increases as the concentrations of the buffer compo-
nents increase. In addition, the capacity is also
affected by the ratio of the concentrations of weak
acid and its salt, maximum capacity (B,.. being
obtained when the ratio of acid to salt = 1. In such
circumstances pH = pK, of the acid and B, =
0.576 (total buffer concentration).

The components of various buffer systems and the
concentrations required to produce different pHs are
listed in several reference books, such as the phar-
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macopoeias. When selecting a suitable buffer the pK,
value of the acid should be close to the required pH
and the compatibility of its components 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 medici-
nal purposes.

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 particles.
These properties are known as colligative proper-
ties. In the case of a non-electrolyte the solute parti-
cles will be molecules, but if the solute is an
electrolyte then its degree of dissociation will deter-
mine whether the particles will be ions only or a
mixture of ions and undissociated molecules.

The most important colligative property from a
pharmaceutical point of view is referred to as
osmotic pressure. However, as all colligative prop-
erties are related to each other by virtue of their
common dependency on the concentration of the
solute molecules, the remaining colligative proper-
ties (which are lowering of vapour pressure of the
solvent, elevation of its boiling point and depression
of its freezing point) are of pharmaceutical interest.
These other observations offer alternative means to
osmotic pressure determinations as methods of
comparing 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 known as osmosis. This refers to the spon-
taneous diffusion of solvent from a solution of low
solute concentration (or a pure solvent) into a more
concentrated one through a semipermeable mem-
brane. Such a membrane separates the two solutions
and is permeable only to solvent molecules.

Because 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 so-called free energy (G) of the
system. This free energy may be regarded as the
energy available in the system for the performance of
useful work, and when an equilibrium position is
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attained then there is no difference between 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
() of that component. For example, the chemical
potential of the solvent in a binary solution is given

by:
[3_GJ G,
I, T,Pny

where 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.

Because only solvent can pass across the semiper-
meable 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 there are
more moles of it, into the concentrated solution,
where the number of moles and, consequently, the
chemical potential of the solvent is 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 therefore be prevented by such
means, hence the definition of osmotic pressure.

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

7V = n,RT (3.19)

(3.18)

where I is the volume of solution, #, is the number
of moles of solute, T is the thermodynamic temper-
ature and R is the gas constant. This equation, which
is similar to the ideal gas equation, was derived
empirically but it does correspond to a theoretically
derived equation if approximations based on low
solute concentrations are taken into account.

If the solute is an electrolyte, Eqn 3.19 must be
modified to allow for the effect of ionic dissociation,
because this will increase the number of particles in
the solution. This modification is achieved by inser-
tion of the van’t Hoff correction factor (3) to give:

oV = n,RT (3.20)

observed colligative property
colligative property expected if
dissociation did not occur

where : =

Osmolality and osmolarity

The amount of osmotically active particles in a solu-
tion is sometimes expressed in terms of osmoles or
milliosmoles (1 osmol = 1 x 10°> mosmol). These
may be either molecules or ions. The concentration
of a solution may therefore be expressed in terms of
its osmolality or its osmolarity, where osmolality
is the number of osmoles per kilogram of water and
osmolarity is the number of osmoles per litre of
solution.

{so-osmotic solutions

If two solutions are separated by a perfect semiper-
meable membrane, i.e. a membrane which is perme-
able only to solvent molecules, and no net movement
of solvent occurs across the membrane, then the
solutions are said to be zso-osmotic and will have
equal osmotic pressures.

Isotonic solutions

Biological membranes do not always function as
perfect semipermeable membranes and some solute
molecules as well as water are able to pass through
them. If two iso-osmotic solutions remain in osmotic
equilibrium when separated by a biological mem-
brane they may be described as being zsotonic with
respect to that particular membrane. Adjustment of
isotonicity is particularly important for formulations
intended for parenteral routes of administration.

DIFFUSION IN SOLUTION

By definition, the components of a solution form a
single phase, which is homogeneous. This homo-
geneity arises from the process of diffusion, which
occurs spontaneously and is consequently accompa-
nied by a decrease in the free energy (G) of the
system. Diffusion may be defined as the sponta-
neous transference of a component from a region in
the system where it has a high chemical potential
into one where its chemical potential is lower.
Although such a gradient in chemical potential pro-
vides the driving force for diffusion, the laws that
describe this phenomenon are usually expressed in
terms of concentration gradients, for example 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.
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spective of their delivery route, remain foreign sub-
stances to the human body, and distribution, metabolic
and elimination processes commence immediately fol-
lowing absorption until the drug is eliminated from the
body via the urine, faeces, saliva, skin or lungs in either
unchanged or metabolized form.

Routes of drug administration

The absorption pattern of drugs varies considerably
between individual substances as well as between the
different administration routes. Dosage forms are
designed to provide the drug in a suitable form for
absorption from each selected route of administra-
tion. The following discussion considers briefly the
routes of drug administration, and although dosage
forms are mentioned this is intended only as an
introduction; as they will be dealt with in greater
detail in other parts of this book.

Oral route

The oral route is the one most frequently used for
drug administration. Oral dosage forms are usually
intended 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 in the mouth for rapid
absorption, or for local effect in the tract, either
because of the poor absorption by this route or
because of their low aqueous solubility. Compared
with other routes, the oral route is the simplest, most
convenient and safest means of drug administration.
Disadvantages, however, include the relatively slow
onset of action, the possibilities of irregular absorp-
tion and the 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.

Several specific features relating to drug absorption
from the gastrointestinal tract can be emphasized in
the context of routes of administration. Changes in
drug solubility can result from reactions with other
materials present in the gastrointestinal tract, as for
example the interference of absorption of tetracyclines
through the formation of insoluble complexes with
calcium, which can be available from foodstuffs or for-
mulation additives. Gastric emptying time is an
important factor for effective drug absorption from
the intestine. Slow gastric emptying can be detrimen-
tal to drugs inactivated by the gastric juices, or slow
down the absorption of drugs that are more effectively
absorbed from the intestine. In addition, because
environmental pH can influence the ionization and
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lipid solubility of drugs, the pH change that occurs
along the gastrointestinal tract, from about 1 in the
stomach to approximately 7 or 8 in the large intestine,
is important to both degree and site of drug absorp-
tion. As membranes are more permeable to unionized
rather than ionized forms, and as 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 about 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 compression 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, thereby facili-
tating drug dissolution and absorption. Tablets are
often coated, either to provide a protection against
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-dis-
solving systems and controlled, delayed or sustained-
release formulations. The 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 the maintenance of
steady drug-plasma levels for extended periods.
These factors are important when medications are
delivered for chronic conditions, 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 gelatin shell. As with tablets, uniformity of
dose can be readily achieved and various sizes,
shapes and colours of shell are commercially avail-
able. The gelatin shell readily ruptures and dissolves
following oral administration, and in most cases the
drug is released from a capsule faster than from a
tablet. Recently, renewed interest has been shown in
filling semisolid and microemulsion formulations
into hard gelatin capsules to provide rapidly dispers-
ing 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



SCIENTIFIC PRINCIPLES OF DOSAGE FORM DESIGN

Lattice theories postulate that liquids have crys-
talline or quasicrystalline structures. The concept of
a crystal type of lattice is only intended to provide a
convenient starting point and should not be inter-
preted as a suggestion that liquids possess rigid
structures. The theories also postulate that a reason-
able proportion of the volume occupied by the liquid
is, at ahy moment, empty, i.e. there are ‘holes’ in the
liquid lattice network, which constitute 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 move-
ment a solute molecule must acquire sufficient
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 § cm and the fre-
quency with which the jumps occur is ¢ s71, then the
diffusion coefficient (D) is given by:

=& cm? st (3.21)

6

The diffusion coefficient is assumed to have a con-
stant value for a particular system at a given temper-
ature. This assumption is only strictly true at infinite
dilution, and D may therefore exhibit some concen-
tration 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 1076 ¢cm? s~ when the molecular weight increases
to a few thousand Da.

The value of 8 for a given solute is unlikely to alter
very much from one liquid to another. Differences in
the diffusion coefficient of a substance in solution in
various solvents arise mainly from changes in jump
frequency (¢), which are determined in turn by the
free volume or looseness of packing in the solvent.

When the size of the solute molecules is not
appreciably larger than that of the solvent molecules
then it has been shown that the diffusion coefficient
of the former is related to its molecular weight (M)
by the relationship:
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DM'2 = constant (3.22)

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'3 = constant (3.23)

This latter agrees with the Stokes—Einstein equation
(Eqn 3.24) for the diffusion of spherical particles
that are larger than surrounding liquid molecules.
Since the mass (m) of a spherical particle is propor-
tional to the cube of its radius (v), i.e. r =< m!3, it
follows from Eqn 3.23 that Dm!”® and consequently
D and r are constants for such a system. The
Stokes—Einstein equation is usually written in the
form:

- kT (3.24)

67rn

where % is the Boltzmann constant, T is the thermo-
dynamic temperature and 7 is the viscosity of the
liquid. The appearance of a viscosity term in this
type of equation is not unexpected because the reci-
procal of viscosity, which is known as the ffuidzty of
a liquid, is proportional to the free volume in a
liquid. Thus, jump frequency (¢) and diffusion
coefficient (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
coefficients of solutes in liquid solvents is not easy
because the effects of other factors that may
influence 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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VISCOSITY, RHEOLOGY AND THE FLOW
OF FLUIDS

The viscosity of a fluid may be described simply as
its resistance to flow or movement. Thus water,
which is easier to stir than syrup, is said to have the
lower viscosity.

Historically the importance of rheology (a term
invented by Bingham and formally adopted in
1929), which may be defined as the study of the flow
and deformation properties of matter, in pharmacy
was merely as a means of characterizing and classify-
ing fluids and semisolids. For example, in the British
Pharmacopoeia a viscosity standard has for many
years been used to control substances such as liquid
paraffin. However, the increased reliance on the dis-
solution testing of dosage forms and the use of poly-
mers has given added importance to a knowledge of
flow properties. Furthermore, advances in the
methods of evaluation of the viscoelastic properties
of semisolids and biological materials have produced
useful correlations with bioavailability and function.

A proper understanding of the rheological proper-
ties of pharmaceutical materials is essential to the
preparation, development, evaluation and perfor-
mance of pharmaceutical dosage forms. This chapter
describes rheological behaviour and techniques of
measurement, and will form a basis for the applied
studies described in later chapters.

NEWTONIAN FLUIDS

Viscosity coefficients for Newtonian fluids

Dynamic viscosity

The definition of viscosity was put on a quantitative
basis by Newton, who was the first to realize that the
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rate of flow (y) was directly related to the applied
stress (o): the constant of proportionality is the
coefficient of dynamic viscosity, (7)), more usually
referred to simply as the viscosity. Simple fluids
which obey the relationship are referred to as
Newtonian fluids and those which do not are known
as non-Newtonian.

The phenomenon of viscosity is best understood
by a consideration of a hypothetical cube of fluid
made up of infinitely thin layers (laminae) which are
able to slide over one another like a pack of playing
cards (Fig. 4.1(a)).

When a tangential force is applied to the upper-
most layer it is assumed that each subsequent layer
will move at progressively decreasing velocity and
that the bottom layer will be stationary (Fig. 4.1(b)).
A velocity gradient will therefore exist, and this will
be equal to the velocity of the upper layer in ms™!
divided by the height of the cube in metres. The
resultant gradient, which is effectively the rate of
flow but is usually referred to as the rate of shear, v,
will have units of reciprocal seconds (s!). The
applied stress, known as the shear stress, o, is derived
by dividing the applied force by the area of the upper
layer and will have units of N m=.

As Newton’s law can be expressed as:

o=y 4.D
then
n = g (4.2)
Y

and 7 will have units of N m= s. Thus by reference to
Eqn 4.1 it can be seen that a Newtonian fluid of vis-
cosity 1 N m2 s would produce a velocity of 1 ms!
for a cube of 1 m dimension with an applied force of
1 N. Because the name for the derived unit of force
per unit area in the SI system is the pascal (Pa), then

Table 4.1 Viscosities of some fluids of
pharmaceutical interest

Fluid Dynamic viscosity at 20°C (mPa s)
Chloroform 0.58

Water 1.002

Ethanol 1.20

Glyceryl trinitrate 36.0

Olive oil 84.0

Castor oil 986.0

Glycerol 1490

viscosity should be referred to in Pa s. It is common
to use the submultiple mPa s, and the viscosity of
water at 20°C is virtually 1 mPa s. (The latter is
equivalent to 1 centipoise (cP), which is one hun-
dredth of a Poise (1 dyn cm? s), the unit of viscosity
in the now redundant cgs system of units. Although
no longer official, its use is still relatively common.)

The values of the viscosity of water and some
examples of other fluids of pharmaceutical interest
are given in Table 4.1.

Kinematic viscosity

The dynamic viscosity is not the only coefficient that
can be used to characterize a fluid. The kinematic
viscosity (v) is also used and may be defined as the
dynamic viscosity divided by the density of the fluid

(o)

p=21 (4.3)

P
and the ST units will be m? s or, more usefully, mm?
s7L. (The cgs unit was the Stoke (10-* m? s71), and the
centistoke (cS) might still be found in the literature.)
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(a)

Fig. 4.1 Representation of the effect of shearing a ‘block’ of fluid.
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Relative and specific viscosities

The viscosity ratio or relative viscosity (7,) of a solu-
tion is the ratio of the solution viscosity to the vis-
cosity of the solvent (7,):

n, =L 4.4

and the specific viscosity (7,,) is given by

nsp =N 1 (4'5)

In these calculations the solvent can be of any nature,
although in pharmaceutical products it is often water.

For a colloidal dispersion the equation derived by
Einstein may be used:

n =l +2.5¢)

where ¢ is the volume fraction of the colloidal phase
(the volume of the dispersed phase divided by the
total volume of the dispersion). The Einstein equa-
tion may be rewritten as:

(4.6)

T -1+254 4.7

when from Eqn 4.4 it can be seen that the left hand
side of Eqn 4.7 is equal to the relative viscosity. It
can also be rewritten as:

/I Rl @
nO nO
when the left-hand side equals the specific viscosity.
Equation 4.8 can be rearranged to produce:

(4.8)

(4.9

and as the volume fraction will be directly related to
concentration C, Eqn 4.9 can be rewritten as:

T _y

C
When the dispersed phase is a high molecular mass
polymer then a colloidal solution will result and, pro-
vided moderate concentrations are used, then Eqn
4.10 can be expressed as a power series:

(4.10)

WE]

C 4.11)

=k +k£,C +£,C*?

Intrinsic viscosity

If %, the viscosity number or reduced viscosity is

determined at a range of polymer concentrations and
plotted as a function of concentration (Fig. 4.2), then
a linear relationship should be obtained, and the inter-
cept produced on extrapolation of the line to the ordi-

nate will yield the constant &, which is referred to as
the limiting viscosity number or the intrinsic viscosity,
[7n], when the units of concentration are in g dL-1.
The limiting viscosity number may be used to
determine the approximate molecular mass (M) of
polymers using the Mark-Houwink equation:

[n] = KM“ (4.12)

where K and o are constants that must be obtained at
a given temperature for the specific polymer—solvent
system. However, once these constants are known
then viscosity determinations provide a quick and
precise method of molecular mass determination of
pharmaceutical polymers such as dextrans, which are
used as plasma extenders. Also the values of the two
constants provide an indication of the shape of the
molecule in solution: spherical molecules yield values
of a = 0, whereas extended rods have values greater
than 1.0. A randomly coiled molecule will yield an
intermediate value (= 0.5).

The specific viscosity may be used in the following
equation to determine the volume of a molecule in
solution:

o
=
w
£
>
=
[7
o]
Q
@
>
°
]
p=) ” -
b 4
-
(s e p
\
fnl

concentration (g di=")

Fig. 4.2 Plot of concentration (g dL-") against reduced
viscosity (7,/C), which by extrapolation gives the limiting
viscosity number or intrinsic viscosity ([7]).
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NV
nsp = Z.SCW

(4.13)
where C is concentration, N is Avogadro’s number, V'
is the hydrodynamic volume of each molecule and M
is the molecular mass. However, it does suffer from the
obvious disadvantage that the assumption is made that
all polymeric molecules form spheres in solution.

Huggins’ constant

Finally, the constant %k, in Eqn 4.11 is referred to as
Huggins’ constant and is equal to the slope of the
plot shown in Figure 4.2. Its value gives an indica-
tion of the interaction between the polymer and the
solvent, such that a positive slope is produced for a
polymer that interacts weakly with the solvent, and
the slope becomes less positive as the interaction
increases. A change in the value of Huggins’ con-
stant can be used to evaluate the interaction of drug
molecules with polymers.

Boundary layers

From Figure 4.1 it can be seen that the rate of flow
of a fluid over an even surface will be dependent
upon the distance from the surface. The velocity,
which will be almost zero at the surface, increases
with increasing distance from the surface until the
bulk of the fluid is reached and the velocity becomes
constant. The region over which differences in veloc-
ity are observed is referred to as the boundary layer.
Its depth is dependent upon the viscosity of the fluid
and the rate of flow in the bulk fluid: high viscosity
and a low flow rate would result in a thick boundary
layer, which will become thinner as either the viscos-
ity falls or the flow rate is increased. The boundary
layer, which arises because of the intermolecular
forces between the liquid molecules and those of the
surface resulting in reduction of movement of the

Constant
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Fig. 4.3 Velocity distributions across a pipe.

layer adjacent to the wall to zero, represents an
important barrier to heat and mass transfer. In the
case of a capillary tube then the two boundary layers
meet at the centre of the tube, such that the velocity
distribution is parabolic (Fig. 4.3). With an increase
in either the diameter of the tube or the fluid veloc-
ity, the proximity of the two boundary layers is
reduced and the velocity profile becomes flattened at
the centre (Fig. 4.3).

Laminar, transitional and turbulent flow

The conditions under which a fluid flows through a
pipe, for example, can markedly affect the character
of the flow. The type of flow that occurs can be best
understood by reference to experiments conducted
by Reynolds in 1883. The apparatus used (Fig. 4.4)
consisted of a straight glass tube through which the
fluid flowed under the influence of a force provided
by a constant head of water. At the centre of the inlet
of the tube a fine stream of dye was introduced. At
low flow rates the dye formed a coherent thread
which remained undisturbed in the centre of the

Jet introducing dye Flow
into centre of tube control.
\
Ry

Fig. 4.4 Reynolds’ apparatus.
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tube and grew very little in thickness along the
length. This type of flow 1s described as stream-
linred or laminar, and the liquid is considered to
flow as a series of concentric cylinders in a manner
analogous to an extending telescope.

If the speed of the fluid is increased a critical veloc-
ity is reached at which the thread begins to waver and
then to break up, although no mixing occurs. This is
known as tramnsitional flow. When the velocity is
increased to high values the dye instantaneously
mixes with the fluid in the tube, as all order is lost and
irregular motions are imposed on the overall move-
ment of the fluid. Such flow is described as turbu-
lent. In this type of flow the movement of molecules
is totally haphazard, although the average movement
will be in the direction of flow.

Reynolds’ experiments indicated that the flow
conditions were affected by four factors, namely the
diameter of the pipe and the viscosity, density and
velocity of the fluid. Furthermore, it was shown
that these factors could be combined to give the
following equation:

pud
n

where p is the density, u is the velocity and 7 is the
dynamic viscosity of the fluid; d is the diameter of the
pipe. Re is known as Reynolds’ number and, provided
compatible units are used, it will be dimensionless.
Values of Reynolds’ number have been deter-
mined that can be associated with a particular type
of flow. If it is below 2000 then streamline flow will
occur, but if it is above 4000 then flow will be tur-
bulent. In between these two values the nature of the
flow will depend upon the surface over which the
fluid is flowing. For example, if the surface is smooth
then streamline flow may not be disturbed and may
exist at values of Reynolds’ number above 2000.
However, if the surface is rough or the channel tor-
tuous then flow may well be turbulent at values
below 4000, and even as low as 2000. Consequently,
although it is tempting to state that values of
Reynolds’ number between 2000 and 4000 are
indicative of transitional flow, such a statement
would only be correct for a specific set of conditions.
This also explains why it is difficult to demonstrate
transitional flow practically,. However, Reynolds’
number is still an important parameter and can be
used to predict the type of flow that will occur in a
particular situation. The importance of knowing the
type of flow lies in the fact that with streamline flow
there is no component at right-angles to the direc-
tion of flow, so that fluid cannot move across the
tube. This component is strong for turbulent flow

Re = (4.14)

and interchange across the tube is rapid. Thus in the
latter case, for example, mass will be rapidly trans-
ported, whereas in streamline flow the fluid layers
will act as a barrier to such transfer, which can only
occur by molecular diffusion.

Determination of the flow properties of
simple fluids

A wide range of instruments exist that can be used to
determine the flow properties of Newtonian fluids.
However, only some of these are capable of provid-
ing data that can be used to calculate viscosities in
fundamental units: the design of many instruments
precludes the calculation of absolute viscosities, as
they are capable of providing data only in terms of
empirical units.

It is not possible to describe all of the types of
instrument used to measure viscosity, and conse-
quently this section is limited to simple instruments
specified in the European Pharmacopoeia (Ph. Eur.)
or the British Pharmacopoeta (BP).

Capillary viscometers

A capillary viscometer can be used to determine vis-
cosity provided that the fluid is Newtonian and the
flow is streamlined. The rate of flow of the fluid
through the capillary is measured under the
influence of gravity or an externally applied pressure.
Ostwald U-tube viscometer Such instruments are
described in pharmacopoeias and are the subject of
a specification of the International Standards
Organization. A range of capillary bores are available
and an appropriate one should be selected so that a
flow time of approximately 200 s is obtained; the
wider-bore viscometers are thus for use with fluids of
higher viscosity. For fluids where there is a viscosity
specification in the BP, the size of instrument that
must be used in the determination of their viscosity
is stated. The instrument is shown in Figure 4.5 and
flow through the capillary occurs under the influence
of gravity. The maximum shear rate, v, is given by:

_ ogn

2n
where p is the density of the fluid, g the acceleration
due to gravity, r, the radius of the capillary and 7 the
absolute viscosity. Consequently, for a fluid of vis-
cosity 1 mPa s the maximum shear rate is approxi-
mately 2.10% s7! if the capillary has a diameter of
0.64 mm, but it will be of the order of 102 s7! for a
fluid with a viscosity of 1490 mPa s if the capillary
has a diameter of 2.74 mm.

(4.15)

Ym
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Fig. 4.5 A U-tube viscometer.

The liquid is introduced into the viscometer up to
mark G through arm V using a pipette long enough
to prevent wetting the sides of the tube.

The viscometer is then clamped vertically in a
constant-temperature water bath and allowed to
reach the required temperature. The level of the
liquid is adjusted and is then blown or sucked into
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Fig- 4.6 A suspended-level viscometer.

tube W until the meniscus is just above mark E. The
time for the meniscus to fall between marks E and F
is recorded. Determinations should be repeated until
three readings all within 0.5 s are obtained. Care
should be taken not to introduce air bubbles and
that the capillary does not become partially occluded
with small particles.
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Suspended-level viscometer This instrument is a
modification of the U-tube viscometer which avoids
the need to fill the instrument with a precise volume of
fluid. Also, the fact that the pressure head in the U-
tube is continually changing as the two menisci
approach one another is avoided. This is also described
in the BP and the Ph. Eur. and is shown in Figure 4.6.

A volume of liquid which will at least fill bulb C is
introduced via tube V. The only upper limit on the
volume used is that it should not block the ventilating
tube Z. The viscometer is clamped vertically in a con-
stant-temperature water bath and allowed to attain the
required temperature. Tube Z is closed and fluid is
drawn into bulb C by the application of suction
through tube W until the meniscus is just above the
mark E. Tube W is then closed and tube Z opened so
that liquid can be drawn away from the bottom of the
capillary. Tube W is then opened and the time the fluid
takes to fall between marks E and F is recorded. If at
any time during the determination the end of the ven-
tilating tube Z becomes blocked by the liquid, the
experiment must be repeated. The same criteria for
reproducibility of timings described with the U-tube
viscometer must be applied.

Because the volume of fluid introduced into the
instrument can vary between the limits described
above, this means that measurements can be made at
a range of temperatures without the need to adjust
the volume.

Calculation of viscosity from capillary
viscometers

Poiseuille’s law states that for a liquid flowing
through a capillary tube

_ar'tP
T 8LV
where r is the radius of the capillary, ¢ is the time of
flow, P is the pressure difference across the ends of
the tube, L is the length of the capillary and V'is the
volume of liquid. As the radius and length of the cap-
illary as well as the volume flowing are constants for
a given viscometer, then

n = KPP

(4.16)

7

(4.17)

. rt

where K is equal to ——

8LV
The pressure difference, P, depends upon the
density, p, of the liquid, the acceleration due to
gravity, g, and the difference in heights of the two
menisci in the two arms of the viscometer. Because
the value of g and the level of the liquids are con-

stant, these can be included in a constant and Eqn
4.17 can be written for the viscosities of an unknown
and a standard liquid:

(4.18)
(4.19)

m = K'up,
1 = K'i,p,

Thus, when the flow times for two liquids are com-
pared using the same viscometer, division of Eqn
4.18 by Eqn 4.19 gives:

m_ Khp,
7, Kup,
and reference to Eqn 4.4 shows that Eqn 4.20 will
yield the viscosity ratio.
However, as Eqn 4.3 indicates that the kinematic
viscosity is equal to the dynamic viscosity divided by
the density, then Eqn 4.20 may be rewritten as:

(4.20)

1= 4.21)

For a given viscometer a standard fluid such as water
can be used for the purposes of calibration. Then,
Eqgn 4.21 may be rewritten as:

v=ct (4.22)

where ¢ is the viscometer constant.

This is the equation that appears in the BP and
explains the continued use of the kinematic viscosity as
it means that liquids of known viscosity but of differing
density from the test fluid can be used as the standard.
A series of oils of given viscosity are available commer-
cially and are recommended for the calibration of vis-
cometers for which water cannot be used.

Falling-sphere viscometer

This viscometer is based upon Stokes’ law (Chapter
6). When a body falls through a viscous medium it
experiences a resistance or viscous drag which opposes
the downward motion. Consequently, if a body falls
through a liquid under the influence of gravity, an
initial acceleration period is followed by motion at a
uniform terminal velocity when the gravitational force
is balanced by the viscous drag. Equation 4.23 will
then apply to this terminal velocity when a sphere of
density p, and diameter d falls through a liquid of vis-
cosity 17 and density p,. The terminal velocity is « and
g is the acceleration due to gravity:
3andu = %dz'g(ps - p,) (4.23)

The viscous drag is given by the left-hand side of equa-
tion, whereas the right-hand side represents the force
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responsible for the downward motion of the sphere
under the influence of gravity. Equation 4.23 may be
used to calculate viscosity by rearranging it to give:

_d%(p, - p;)
= 18u

Equation 4.3 gives the relationship between 71 and
the kinematic viscosity, such that Eqn 4.24 may be
rewritten as:

(4.24)

. d?*g(p, - p;)
- 18up,

(4.25)

In the derivation of these equations it is assumed that
the sphere is falling through a fluid of infinite dimen-
stons. However, for practical purposes the fluid must
be contained in a vessel of finite dimensions, and
therefore it is necessary to include a correction factor
to allow for the end and wall effects. The correction
normally used is due to Faxen and may be given as:

3 5
F =1—2.104i+2.09d——0.95—d—
D D? D?

(4.26)
where D is the diameter of the measuring tube. The
last term in Eqn 4.26 accounts for the end effect and
may be ignored if the middle third of the depth is
used for measuring the velocity of the sphere. In fact,
the middle half of the tube can be used if D is at least
10 times d, and the second and third terms, which
account for the wall effects, can be replaced by

A=
2 D

The apparatus used to determine u is shown in
Figure 4.7. The liquid is placed in the fall tube which
is clamped vertically in a constant-temperature bath.
Sufficient time must be allowed for temperature
equilibration to occur and for air bubbles to rise to
the surface. A steel sphere which has been cleaned
and brought to the temperature of the experiment is
introduced into the fall tube through a narrow guide
tube. The passage of the sphere is monitored by
means of a telescope and the time it takes to fall
between the etched marks A and B is recorded. It is
usual to take the average of three readings, of which
all are within 0.5%, as the fall time, 1, to calculate the
viscosity. If the same sphere and fall tube are used
then Eqn 4.25 reduces to:

v = Kt[& - 1)
[

where K is a constant that may be determined by the
use of a liquid of known kinematic viscosity.

The BP specifies the use of a falling-sphere vis-
cometer complying with British Standard 188: 1977
for the determination of the kinematic viscosity of a

4.27)
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Fig. 4.7 A falling-sphere viscometer.

solution of pyroxylin in acetone and water. This type
of viscometer is really only of use with Newtonian
fluids, and a variation has involved measuring the
time taken for a sphere to roll through the fluid con-
tained in an inclined tube. This instrument can only
be used after calibration with standard fluids, as fun-
damental derivation of viscosity is impossible.
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NON-NEWTONIAN FLUIDS

The characteristics described in the previous sec-
tions apply only to fluids that obey Newton’s law and
which are consequently referred to as Newtonian.
However, most pharmaceutical fluids do not follow
this law because the viscosity of the fluid varies with
the rate of shear. The reason for these deviations is
that the fluids concerned are not simple fluids such
as water and syrup, but are disperse or colloidal
systems, including emulsions, suspensions and gels.
These materials are known as non-Newtonian, and
with the increasing use of sophisticated polymer-
based delivery systems more examples of such
behaviour are found in pharmacy.

Types of non-Newtonian behaviour

More than one type of deviation from Newton’s law
can be recognized, and it is the type of deviation that
occurs which can be used to classify the particular
material.

If a Newtonian fluid is subjected to an increasing
rate of shear, vy, and the corresponding shear stress, o,
recorded then a plot of vy against o will produce the
linear relationship shown in Figure 4.8(a). Such a
plot is usually referred to as a flow curve or rheogram.
The slope of this plot will give the viscosity of the
fluid and its reciprocal the fluidity. Equation 4.1
implies that this line will pass through the origin.

Plastic (or Bingham) flow

Figure 4.8(b) indicates an example of plastic or
Bingham flow, when the rheogram does not pass
through the origin but intersects with the shear stress
axis at a point usually referred to as the yield value,
o,. This implies that a plastic material does not flow
until such a value of shear stress has been exceeded,
and at lower stresses the substance behaves as a solid
(elastic) material. Plastic materials are often referred
to as Bingham bodies in honour of the worker who
carried out many of the original studies with such
materials. The equation he derived may be given as:

og=o,t Ny (4.28)

where 7, is the plastic viscosity and o, the Bingham
vield stress or value (Fig. 4.8(b)). The equation
implies that the rheogram is a straight line intersecting
the shear stress axis at the yield value o,. In practice,
flow occurs at a lower shear stress than o, and the flow
curve gradually approaches the extrapolation of the
linear portion of the line shown in Figure 4.8(b). This
extrapolation will also give the Bingham or apparent
vield value; the slope is the plastic viscosity.

Plastic flow is exhibited by concentrated suspen-
sions, particularly if the continuous phase is of high
viscosity or if the particles are flocculated.

Pseudoplastic flow

The rheogram shown in Figure 4.8(c) arises at the
origin and, as no yield value exists, the material will
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Fig. 4.8 Flow curves or rheograms representing the behaviour of various materials. (a) Newtonian, (b) plastic, (c) pseudoplastic and

(d) ditatant.
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use. Whereas dissolution of drugs is required prior to
absorption following administration, fine particles
with a large surface area are presented to dissolving
fluids, which facilitate dissolution in the gastroin-
testinal tract, absorption, and hence the onset of
drug action. Not all oral suspensions are formulated
for systemic effects however, and several, for
example kaolin and morphine mixture, are designed
for local effects in the gastrointestinal tract. On the
other hand, solutions, including formulations such
as syrups and linctuses, are absorbed more rapidly
than solid dosage forms or suspensions, as drug dis-
solution 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, and the choice of sup-
pository base or drug carrier can greatly influence
the degree and rate of drug release. This route of
administration is indicated for drugs that are inacti-
vated 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 also enter the systemic circula-
tion without passing through the liver, an advantage
for drugs that are significantly inactivated by the liver
following oral absorption. However, the rectal route
is inconvenient and drug absorption is often irregu-
lar 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 (s.c.), intramuscular (i.m.) and intra-
venous (i.v.). Other routes, such as intracardiac and
intrathecal, are used less frequently. The parenteral
route is preferred when rapid absorption is essential,
as in emergency situations or when patients are
unconscious or unable to accept oral medication,
and in cases when drugs are destroyed or inactivated
or poorly absorbed following oral administration.
Absorption after parenteral drug delivery is rapid
and, in general, blood levels attained are more pre-
dictable than those achieved by oral dosage forms.
Injectable preparations are usually sterile solutions
or suspensions of drugs in water or other suitable
physiologically acceptable vehicles. As previously

mentioned, drugs in solution are rapidly absorbed and
so injection suspensions are slower acting than solu-
tions. In addition, because body fluids are aqueous, by
using drugs suspended in oily vehicles a preparation
exhibiting slower absorption characteristics can be
formulated to provide a depot preparation, providing
a reservoir of drug which is slowly released into the
systemic circulation. Such preparations are adminis-
tered by intramuscular injection deep into skeletal
muscles (e.g. several penicillin-containing injections).
Alternatively, depot preparations can be achieved by
subcutaneous implants or pellets, which are com-
pressed or moulded discs of drug placed in loose sub-
cutaneous tissue under the outer layers of the skin.
Such systems include solid microspheres, polymeric
biodegradable polymeric microspheres (e.g. polylac-
tide co-glycollic acid homo- and copolymers) con-
taining proteins or peptides (e.g. human growth
hormone and leuprolide). More generally, subcuta-
neous injections are aqueous solutions or suspensions
that allow the drug to be placed in the immediate
vicinity of blood capillaries. The drug then diffuses
into the capillaries. The inclusion of vasoconstrictors
or vasodilators in subcutaneous injections will clearly
influence blood flow through the capillaries, thereby
modifying the capacity for absorption. This principle
is often used in the administration of local anaesthet-
ics with the vasoconstrictor adrenaline, which delays
drug absorption. Conversely, improved drug absorp-
tion can result when vasodilators are included.
Intravenous administration involves the injection of
sterile aqueous solutions directly into a vein at an
appropriate rate. Volumes delivered can range from a
few millilitres, as in emergency treatment or for hyp-
notics, 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 asso-
ciated with pain and inconvenience, recent develop-
ments have focused on ‘needle-free’ injection
systems which propel drugs in aqueous solution or
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. Although this route can also
be used for systemic drug delivery, percutaneous
absorption is often poor and erratic, although several
transdermal patches delivering drug for systemic dis-
tribution are available (e.g. glyceryl trinitrate patches
for the prophylaxis and treatment of angina). Drugs
applied to the skin for local effect include antiseptics,
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flow as soon as a shear stress is applied; the slope of
the curve gradually decreases with increasing rate of
shear. The viscosity is derived from the slope and
therefore decreases as the shear rate is increased.
Materials exhibiting this behaviour are said to be
pseudoplastic, and no single value of viscosity can be
considered as characteristic. The viscosity can only be
calculated from the slope of a tangent drawn to the
curve at a specific point. Such viscosities are known as
apparent viscosities and are only of any use if quoted
in conjunction with the shear rate at which the deter-
mination was made. As it would need several apparent
viscosities to characterize a pseudoplastic material, the
most satisfactory representation is by means of the
entire flow curve. However, it is frequently noted that
at higher shear stresses the flow curve tends towards
linearity, indicating that a minimum viscosity has been
attained. When this is the case such a viscosity can be
a useful means of classification.

There is no completely satisfactory quantitative
explanation of pseudoplastic flow: probably the most
widely used is the Power Law, which is given as:

o"=n"y (4.29)

where 7 is a viscosity coefficient and the exponent n
an index of pseudoplasticity. When » = 1, then %
becomes the dynamic viscosity and Eqn 4.29 the
same as Eqn 4.1, but as a material becomes more
pseudoplastic then the value of # will fall. In order to
obtain the values of the constants in Eqn 4.29, log o
must be plotted against log 7, from which the slope
will produce n and the intercept 7’. The equation
may only apply over a limited range (approximately
one decade) of shear rates, and so it may not be
applicable for all pharmaceutical materials and other
models may have to be considered in order to fit the
data. For example, the model known as
Herschel-Bulkley, which can be given as:

Resting

o=o,+ Ky~1 (4.30)

where K is a viscosity coefficient, is effectively a com-
bination of Eqns 4.27 and 4.28 and can be of use for
flow curves that are curvilinear and which intersect
with the stress axis.

The materials that exhibit this type of flow include
aqueous dispersions of natural and chemically
modified hydrocolloids, such as tragacanth, methyl-
cellulose and carmellose, and synthetic polymers
such as polyvinylpyrrolidone and polyacrylic acid.
The presence of long, high molecular weight mole-
cules in solution results in entanglement together
with the association of immobilized solvent. Under
the influence of shear the molecules tend to become
disentangled and align themselves in the direction of
flow. They thus offer less resistance to flow and this,
together with the release of some of the entrapped
water, accounts for the lower viscosity. At any partic-
ular shear rate an equilibrium will be established
between the shearing force and the re-entanglement
brought about by Brownian motion.

Dilatant flow

The opposite type of flow to pseudoplasticity is
depicted by the curve in Figure 4.8(d), in that the vis-
cosity increases with increase in shear rate. As such
materials increase in volume during shearing they are
referred to as dilatant and exhibit shear thickening.
An equation similar to that for pseudoplastic flow
(Eqn 4.29) may be used to describe dilatant behav-
iour, but the value of the exponent » will be greater
than 1 and will increase as dilatancy increases.

This type of behaviour is less common than plastic
or pseudoplastic flow but may be exhibited by dis-
persions containing a high concentration (= 50%) of
small, deflocculated particles. Under conditions of

Sheared

Fig. 4.9 Representation of the cause of dilatant behaviour
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zero shear the particles are closely packed and the
interparticulate voids are at a minimum (Fig. 4.9),
which the vehicle is sufficient to fill. Consequently, at
low shear rates such as those created during pouring
this fluid can adequately lubricate the relative move-
ment of the particles. As the shear rate is increased
the particles become displaced from their even dis-
tribution and the clumps that are produced result in
the creation of larger voids, into which the vehicle
drains, so that the resistance to flow is increased and
viscosity rises. The effect is progressive with increase
in shear rate until eventually the material may appear
paste-like as flow ceases. Fortunately, the effect is
reversible and removal of the shear stress results in
the re-establishment of the fluid nature.

Dilatancy can be a problem during the processing
of dispersions and the granulation of tablet masses
when high-speed blenders and mills are employed. If
the material being processed becomes dilatant in
nature then the resultant solidification could over-
load and damage the motor. Changing the batch or
supplier of the material used could lead to process-
ing problems, which can only be avoided by rheolog-
ical evaluation of the dispersions prior to their
introduction in the production process.

Time-dependent behaviour

In the description of the different types of non-
Newtonian behaviour it was implied that although
the viscosity of a fluid might vary with shear rate it
was independent of the length of time that the shear
rate was applied, and also that replicate determina-
tions at the same shear rate would always produce
the same viscosity. This must be considered as the
ideal situation, as most non-Newtonian materials
are colloidal in nature and, as such, the flowing ele-
ments, whether particles or macromolecules, may
not adapt immediately to the new shearing condi-
tions. Therefore, when such a material is subjected
to a particular shear rate the shear stress, and con-
sequently the viscosity, will decrease with time.
Furthermore, once the shear stress has been
removed, even if the structure which has been
broken down is reversible, it may not return to its
original structure (rheological ground state)
instantly. The common feature of all these materials
is that if they are subjected to a gradually increasing
shear rate, followed immediately by a shear rate
decreasing to zero, then the downcurve will be dis-
placed with regard to the upcurve and the rheogram
will exhibit a hysteresis loop (Fig. 4.10). In the case
of plastic and pseudoplastic materials the down-
curve will be displaced to the right of the upcurve

Shear stress

Shear rate

Fig. 4.10
materials.

Rheogram produced by a thixotropic pseudoplastic

Shear stress

Shear rate

Fig.4.11 Rheogram produced by a thixotropic dilatant material.

(Fig. 4.10), whereas for dilatant substances the
reverse will be true (Fig. 4.11). The presence of the
hysteresis loop indicates that a breakdown in struc-
ture has occurred, and the area within the loop may
be used as an index of the degree of breakdown.
The term used to describe such behaviour is
thixotropy, which means ‘to change by touch’,
although strictly the term should only be applied to
an isothermal sol-gel transformation. However, it
has become common to describe as thixotropic any
material that exhibits a reversible time-dependent
decrease in apparent viscosity. Thixotropic systems
are usually composed of asymmetric particles or
macromolecules which are capable of interacting by
numerous secondary bonds to produce a loose
three-dimensional structure, so that the material is
gel-like when unsheared. The energy imparted
during shearing disrupts these bonds, so that the
flowing elements become aligned and the viscosity
falls, as a gel-sol transformation has occurred. When
the shear stress is eventually removed the structure
will tend to reform, although the process is not
immediate and will increase with time as the mole-
cules return to the original state under the influence
of Brownian motion. Furthermore, the time taken
for recovery, which can vary from minutes to days
depending upon the system, will be directly related
to the length of time the material was subjected to
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the shear stress, as this will affect the degree of
breakdown.

In some cases the structure that has been
destroyed is never recovered, no matter how long the
system is left unsheared. Repeat determinations of
the flow curve will then produce only the downcurve
which was obtained in the experiment that resulted
in the destruction. It is suggested that such behav-
iour be referred to as ‘shear destruction’ rather than
thixotropy which, as will be appreciated from the
above, is a misnomer in this case.

An example of such behaviour are the gels
produced by high molecular weight polysaccharides
which are stabilized by large numbers of
secondary bonds. Such systems undergo extensive
reorganization during shearing, such that the
three-dimensional structure is reduced to a two-
dimensional one: the gel-like nature of the original is
then never recovered.

The occurrence of such complex behaviour
creates problems in the quantitative classification
because not only will the apparent viscosity change
with shear rate, but there will also be two viscosities
that can be calculated for any given shear rate (i.e.
from the upcurve and the downcurve). It is usual to
attempt to calculate one viscosity for the upcurve
and another for the downcurve. This must of course
assume that each of the curves achieves linearity over
some of its length, otherwise a defined shear rate
must be used; only the former situation is truly sat-
isfactory. Each of the lines used to derive the viscos-
ity may be extrapolated to the shear stress axis to
give an associated yield value. However, only the one
derived from the upcurve has any significance, as
that derived from the downcurve will relate to the
broken-down system. Consequently, the most useful
index of thixotropy can be obtained by integration of
the area contained within the loop. This will not of
course take into account the shape of the up- and
downcurves, and consequently two materials may
produce loops of similar area but with completely
different shapes representing totally different flow
behaviours. In order to prevent confusion it is best to
adopt a method whereby an estimate of area is
accompanied by yield value(s). This is particularly
important when complex upcurves exhibiting bulges
are obtained, although it is now acknowledged that
when these have been reported in the literature they
might well have been a consequence of the design of
the instrument, rather than providing information on
three-dimensional structure. The evidence for this is
based on the flow curves produced using more
modern instruments, which do not exhibit the same,
if any, bulges.
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Determination of the flow properties of
non-Newtonian fluids

With such a wide range of rheological behaviours it is
extremely important to carry out measurements that
will produce meaningful results. It is crucial therefore
not to use a determination of viscosity at one shear
rate (such as would be acceptable for a Newtonian
fluid), as it could lead to completely erroneous com-
parative results. Figure 4.12 shows rheograms which
are an example of the four different types of flow
behaviour, all of which intersect at point A, which is
equivalent to a shear rate of 100 s™!. Therefore, if a
measurement were made at this one shear rate, all
four materials would be shown to have the same vis-
cosity although they all possess different properties
and behaviours. Single-point determinations are
probably an extreme example but are used to empha-
size the importance of properly designed experiments.

Rotational viscometers

These instruments rely on the viscous drag exerted
on a body when it is rotated in the fluid to deter-
mine the viscosity of the fluid. The major advantage
of such instruments is that wide ranges of shear rate
can be achieved, and often a programme of shear
rates can be produced automatically. Thus, the flow
curve of a material may be obtained directly. A
number of commercial instruments are available but
each shares a common feature in that various mea-
suring geometries can be used: often these have
been concentric cylinder (or couette) and cone-
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Fig. 4.12 Explanation of the effect of single-point viscosity
determination and the resultant errors.
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plate, although parallel-plate geometry is sometimes
preferred.

Concentric cvlinder In this geometry there are
two coaxial cylinders of different diameters, the
outer forming the cup containing the fluid in which
the inner cylinder or bob is positioned centrally

()

Bob

Cup

O

Fig. 4.13 Concentric cylinder geometry

(Fig. 4.13). In older types of instrument the outer
cylinder is rotated and the viscous drag exerted by
the fluid is transmitted to the inner cylinder as a
torque, so that it rotates against a transducer such as
a fine torsion wire. The stress on this inner cylinder
is indicated by the angular deflection, 6, once equi-
librium (i.e. steady flow) has been attained. The
torque, 7, can then be calculated from:

co=T (4.31)

where C is the torsional constant of the wire. The
viscosity is then given by:

11
(2 - 2] T
rl rZ

dmhw (4.32)

1] =
where r, and r, are the radii of the inner and outer
cylinders, respectively, 4 is the height of the inner
cylinder and w is the angular velocity of the outer
cylinder.

A rheometer of this type is described in the BP,
although any instrument that has equivalent accu-
racy and precision may be used.

Cone—plate This geometry is composed of a flat
circular plate with a wide-angle cone placed centrally
above it (Fig. 4.14). The tip of the cone just touches
the plate and the sample is loaded into the included
gap. If the plate is rotated the cone will be caused to
rotate against a torsion wire in the same way as the
inner cylinder described above. Provided the angle is
small (of the order of 1°) the viscosity will be given
by:

_ 3wT

2mia

(4.33)

where w is the angular velocity of the plate, 7T is the
torque, r is the radius of the cone and « is the angle
between the cone and the plate.

Whether cone-plate or concentric cylinder
geometry is used, instruments, particularly the

Cone

Plate

Fig. 4.14 Cone—plate geometry
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more modern examples, have been modified to
make measurements both easier and more accu-
rate. The common modification is to make one part
of the geometry, usually the plate or the outer cylin-
der, stationary and to rotate the other member at a
constant speed. A torque sensor can then measure
the developed shear stress. An alternative is to rotate
the upper member under a constant stress when the
developed shear rate is measured. Such controlled
stress instruments consist of a specially designed
induction motor which generates a torque that is
independent of the degree or rate of rotation. Torque
is not measured, as it is defined by the way the power
is fed to the motor, which is connected to the mea-
suring geometry through a rigid drive chain so that
no motion is lost in the deflection of a torque sensor.
It is then necessary only to detect the movement of
the drive system and its associated measuring geom-
etry by, for example, an optical encoder, in order to
obtain the shear rate or strain. Both designs have
been the subject of considerable sophistication,
including the use of microcomputers for program-
ming and data analysis. Also, having one part of the
geometry stationary means that it can be circulated
with water or other fluid at a temperature appropri-
ate to the measurement.

Concentric cylinder viscometers are very useful
for Newtonian and non-Newtonian fluids provided
the latter are not too solid-like in nature. Wide ranges
of shear rate can be achieved by varying the diame-
ters of the cylinders. However, this geometry does
suffer from disadvantages, the major one being that
the shear rate across the gap is not constant, and this
is especially the case when the gap is large. Also, the
end effects can be significant, as Eqn 4.32 only takes
into account the surfaces of the walls of the cylinders
and not the ends. These end effects are usually
accounted for by calibration of the instrument with a
fluid of known viscosity. Frictional heating can be a
problem at high shear rates, and so temperature
control is essential with such instruments. Filling
and cleaning are often difficult when the gap is small,
but if it is large then the volume of sample required
may be prohibitive.

Viscoelasticity

In the experiments described for rotational vis-
cometers two observations are often made with
pharmaceutical materials:

1. With cone-plate geometry the sample appears to
‘roll up’ and at high shear rates and is ejected
from the gap.
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2. With concentric cylinder geometry the sample
will climb up the spindle of the rotating inner
cylinder (Weissenberg effect).

The reason for both these phenomena is the same, in
that the liquids are not exhibiting purely viscous
behaviour but are viscoelastic. Such materials display
solid and liquid properties simultaneously, and the
factor that governs the actual behaviour is time. A
whole spectrum of viscoelastic behaviour exists,
from materials which are predominantly liquid to
those that are predominantly solid. Under a constant
stress all of these materials will dissipate some of the
energy in viscous flow and store the remainder,
which will be recovered when the stress is removed.
The type of response can be seen in Figure 4.15(a),
where a small, constant stress has been applied to a
2% gelatin gel and the resultant change in shape
(strain) is measured. In the region A-B an initial
elastic jump is observed, followed by a curved region
B-C when the material is attempting to flow as a
viscous fluid but is being retarded by its solid char-
acteristics. At longer times equilibrium is estab-
lished, such that for a system like this, which is
ostensibly liquid, viscous flow will eventually pre-
dominate and the curve will become linear (C-D). If
the concentration of gelatin in the gel had been
increased to 30% then the resultant material would
be more solid-like and no flow would be observed at
longer times, and the curve would level out as shown
in Figure 4.15(b). In the case of the liquid system,
when the stress is removed only the stored energy
will be recovered, and this is exhibited by an initial
elastic recoil (D-E, Fig. 4.15(a)) equivalent to the
region A-B and a retarded response E-F equivalent
to B-C. There will be a displacement from the start-
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Fig. 4.15 Creep (or compliance) curves for (a) an
uncrosslinked system and (b) a crosslinked system.
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ing position (F—G) and this will be related to the
amount of energy lost in viscous flow. For the higher-
concentration gel all the energy will be recovered, so
that only the regions D-E and E-F are observed.
This significance of time can be observed from the
point X on the time axis. Although both systems are
viscoelastic, and indeed are produced by different con-
centrations of the same biopolymer, in Figure 4.15(a)
the sample is flowing like a high-viscosity fluid,
whereas in Figure 4.15(b) it is behaving like a solid.

Creep testing

Both the experimental curves shown in Figure 4.15 are
examples of a phenomenon known as creep. If the
measured strain is divided by the stress — which, it
should be remembered, is constant — then a compli-
ance will be produced. The resultant curve, which will
have the same shape as the original strain curve, then
becomes known as a creep compliance curve and, as
compliance is the reciprocal of elasticity, it will have the
units m? N-! or Pal. If the applied stress is below a
certain limit (known as the linear viscoelastic limit) it
will be directly related to the strain and the creep com-
pliance curve will have the same shape and magnitude
regardless of the stress used to obtain it. This curve
therefore represents a fundamental property of the
system, and derived parameters are characteristic and
independent of the experimental method. For
example, although it is common to use either cone-
plate or concentric cylinders with viscoelastic pharma-
ceuticals, almost any measuring geometry can be used
provided the shape of the sample can be defined.

It is common to analyse the creep compliance
curve in terms of a mechanical model. An example of
such a model is shown in Figure 4.16. This figure
also indicates the regions on the curve shown in
Figure 4.15(a) to which the components of the
model relate. Thus, the instantaneous jump can be
described by a perfectly elastic spring and the region
of viscous flow by a piston fitted into a cylinder con-
taining an ideal Newtonian fluid (this arrangement is
referred to as a dashpot). In order to describe the
behaviour in the intermediate region it is necessary
to combine both these elements in parallel, such that
the movement of the spring is retarded by the piston;
this combination is known as a Voigt unit. It is
implied that the elements of the model do not move
until the preceding one has become fully extended,
and although it is not feasible to associate the ele-
ments of the model with the molecular arrangement
of the material it is possible to ascribe viscosities to
the fluids in the cylinders and elasticities (or compli-
ances) to the springs. Thus, a viscosity can be calcu-

Spring
(A-B)
Voigt unit
(B-C)
Dash pot
(C-D)

Fig. 4.16 Mechanical model representation of a creep
compliance curve.

lated for the single dashpot (Fig. 4.16) from the rec-
iprocal of the slope of the linear part of the creep
compliance curve. This viscosity will be several
orders of magnitude greater than that obtained by
the conventional rotational techniques, and may be
considered to be that of the rheological ground state
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(mo) as the creep test is non-destructive and should
produce the same viscosity however many times it is
repeated on the same sample. This is in direct con-
trast to continuous shear measurements, which
destroy the structure being measured and with
which it is seldom possible to obtain the same result
on subsequent experiments on the same sample. The
compliance (J,) of the spring can be measured
directly from the height of region A-B (Fig. 4.15(a))
and the reciprocal of this value will yield the elastic-
ity, Ey. It is often the case that this value, together
with 7, provides an adequate characterization of the
material. However, the remaining portion of the
curve can be used to derive the viscosity and elastic-
ity of the elements of the Voigt unit. The ratio of the
viscosity to the elasticity is known as the retardation
time, 7, and is a measure of the time taken for the
unit to deform to 1l/e of its total deformation.
Consequently, more rigid materials will have longer
retardation times and the more complex the material
the greater number of Voigt units that are necessary
to describe the creep curve.

It is also possible to use a mathematical expression
to describe the creep compliance curve:

He)=T,- (1= )4elm,  (439)
i=1

where J (¢) is the compliance at time z, and J; and T;
are the compliance and retardation time, respec-
tively, of the ‘th’ Voigt unit. Both the model and the
mathematical approach interpret the curve in terms
of a line spectrum. It is also possible to produce a
continuous spectrum in terms of the distribution of
retardation times.

What is essentially the reverse of the creep compli-
ance test is the stress relaxation test, where the sample
is subjected to a predetermined strain and the stress

required to maintain that strain is measured as a func-
tion of time. In this instance a spring and dashpot in
series (Maxwell unit) can be used to describe the
behaviour. Initially the spring will extend, and will then
contract as the piston flows in the dashpot. Eventually
the spring will be completely relaxed but the dashpot
will be displaced, and in this case the ratio of viscosity
to elasticity is referred to as the relaxation time.

Dynamic testing

Both creep and relaxation experiments are consid-
ered to be static tests. Viscoelastic materials can also
be evaluated by means of dynamic experiments,
whereby the sample is exposed to a forced sinusoidal
oscillation and the transmitted stress measured.
Once again, if the linear viscoelastic limit is not
exceeded then the stress will also vary sinusoidally
(Fig. 4.17). However, because of the nature of the
material energy will be lost, so that the amplitude of
the stress wave, will be less than that of the strain
wave, it will also lag behind the strain wave. If the
amplitude ratio and the phase lag can be measured,
then the elasticity, referred to as the storage
modulus, G, is given by:

G’ = (g-j cosd
Y

where o is the stress, v is the strain and & is the phase
lag. A further modulus, G”, known as the loss
modulus, is given by:

(4.35)

G” = (5] sind (4.36)
Y
This can be related to viscosity, 7, by:
a =S 4.37)
w

Stress or strain

Time

Fig. 4.17 Sine waves showing the stress wave lagging behind the strain wave by 60° during dynamic viscosity testing.
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where w is the frequency of oscillation in rad (s7!).
From Eqns 4.35 and 4.36 it can be seen that:

”

=tand

’

(4.38)

and tan & is known as the loss tangent. Thus, a per-
fectly elastic material would produce a phase lag of
0°, whereas for a perfect fluid it would be 90°.
Finally, the concepts of liquid-like and solid-like
behaviour can be explained by the dimensionless
Deborah number (De), which finds expression as:

De=—
T
where 7is a characteristic time of the material and T
is a characteristic time of the deformation process.
For a perfectly elastic material 7 will be infinite,
whereas for a Newtonian fluid it will be zero. High
Deborah numbers can be produced either by high
values of 7 or as small values of 7. The latter will
occur in situations where high rates of strain are
experienced, for example slapping water with the
hand. Also, even solid materials would be predicted
to flow if a high enough stress were applied for a
sufficiently long time.

(4.39)

Suspensions

The rheological properties of suspensions are
markedly affected by the degree of flocculation (see
Chapter 6). The reason for this is that the amount of
free continuous phase is reduced, as it becomes
entrapped in the diffuse floccules. Consequently, the
apparent viscosity of a flocculated suspension is nor-
mally higher than that of a suspension which is in all
ways similar, with the exception that it is defloccu-
lated. In addition, when a disperse system is highly
flocculated then the possibility of interaction
between floccules occurs and structured systems
result. If the forces bonding floccules together are
capable of withstanding weak stresses then a yield
value will result, and below this value the suspension
will behave like a solid. Once the yield value has been
exceeded the amount of structural breakdown
increases with increased shear stress. Therefore,
flocculated suspensions will exhibit plastic or, more
usually, pseudoplastic behaviour. Obviously, if the
breakdown and reformation of the bonds between
floccules is time dependent then thixotropic behav-
iour will also be observed.

The formation of structures does not occur in
deflocculated suspensions and so their rheological
behaviour is determined by that of the continuous
phase together with the effect of distortion of the

flow lines around the particles; in this situation the
Einstein equation (Eqn 4.6) may apply. As the sus-
pension becomes more concentrated and the parti-
cles come into contact, then dilatancy will occur.

Many pharmaceutical products, particularly those
for children, are presented as suspensions and their
rheological properties are important. In general
these properties must be adjusted so that:

1. the product is easily administered (e.g. easily
poured from a bottle or forced through a syringe
needle);

2. sedimentation is either prevented or retarded; if
it does occur, redispersion is easy;

3. the product has an elegant appearance.

Deflocculated particles in Newtonian vehicles

When such systems sediment a compact sediment or
cake is produced which is difficult to redisperse. The
rate of sedimentation can be reduced by increasing
the viscosity of the continuous medium, which will
remain Newtonian. However, there is a limit to
which this viscosity can be increased because
difficulty will be experienced, for example, in
pouring the suspension from a bottle. Furthermore,
if sedimentation does occur, then subsequent redis-
persion may be even more difficult.

Deflocculated particles in non-Newtonian
vehicles

Only pseudoplastic or plastic dispersion media can
be used in the formulation of suspensions and both
will retard the sedimentation of small particles, as
their apparent viscosities will be high under the small
stresses associated with sedimentation. Also, as the
medium will undergo structural breakdown under
the higher stresses involved in shaking and pouring,
both these processes are facilitated.

The hydrocolloids used as suspending agents,
such as acacia, tragacanth, methylcellulose, gelatin
and sodium carboxymethylcellulose, all impart non-
Newtonian properties — normally pseudoplasticity —
to the suspensions. Thixotropy can occur and this is
particularly the case with the mineral clays, such as
bentonite (which must only be used in suspensions
for external use). The three-dimensional gel network
traps the deflocculated particles at rest and their sed-
imentation is retarded and may be completely pre-
vented. The gel network is destroyed during shaking
so that administration is facilitated. It is desirable
that the gel network is reformed quickly so that dis-
persion of the particles is maintained.
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Flocculated particles in Newtonian vehicles

Such particles will still sediment, but because the
aggregates are diffuse a large volume sediment is
produced and, as such, is easier to disperse. These
systems are seldom improved by an increase in the
viscosity of the continuous phase as this will only
influence the rate of sedimentation. The major
problem is one of pharmaceutical inelegance, in that
the sediment does not fill the whole of the fluid
volume. Methods of improving such products are
given in Chapters 6 and 23.

Flocculated particles in non-Newtonian vehicles

These systems combine the advantages of both
methods. Furthermore, variations in the properties
of the raw materials to be suspended are unlikely to
influence the performance of a product made on
production scale. Consequently, less difference will
be observed between batches made by the same
method and plant.

Emulsions

Because nearly all but the most dilute of medicinal
emulsions exhibit non-Newtonian behaviour, their
rheological characteristics have a marked effect on
their usefulness. The fluid emulsions are usually
pseudoplastic, and those approaching a semisolid
nature behave plastically and exhibit marked yield
values. The semisolid creams are usually viscoelastic.
A considerable variety of pharmaceutical products
can be formulated by altering the concentration of
the disperse phase and the nature and concentration
of the emulsifying agent. The latter can be used to
confer viscoelastic properties on a topical crecam
merely by varying the ratio of surface-active agent to
long-chain alcohol. These aspects are discussed
further in Chapters 23 and 33.

THE EFFECT OF RHEOLOGICAL
PROPERTIES ON BIOAVAILABILITY

The presence of the diffusion coefficient which is
inversely related to viscosity in the constant % of the
Noyes—Whitney equation (Chapter 2) means that
the rate of dissolution of a drug particle will be
decreased as the viscosity of the dissolution medium
is increased. This will apply to both in vitro and in
vivo situations, and usually the medium into which
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the drug is dissolving will exhibit Newtonian behav-
iour. However, in the stomach the presence of the
high molecular weight glycoproteins from mucus in
acid solution will only be Newtonian up to a con-
centration of about 2%, beyond which it will exhibit
non-Newtonian behaviour. In addition, the use of
hydrocolloids will contribute to this effect and it has
been shown that their inclusion in formulations can
affect bioavailability. However, both increases and
decreases in bioavailability have been reported, and
it is not clear whether the effect is simply due to the
modification of rheological properties or whether
there has been an effect on gastrointestinal transit.

Attempts to predict this decrease in absorption
have been made by the inclusion of natural or syn-
thetic polymers in the dissolution medium used for
in vitro studies. Some studies have shown that it is
not the bulk viscosity of the dissolution medium that
is of importance, but rather the ‘effective viscosity’.
Also, it is by no means certain that these polymers
will behave in the same manner as the macromole-
cules that will be encountered in the gastrointestinal
tract. Furthermore, it is impossible to carry out a
dissolution test in an environment that relates to
conditions in the region of the gut wall.

This viscosity effect will also operate at other drug
delivery sites. For example, the absorption of drugs
by the skin and from injection sites will be decreased
by an increase in the viscosity of the vehicle. Indeed,
in the case of injections the creation of a depot with
a highly viscoelastic nature should result in pro-
longed delivery of the drug.

A proper understanding of rheological behaviour,
both in the formulation and, if possible, at the absorp-
tion site, is essential in any evaluation of bioavailability.
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The boundary between two phases is generally
described as an interface. When one of the phases is a
gas or a vapour, the term surface is frequently used.
Matter at interfaces usually has different characteris-
tics from that in the bulk of the media, and as a con-
sequence the study of interfaces has developed into a
separate branch of chemistry — surface chemistry. In
pharmaceutical sciences interfacial phenomena play
an important role in the processing of a wide variety
of formulations. The subsequent behaviour of these
formulations in vivo is often governed by an interfacial
process.

Interfaces are categorized according to the phases
they separate, as follows: liquid/liquid (I/L), liquid/
vapour (1/V), solidvapour (S/V) and solid/liquid
(S/L). It is convenient to treat each interface separately.

SURFACE TENSION AND SURFACE
FREE ENERGY

Consider the case of a single component liquid. The
molecules in the liquid are subject to attractive
forces from adjacent molecules. Figure 5.1 shows
the attractive forces experienced by a molecule at
the surface of the liquid. In the bulk of the liquid the
molecules are subjected to equal attraction in all
directions. At the surface, however, the net attractive
force is towards the bulk of the liquid. This net

Fig. 5.1 Attractive forces at the surface and in the bulk of a
material.
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antifungals, 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 semisolid base which is either hydrophobic or
hydrophilic in character. The bases play an impor-
tant role in determining the character of drug release
from the formulation. OQintments are hydrophobic,
oleaginous-based dosage forms, whereas creams are
semisolid emulsions. Pastes contain more solids than
ointments and thus are stiffer in consistency. For
topical application in liquid form other than solu-
tion, lotions — suspensions of solids in aqueous solu-
tion — or emulsions are used. More recently, interest
in transdermal electrotransport systems has grown.
Here a low electrical potential maintained across the
skin can improve drug transport.

The application of drugs to other topical surfaces,
such as the eye, ear and nose, is common and oint-
ments, creams, suspensions and solutions are utilized.
Ophthalmic preparations are required, among 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 pre-
sented in an aerosol or solid form, particle size
largely determines the extent to which they penetrate
the alveolar region, the zone of rapid absorption.
Particles in the region 0.5-1 um diameter reach the
alveolar sacs. Particles outside this range are either
exhaled or deposited upon larger bronchial airways.
This delivery route has been found particularly
useful for the treatment of asthmatic problems, using
both powder aerosols (e.g. sodium cromoglycate)
and metered aerosols containing the drug in
liquefied inert propellant (e.g. salbutamol sulphate
aerosol). Importantly, this delivery route is being
increasingly recognized as a means of administering
the therapeutic agents emerging from biotechnology,
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-
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stances to achieve a stable, effective product. These
properties, such as dissolution, crystal size and poly-
morphic form, solid-state stability and drug — addi-
tive interactions, can have profound effects on the
physiological availability and physical and chemical
stability of the drug. By combining such data with
those from pharmacological and biochemical studies,
the most suitable drug form and additives can be
selected for the formulation of chosen dosage forms.
Although comprehensive property evaluation will not
be required for all types of formulations, those prop-
erties that are recognized as important in dosage
form design and processing are listed in Table 1.3,
together with the stresses to which the formulation
might be exposed during processing and manipula-
tion 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 pro-
cedures, can modify formulation requirements as
well as processing and dosage form performance. For
instance, the fine milling of poorly soluble drug sub-
stances can modify their wetting and dissolution
characteristics, properties that are important during
granulation and product performance, respectively.
Careful evaluation of these properties and under-
standing of the effects of these stresses upon these
parameters is therefore important in dosage form
design and processing, as well as in product perfor-
mance.

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,
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 is required to achieve the desired physio-
chemical characteristics.

It is 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 subdivided
form with larger surface than as a coarse material.
Examples include griseofulvin, tolbutamide,
indomethacin, spironolactone and nifedipine. The
fine material, often in micrometre or submicrometre
(nanometre) form with large specific surface, dis-
solves at a faster rate, which can lead to improved
drug absorption by passive diffusion. On the other
hand, with formulated nitrofurantoin preparations an
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Liquid film

| _ Slider (m)

-~

Fig. 5.2 Liquid film attached to a freely moving slider.

inward attraction reduces the number of molecules
in the surface and increases the intermolecular dis-
tance. It is this that gives the surface different char-
acteristics from the bulk and gives rise to surface
tension and surface free energy.

A useful approach to understanding these terms is
to examine Figure 5.2. This shows parallel wires,
joined at the top, on which there is a freely moving
slider of length / and mass ;. If a film of soap solu-
tion is formed between the upper wire and the slider,
the film will rapidly contract owing to the surface
tension forces (minimization of the free energy). The
slider can be held in the original position by attach-
ing a weight to it, (m,), and this will give a measure
of the surface tension. The same weight will hold the
film in equilibrium even if it is expanded or con-
tracted. This is because the surface is not stretched
or contracted as such but remains the same, with
molecules entering or leaving the bulk to compen-
sate for the change in area.

The surface tension is therefore independent of the
area of the film, but depends on the chemical nature
of the interfaces and their length. In the example in
Figure 5.2 there are two interfaces, on the front and
the back of the film; the total length of the film/air
interface is 2/. The surface tension is the force acting
parallel to the surface at right-angles to a line of 1 m
length anywhere in the surface. Its units are typically
mN m. In the above example the surface tension (y)
is the force acting perpendicular to the surface,
divided by the length of the surface, and is:

(mtm)e F
YT T
Where g is the acceleration due to gravity.
As explained earlier, if the film shown in Figure
5.2 is expanded no force is required. Work is done,
however, because the area is increased. If the slider is
moved a distance, x, the increase in total surface area

(5.1)
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is 2/x as there are two surfaces, the front and back of
the film. The work done is Fx. The surface free
energy is defined as the work required to increase the
surface area by 1 m?. Typical units are m] m=2. The
work done, per unit area, in expanding the film is

Fx F

2 2
The surface tension and the surface free energy are
thus dimensionally equivalent (J = N m) and numer-
ically equal.

The above concepts were derived from a consider-
ation of a liquid/vapour system. Identical arguments
can be used for liquid/liquid systems, the termino-
logy being changed to interfacial free energy and
interfacial tension. In principle the above argument
also applies to solids, although it is easier to visualize
the existence of the surface free energy of solids in
terms of the unbalanced forces projecting from the
interface, rather than the net inward attraction
exerted on the molecules residing at the interface.

In this chapter, the symbol y will be used to
denote surface or interfacial tension. When it is nec-
essary to distinguish between different surface or
interfacial tensions, subscripts will be used. For
example, vy, is the interfacial tension between two
liquids and v, is the surface tension between a
liquid and its vapour. For more specific cases, y, will
represent the surface tension of a liquid A and 7y,
the interfacial tension between liquids A and B.

(5.2)

Liquid/vapour systems

Curved surfaces

A pressure difference exists across curved surfaces to
balance the influence of surface tension. A knowl-
edge of this is important in some methods of the
measurement of surface tension.

Consider a bubble of vapour in a liquid. In the
absence of any external forces the bubble will be spher-
ical in shape and will remain the same size because the
surface tension forces are balanced by an internal
excess pressure. This excess pressure is given by:

ap=2 (5.3)

r
where p is the excess pressure and r is the radius of
the bubble. For non-spherical surfaces which can be
described by two radii of curvature the equation

becomes:
Ap:y[gij 5.9)
rl rZ
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This is known as the Laplace equation; vy is always
positive. For p to be positive » must be positive,
which means that the pressure is always greater on
the concave side.

These equations (5.3 and 5.4) apply to any curved
liquid interface, e.g. the system described above, a
liquid film around a bubble in air, or the meniscus of
a bulk liquid.

Influence of temperature

For the majority of liquids an increase in tempera-
ture leads to a decrease in surface tension. The
exceptions are some molten metals: This decrease in
surface tension with temperature is approximately
linear. As the temperature approaches the critical
temperature for a liquid (i.e. the temperature when
the liquid structure is lost), the intermolecular cohe-
sion forces approach zero and the surface tension
becomes very small.

Liquid/liquid systems

The interfacial tension between two immiscible
liquids arises as a result of imbalance of forces, in an
identical manner to the surface tension between a
liquid and its vapour. Interfacial tensions generally
lie between the surface tensions of the two liquids
under consideration. Table 5.1 lists the surface ten-
sions of several liquids and their interfacial tensions
against water.

Spreading

If a small quantity of an immiscible liquid is placed
on a clean surface of a second liquid, it may spread
to cover the surface with a film or remain as a drop
or lens (Fig. 5.3). Which of the two applies depends

Table 5.1 The surface tensions of some common
liquids and their interfacial tensions against water
(mN m™), 20°C

Liquid Surface tension Interfacial tension
against water

Water 72 =

n-Octanol 27 8.5

Carbon tetrachlonde 27 45

Chloroform 27 33

Olive oll 36 33

n-Hexane 18 51

Ai ®

Ir

— Liquid B b
Liquid A s

Fig. 5.3 Spreading of one liquid on another.

on the achievement of a state of minimum free
energy. The ability of one liquid to spread over
another can be assessed in terms of the spreading
coefficient (S):

S=va—(vg+ Yam) (5.5)

A positive or zero value of S is required for spread-
ing to occur. An alternative approach is to examine
spreading in terms of the work of cohesion and adhe-
sion. The work of cohesion applies to a single liquid
and is the work required to pull apart a column of
liquid of unit cross-sectional area and create two
liquid/air interfaces.

Waa =27 (5.6

The work of adhesion is the work required to sepa-
rate a unit cross-sectional area of a liquid/liquid
interface to form two different liquid/air interfaces,
and is given by the Dupre equation:

Wag =%t Y8~ Yas 6.7
Hence, by substitution into Eqn 5.5:
S=Wys - Waa (5.8)

Therefore, spreading occurs when the liquid placed
on, for example, a water surface adheres to the water
more strongly than it coheres to itself.

In practice, when two immiscible liquids are placed
in contact the bulk liquids will eventually become
mutually saturated. This will change the values of the
various surface and interfacial tensions. Hence, there is
an initial spreading coefficient which is an immediate
value, and a final spreading coefficient after mutual
saturation has taken place. For benzene or hexanol on
water the initial spreading coefficients are positive.
When mutual saturation has occurred the values of the
surface and interfacial tensions are reduced, so that the
final spreading coefficients are negative. Hence
benzene or hexanol spreads immediately on water and
then the spreading stops, leaving a monomolecular
layer of benzene or hexanol, with the remainder to the
liquid in the form of flat lenses.

Measurement of surface and interfacial
tension

There are several methods available for the measure-
ment of surface and interfacial tension. Four will be
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described here. Further details and descriptions of
other methods can be obtained by consulting the
bibliography.

Wilhelmy plate methods

The apparatus consists of a thin mica, glass or plat-
inum plate attached to a suitable balance (Fig. 5.4).
When used as a detachment method, the plate is
immersed in the liquid, and the liquid container is
gradually lowered. The reading on the balance
immediately prior to detachment is noted. The
derachment force is equal to the surface tension mul-
tiplied by the perimeter of the surface detached:

W,—-W=2(L+TDy (5.9)

Where W; is the reading on the balance prior to
detachment, W is the weight of the plate in air and L
and T are the length and the thickness of the plate,
respectively. Immersion of the plate into the lower of
two liquids in a container and subsequent detach-
ment will give the interfacial tension.

Alternatively, the plate can be used in a static
mode, where the change in force required to keep
the plate at a constant depth is measured. This is
useful for assessing changes in surface tension with
time.

The method requires the contact angle that the
liquid makes with the plate to be zero. This can be
achieved by scrupulous cleaning and by roughening
the surface of the plate. In addition, it must be
ensured that the edge of the plate lies in a horizontal
plane.

Ring method (du Nuoy tensiometer)

This method measures the force required to detach
a platinum ring from a surface or an interface. Figure
5.5 shows the set-up for an interface. Again, the
detachment force is equal to the surface tension mul-
tiplied by the perimeter of liquid detached, hence:

F=2m(R, + R)y (5.10)

Fig. 5.4 Wilhelmy plate method.
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Fig. 5.5 Du Nuoy tensiometer being used to measure
interfacial tension.

where F is the detachment force and R, and R, are the
inner and outer radii of the ring. Again, a zero contact
angle of the liquid on the ring must be assured or the
equation will not hold. This can be achieved by careful
cleaning and flaming of the platinum loop, or by the
use of a silicone-treated ring for oils. The ring must
also lie horizontally in the surface.

As the shape of the liquid supported by the ring
during detachment is complex and hence the surface
tension forces do not act vertically, the above simple
equation is in error and correction factors must be
applied for accurate determinations.

Drop weight and drop volume methods

If the volume or weight of a drop as it is detached
from a tip of known radius is determined, the surface
or interfacial tension can be calculated from:

y = me _ oVoe
27r 2mqr

(5.11)

where m is the mass of the drop, V'is the volume of the
drop, p is the density of the liquid, r is the radius of the
tip, g is the acceleration due to gravity and ¢ is a cor-
rection factor. A typical apparatus is shown in Figure
5.6.The method is easily adapted for both surface and
interfacial tensions and is therefore popular. The cor-
rection factor is required as not all the drop leaves the
tip on detachment. The correction factors are shown
in Figure 5.7 and depend on the radius of the tip and
the drop volume. It is important that the tip is com-
pletely wetted by the liquid, and that the drop does
not ‘climb’ up the outside of the tube. The drop
should also be formed slowly, especially in the stage
immediately preceding detachment.

Capillary rise method

Although this method is used little in pharmaceuti-
cal research, it is considered to be the most accurate
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Fig. 5.6 Drop volume or drop weight method.
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Fig. 5.7 Correction factors for the drop volume or drop weight
method.

way of measuring surface tension and has been used
to establish values for many liquids. As the surface of
the liquid is undisturbed during the measurement,
time effects can be followed.

If a capillary tube is placed in a liquid, provided
the angle of contact that the liquid makes with the
capillary tube is less than 90°, the liquid will rise in
the tube to a certain height. Figure 5.8 shows a dia-
grammatic representation of this.

If the tube is small in diameter the meniscus can
be considered to be hemispherical, and the radius of
curvature will be:

7, = r,,co86 (5.12)

where r, is the radius of the capillary tube, r, is the
radius of curvature of the meniscus and 6 is the
contact angle. Hence, from the Laplace equation
(Egn 5.3) for this system:

B C 1
A D
@) (b)

Fig. 5.8 Stages in the rise of a liquid up a capillary tube.

ap =2y cost. (5.13)

t,

which is the pressure difference between atmospheric
and that immediately below the meniscus. Referring
to Figure 5.8, the pressure at point B is atmospheric,
whereas that at point A is less by an amount given by
Eqgn 5.4. At point C the pressure is atmospheric, as it
also is at point D, as the liquid here is effectively flat,
i.e. the radius of curvature of the meniscus is large.
The pressure difference between D and A causes the
liquid to rise in the capillary tube until the difference
is balanced by the hydrostatic pressure of the column
of liquid. At this equilibrium point:

2y cos@ _

h(PL - Pv)g (5.19)

%

Where p; — py is the density difference between the
liquid and its vapour, g is the acceleration due to
gravity and % is the height of the liquid in the capillary
tube.

As contact angles are difficult to reproduce, exper-
iments are always run at 8 = 0, (cos # = 1), achieved
by careful cleaning. Hence the equation reduces to:

rhpL — py) (5.15)
= g
2
The capillaries used must be circular in cross-section
and of uniform bore. As with all methods of measur-
ing surface and interfacial tension, cleanliness at all
stages of the experiment is vital and adequate tem-

perature control must be ensured.

Solid/vapour and solid/liquid systems

Liquid surfaces and interfaces are open to direct,
simple experimental procedures for determining
surface and interfacial tensions. Methods for deter-
mining similar parameters for solids are indirect and
difficult. The system of most interest pharmaceutically
is the behaviour of a liquid in contact with a solid.
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Contact angle

If a drop of liquid is placed on a flat, smooth, hori-
zontal solid surface it may spread completely, but is
more likely to form a drop. This drop will exhibit a
definite angle against the solid, known as the contact
angle (Fig. 5.9). By equating the horizontal compo-
nent of the various interfacial tensions, the following
equation (Young’s equation) is derived:

(5.16)

The work of adhesion between the solid and the
liquid is given by the appropriate form of the Dupre
equation (Eqn 5.7):

Ysv = Ysi t Yuvcost

Wsr = vsv + vov ~ ¥sn (5.17)

Combining this with Eqn 5.16 gives the following:

Wer = vv(1 + cos) (5.18)

This means that the work of adhesion between the
solid and the liquid can be determined in terms of
measurable quantities.

In a similar manner to liquids, a spreading
coefficient (S) for a liquid on a solid may be defined
as:

S =y (cosf-1) (5.19)

which will give a measure of how well a liquid will
spread on a solid. If a liquid is penetrating into a cap-
illary, for example the pores in a powder bed or a
tablet, the value of interest is the adhesion tension
(4AT), given by:

AT = y ycost (5.20)

As v is always positive, the spontaneity of these
processes will be controlled by cosf. For example,
for penetration into capillaries under no extra
applied pressure the adhesion tension must be posi-

Yuv
Ysiv Air
YsiL Solid
Yuv
o Air
Ysiv YsiL Solid

Fig. 5.9 Contact angles of liquids on solids
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tive, hence cosf must be positive, i.e. the contact
angle, 6, must be less than 90°.

The determination of contact angles for materials
that are available as flat smooth solid surfaces is rel-
atively straightforward. A drop of liquid is placed on
the surface and the angle it makes with the surface
can be measured directly by magnifying the drop in
some way. Unfortunately, most materials of pharma-
ceutical interest are powders, and direct measure-
ment on individual particles is not usually possible.
Direct measurement can be achieved by compress-
ing the powder into a compact. The problem here is
that the application of high pressure may change the
characteristics of the particles and alter the contact
angle. Figure 5.10 shows this has occurred with
amylobarbitone, the measured contact angle chang-
ing as the pressure is increased. The #—¢ method also
uses a compact, but prepared at a lower pressure and
saturated with the test liquid. A liquid drop is then
formed on the surface of this saturated compact and
the maximum height of this drop is related to the
contact angle.

Another method that uses a compact is dynamic
contact angle analysis. Here the powder is com-
pressed into a thin rectangular plate and the method
used is the same as the Wilhelmy plate method for
measuring surface tension. The liquid forms a
contact angle with the plate, as shown in Figure 5.11.
The contact angle is given by:

F
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Fig. 5.10 Changes in the contact angle of amylobarbitone with
the pressure used to form the compact (from Buckton et al.
Powder Technology 1986; 46: 201-208, with permission from
Elsevier Science).
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__ Compressed
~ plate
2 Liquid

Fig. 5.11 Measurement of contact angles using dynamic
contact angle analysis.

Compare this to the determination of surface
tension by the Wilhelmy plate.

"To measure the contact angle of a powder without
compaction, the Washburn method can be used.
Here, a powder bed is formed in a tube fitted with a
sintered glass filter at the base. The base of the tube
is immersed in liquid and the liquid will penetrate
into the capillaries between the powder particles as
shown earlier, in Figure 5.8. The rate of penetration
is measured and, if the capillaries in the powder bed
are regarded as being a bundle of capillary tubes, the
rate of penetration is given by:

L_z_ cosfr

(5.22)
t Y 27

where L is the length penetrated in time z, r is the
radius of the capillaries, 7 is the liquid viscosity and
v and 6 are the surface tension and the contact angle
of the liquid, respectively.

L?/r is measured in the experiment, the liquid
characteristics 7 and vy are known or can be easily
measured; the problem is in determining r. This can
be solved by measuring the rate of penetration, L/,
into the powder in an identical state of packing,
using a liquid that has a zero contact angle against
the powder. Substituting this into Eqn 5.22 gives a
value for » which can then be used in the equation to
determine the required value of 6.

Examples illustrating the range of contact angle
values found for pharmaceutical powders are given
in Table 5.2.

Pharmaceutical applications

Many pharmaceutical processes involve interactions
at the interfaces described. The preparation of emul-
sions and suspensions, described in Chapters 6 and
23, involves interactions at the liquid/liquid and
liquid/solid interfaces, respectively. Interactions
between a liquid and a solid are particularly

Table 5.2 The contact angles of some pharmaceutical
solids against their saturated aqueous solutions

Material Contact angle (°)
Acetylsalicylic acid 74
Amylobarbitone 102
Diazepam 83
Lactose 30
Magnesium stearate 121
Paracetamol 59
Digoxin 49
| Ampicillin 35
Indomethacin 90
Sulphanilamide 64

common. Granulation, prior to tabletting, involves
the mixing of a powder with a liquid binder and the
success of the process will, in part, depend on the
spreading of the liquid over the solid. A rational
approach to the selection of a granulating agent,
based on the measurement of spreading coefficients
and other surface properties, has been described by
Rowe (1989). Similarly, film coating requires the
spread of liquid over a tablet surface. The successful
dissolution of a tablet or capsule necessitates pene-
tration of the liquid into the pores of the dosage form.
In all these examples the contact angle and the
surface tension of the liquid are important. Surface-
active agents are commonly employed in formulation
as they reduce the contact angle and hence aid in the
wetting of a solid by reducing 7y ~, and also absorb-
ing at the solid/liquid interface and reducing gy

ADSORPTION

Liquid/vapour and liquid/liquid systems

Surface-active agents

Many compounds have structures that contain two
separate regions, a hydrophilic (water-liking) region
which confers on the compound a solubility in
water, and a hydrophobic (water-hating) region
which renders the material soluble in hydrocarbon
solvents. Because of this dual structure, it is energet-
ically favourable for these materials, when dissolved,
to adsorb at interfaces, orientating themselves in
such a manner that the regions are associated with
the appropriate solvent or air. Such materials are
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termed surface-active agents (or surfactants). Details
of their structures and properties are given in
Chapters 6 and 23.

Pure liquid surfaces have a tendency to contract as
a result of surface tension forces. The packing of the
surface with surface-active molecules favours expan-
sion of the surface. The surface-active molecules
reduce the surface tension of the liquid by an
amount equal to the expanding (or surface) pres-
sure. Surfactants will lower surface tension to differ-
ent degrees. An approximation, Traube’s rule, states
that for a particular homologous series of surfactants
in dilute solution, the concentration necessary to
produce an equal lowering of surface tension
decreases by a factor of three for each additional
CH, group. The formation of the adsorbed surface
layer will not be instantaneous, but will be governed
by the diffusion of the surfactant to the interface.
The time taken to reach equilibrium will depend on
factors such as molecular size, shape and the pres-
ence of impurities. For immiscible liquids, the reduc-
tion in interfacial tension may be such that
emulsification takes place readily. Detailed aspects of
this are dealt with in Chapter 6.

In certain cases a ‘negative adsorption’ may occur,
i.e. the solute molecules migrate away from the
surface. In these cases, examples of which are solu-
tions of sugars and electrolytes, small increases in
surface tension are observed.

Surface excess concentration

The extent of the distribution of a solute between an
interface and the bulk phase is generally expressed
in terms of a surface excess, ». This is the amount
of a material present at the interface in excess
of that which would have been there if the bulk
phase extended to the interface without a change in
composition.

The surface excess concentration, I, is n/4 where
A is the area of the interface.

The adsorption of material at any interface is given
by the Gibbs adsorption equation. Its general form is:

dy = - 3Tidu, (5.23)

where d is the change in interfacial tension, I' is the
surface excess concentration of the ith component
and ; is the chemical potential of the ith component.

In the specific case of a solute partitioning
between the surface and the bulk of a liquid, the
equation becomes:
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where C is the overall solute concentration, R is the
gas constant, I is the absolute temperature and
dy4/dC is the change of surface tension with concen-
tration. The above is applicable to dilute solutions. For
concentrated solutions, activities must be substituted
for concentration. Equation 5.24 has been verified
experimentally by direct measurement of surface con-
centrations after removal of the surface layer with a
microtome blade. The equation enables calculation of
the surface excess from surface tension data.

As the concentration of a surface-active agent in
aqueous solution is increased, the surface layer will
eventually become saturated. Figure 5.12 shows a
typical plot of surface tension against concentration.
When the surface layer is saturated, further increases
in concentration can no longer change the surface
tension and the surfactant molecules form micelles
(small aggregates of molecules) as an alternative
means of ‘protecting’ the hydrophobic regions.
Details of these are given in Chapter 6.

The discontinuity of the plot in Figure 5.12 is
called the critical micelle concentration. Immediately
before this the surfactant molecules are closely packed
at the surface, and this gives a method of determining
the surface area occupied by each molecule, 4, from:

A= NIF
A
Where N, is the Avogadro constant and I is the
surface excess concentration calculated from the
slope of the plot dvy; /d log C immediately before the
critical micelle concentration (remember that I'is a
concentration expressed in terms of surface area).
Because of their structures many drugs are surface
active in nature, and this activity may play a part in
their pharmacological effects. Examples are some

(5.25)

Surface tension

Concentration

Fig.5.12 The relationship between surface tension and
concentration for a typical surfactant.
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antihistamines, the phenothiazine tranquillizers and
antidepressants.

Monomolecular films (monolayers)

Certain insoluble materials can, when dissolved in a
suitable volatile solvent, be made to spread on the
surface of water to form a film one molecule thick.
This may be regarded as an extreme case of adsorp-
tion, as all the molecules are at the surface. Surface
excess concentrations can be calculated directly from
a knowledge of the amount of material and the surface
area. The monolayer will reduce the surface tension of
the water by an amount equal to the surface pressure.
The surface pressure, which is the expanding pressure
due to the monolayer opposing the contracting
tension of the water, can be measured directly by
enclosing the film between moveable barriers.

T=Y = Ym (526)

where 1 is the surface pressure, 7, is the surface
tension of the ‘clean’ liquid and v, the surface
tension of the liquid covered with a monolayer.

Monolayers exist in different physical states which
are in some ways analogous to the three states of
matter: solid, liquid and gas. Pharmaceutically,
monolayers have been used to study polymers which
are used for film coating and packaging, and as
models for cell membranes.

Solid/vapour systems

Although adsorption in solid/liquid systems is of
more interest pharmaceutically, the interpretation of
results is often achieved using equations developed
for solid/vapour systems. This system will therefore
be described first.

If a gas or vapour is brought into contact with a
solid, some of it will become attached to the surface.
This reduces the imbalance of attractive forces and
hence the surface free energy. Adsorption here must
be distinguished from absorption, where penetration
into the solid may take place. In some cases it may

be impossible to distinguish between the two. Here
the general term sorption is used. Adsorption may be
by relatively weak non-specific forces (van der Waals
forces), this being termed physical adsorption.
Alternatively, the adsorption may be by stronger
specific valence forces — chemisorption. Physical
absorption is rapid and reversible, and multilayer
adsorption is possible. Chemisorption is specific,
may require an activation energy, and therefore be
slow and not readily reversible. Only monomolecular
chemisorbed layers are possible.

Adsorption studies using gases or vapour gener-
ally involve the determination of the amount of gas
or vapour adsorbed, x, by a given mass, m, of the
adsorbent at constant temperature. Determinations
are carried out at different equilibrium pressures p,
(the pressure attained after adsorption has taken
place) to yield an adsorption isotherm. When
vapours are used the results are generally expressed
in terms of a relative vapour pressure p/p, where p,
is the saturated vapour pressure. Prior to the studies
the solid adsorbent must have any adsorbed mater-
ial removed by placing it under vacuum or heating.

The isotherms obtained can generally be classified
into five types, shown in Figure 5.13.Type I isotherms
exhibit a rapid rise in adsorption up to a limiting
value. They are referred to as Langmuir-type
isotherms and are due to the adsorption being
restricted to a monolayer. Hence adsorption of the
chemisorption type will give this type of curve. Type II
isotherms represent multilayer physical adsorption on
non-porous materials. Types III andV occur when the
adsorption in the first layer is weak, and are rare. Type
IV is considered to be due to condensation of vapour
in fine capillaries within a porous solid. There have
been many attempts to develop equations to fit the
experimentally observed isotherm. Among the most
widely used expressions are the following.

Langmuir adsorption isotherm

The equation was derived by assuming that only
monolayer coverage was possible, and so it is only

~ LS

2

v \'

Fig. 5.13 Classification of isotherms for the adsorption of vapours by solids. Ordinates x/m, abscissae p/p,.
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applicable to type I isotherms. The equation is use-
fully written as:

PRLANE P (5.27)
X

b ab
where p, m and x are as defined previously and b and
a are constants, b being the amount of gas required
to produce a monolayer over the whole surface of
the absorbent. Hence plotting pmi/x against p should
give a straight line with a slope 1/ and intercept
1/ab.

Freundlich adsorption isotherm
This is given as:

x
Al Iin

—=kp (5.28)
where n and k are constants for a particular system.
Plots of log x/m against log p should therefore give
straight lines. The equation does not predict a limit-

ing value as does the Langmuir equation.

Brunauer, Emmett and Teller (BET) equation

This equation takes into account multilayer adsorp-
tion and so describes type II isotherms. It is usually
written in the form:

c—1 p

_p _ 1 1 2?2

V(oe-7) Vae Vae 2 OO
Where p, is the saturation vapour pressure, V is the
equilibrium volume of gas adsorbed per unit mass
of adsorbent, V7, is the volume of gas required to
cover unit mass of adsorbent with monolayer, and ¢
is a constant. The equation reduces to the
Langmuir equation if adsorption is restricted to
monolayer formation.

One direct practical application of the adsorption
of gases of pharmaceutical interest is the determina-
tion of the surface area of powders. If the isotherm is
determined and the point of monolayer formation
identified, a knowledge of the surface area of the
adsorbing species will give a value for the surface
area of the powder.

Solid/liquid systems

The adsorption of most interest is that of a solute, in
solution, on to a solid. The equations most widely
used to interpret the data are those of Langmuir and
Freundlich. The pressure terms are replaced by
concentration terms, hence the Langmuir equation
becomes:
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x _ abC

m  1+bC

where x is the amount of solute adsorbed by a
weight, m, of adsorbent, C is the concentration of the
solution at equilibrium, and & and a are constants.

(5.30)

Adsorption from solution

Several factors will affect the extent of adsorption
from solution. These include the following.

Solute concentration An increase in the concentra-
tion of the solute will cause an increase in the
amount of absorption that occurs at equilibrium
until a limiting value is reached. It should be noted
that for most cases of adsorption from solution, the
relative amount of solute removed is greater in dilute
solutions.

Temperature Adsorption is generally exothermic,
and hence an increase in temperature leads to a
decrease in adsorption.

pH 'The influence of pH is usually through a
change in the ionization of the solute and the
influence will depend on which species is more
strongly adsorbed.

Surface area of adsorbent An increased surface
area, achieved by a reduction in particle size or the
use of a porous material, will increase the extent of
adsorption.

Pharmaceutical applications of adsorption from
solution

The phenomenon of adsorption from solution finds
practical application of pharmaceutical interest in
chromatographic techniques and in the removal of
unwanted materials. In addition, adsorption may
give rise to certain formulation problems.

The role of adsorption in chromatography is
outside the scope of this book. Materials such as
activated charcoal can be given in cases of orally
taken poisons to adsorb the toxic materials. In addi-
tion, adsorbents may be used in haemodialysis to
remove the products of dialysis from the dialysing
solution, allowing the solution to be recycled.
Adsorption may cause problems in formulation
where drugs or other materials such as preservatives
are adsorbed by containers, thereby reducing the
effective concentration In addition, certain addi-
tives, such as the parabens, may be adsorbed on to
the solid material present in a suspension, leading to
a loss in antimicrobial activity (Allwood 1982).
Glyceryl trinitrate is a volatile solid given in the
form of tablets. The vapour may be sorbed by the
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container, leading to further volatilization and loss
of potency. The adsorption of insulin on to intra-
venous administration sets has been reported, as has
the sorption of phenylmercuric acetate, used as a
preservative in eye drops, on to polyethylene con-
tainers (Aspinall et al 1980).
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Table 1.3 Properties of drug substances important in dosage form design and potential stresses occurring during I

processes, with range of manufacturing procedures

Properlies Processing stresses
Particle size, surface area Pressure

Solubility Mechanical
Dissolution Radiation

Partition coefficient
lonization constant

Crystal properties, polymorphism Temperature

Stability
Organoleptic
(Other properties)

optimal particle size of 150 pm reduces gastrointesti-
nal distress while still permitting sufficient urinary
excretion of this urinary antibacterial agent.

Rates of drug dissolution can be adversely
affected, however, by unsuitable choice of formula-
tion additives, even though solids of appropriate par-
ticle size are used. Tableting lubricant powders, for
example, can impart hydrophobicity to a formula-
tion 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 polymorphic and surface
energy changes which cause reduced chemical sta-
bility. Drug particle size also influences content uni-
formity 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 proper-
ties and particle interactions), inhalation aerosols
(for optimal penetration of drug particles to absorb-
ing mucosa) and topical formulations (for freedom
from grittiness).

Solubility

All drugs, by whatever route they are administered,
must exhibit at least limited aqueous solubility for
therapeutic efficiency. Thus relatively insoluble com-

Exposure to liquids
Exposure to gases and liquid vapours

Manufacturing procedures

Precipitation
Filtration
Emuilsification
Milling

Mixing
Granulation
Drying
Compression
Autoclaving
Crystallization
Handling
Storage
Transport

pounds can exhibit erratic or incomplete absorption,
and it might be appropriate to use more soluble salt or
other chemical derivatives. Alternatively, micronizing,
complexation or solid dispersion techniques might be
employed. Solubility, and especially degree of satura-
tion in the vehicle, can also be important in the
absorption of drugs already in solution in liquid
dosage forms, as precipitation in the gastrointestinal
tract can occur and bioavailability be modified.

The solubilities of acidic or basic compounds are
pH dependent and can be altered by forming salt
forms with different salts exhibiting different equi-
librium solubilities. However, the solubility of a salt
of a strong acid is less affected by changes in pH
than is 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 ion effect. If one of the ions involved is
added as a different, more water-soluble salt, the sol-
ubility product can be exceeded and a portion of the
drug precipitates.

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 particles are
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DISPERSE SYSTEMS

A disperse system consists essentially of one compo-
nent, the disperse phase, dispersed as particles or
droplets throughout another component, the contin-
uous phase. By definition, dispersions in which the
size of the dispersed particles is within the range
10°m (1 nm) to about 10° m (1 pm) are termed col-
loidal. However, the upper size limit is often extended
to include emulsions and suspensions, which are very
polydisperse systems in which the droplet size fre-
quently exceeds 1 um but which show many of the
properties of colloidal systems. Some examples of col-
loidal systems of pharmaceutical interest are shown in
Table 6.1. Many natural systems, such as suspensions
of microorganisms, blood and isolated cells in culture,
are also colloidal dispersions. In this chapter we will
examine the properties of both coarse dispersions,
such as emulsions, suspensions and aerosols, and fine
dispersions, such as micellar systems, which fall within
the defined size range of true colloidal dispersions.
Colloids can be broadly classified as those that are
Iyophobic (solvent-hating) and those that are
Iyophilic (solvent-liking). When the solvent is water
the terms Aydrophobic and hydrophilic are used.
Surfactant molecules tend to associate in water into
aggregates called micelles, and these constitute
hydrophilic colloidal dispersions. Proteins and gums

Table 6.1 Types of disperse systems

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 in oil
are examples of lyophobic dispersions.

It is because of the subdivision of matter in colloidal
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 consequence
there is a tendency for the particles to associate to
reduce their surface area. Emulsion droplets, for
example, eventually coalesce to form a macrophase,
thereby attaining a minimum surface area and hence
an equilibrium state. In this chapter we will examine
how the stability of colloidal dispersions can be under-
stood by a consideration of the forces acting between
the dispersed particles. Approaches to the formulation
of emulsions, suspensions and aerosols will be
described and the instability of these coarse disper-
sions will be discussed using a theory of colloid stabil-
ity. The association of surface-active agents into
micelles and the applications of these colloidal disper-
sions in the solubilization of poorly water-soluble
drugs will also be considered.

COLLOIDS

Dispersed Dispersion Name Examples
| phase medium
Liquid Gas Liquid Fogs, mists,
aerosol aerosols
Solid Gas Solid Smoke, powder
aerosol aerosols
Gas Liquid Foam Foam on
surfactant
solutions
Liguid Liquid Emulsion Milk,
pharmaceutical
emulsions
| Solid Liquid Sol, Silver iodide sol.
suspension  aluminium
hydroxide
| suspension
Gas Solid Solid foam  Expanded
polystyrene
Liquid Solid Solid Liquids dispersed
emulsion in soft paraffin,
opals, pearls
Solid Solid Solid Pigmented
suspension  plastics, colloidal

gold in glass, ruby
glass

Preparation and purification 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.

Lyophobic colloids

The preparative methods for lyophobic colloids may
be divided into those methods that involve the break-
down of larger particles into particles of colloidal
dimensions (dispersion methods) and those in which
the colloidal particles are formed by the aggregation
of smaller particles such as molecules (condensation
methods).

Dispersion methods The breakdown of coarse
material may be effected by the use of a colloid mill
or ultrasonics.
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Colioid mulls These 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 trearment The passage of ultrasonic
waves through a dispersion medium produces alter-
nating 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 is added.

Condensarion methods These involve the rapid
production of supersaturated solutions of the col-
loidal material under conditions in which it is
deposited in the dispersion medium as colloidal par-
ticles 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 iodide may be obtained by
reacting together dilute solutions of silver nitrate and
potassium iodide; colloidal sulphur is produced from
sodium thiosulphate and hydrochloric acid solu-

_tions; .and ferric chloride boiled with an excess of
water-produces colloidal hydrated ferric oxide.

A change of solvent may also cduse 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.

Dialysis

Colloidal particles are not retained by conventional
filter papers but are too large to diffuse through the
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 particles in solu-
tion are able to pass through these membranes. Use
is made of this difference in diffusibility to separate
micromolecular impurities from colloidal disper-
sions. The process is known as dialysis. The process
of dialysis may be hastened by stirring, so as to main-
tain a high concentration gradient of diffusible mol-
ecules across the membrane and by renewing the
outer liquid from time to time.

Ulrrafiltration By applying pressure (or suction)
the solvent and small particles may be forced across
a membrane but the larger colloidal particles are
retained. This process is referred to as ultrafiltration.
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It is possible to prepare membrane filters with a
known pore size, and the use of these allows the par-
ticle size of a colloid to be determined. However,
particle size and pore size cannot be properly corre-
lated because the membrane permeability is affected
by factors such as electrical repulsion, when both the
membrane and the 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 ionic 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.

Pharmaceutical applications of dialysis Dialysis is
the basis of a method — haemodialysis — whereby
small molecular weight impurities from the body are
removed by passage through a membrane. Other
applications involving dialysis include the use of
membranes for filtration, and as models for the dif-
fusion of drugs through natural membranes.

Properties of colloids

Size and shape of colloidal particles

Size distriburion ' Within the size range of colloidal
dimensions specified above there is often a wide dis-
tribution of sizes of the dispersed colloidal particles.
The molecular weight or particle size is therefore an
average value, the magnitude of which is dependent
on the experimental technique used in its measure-
ment. When determined by the measurement of col-
ligative properties such as osmotic pressure a
number average value, M,, is obtained, which in a
mixture containing #,, #,, 73, ... moles of particle of
mass M, M,, M, ..., respectively, is defined by:

_nM +nM, + M+ InM,

M
notn,tn, . 2n

n

(6.1)
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 par-
ticles is important, giving a weight average value,
M, defined by:

_mM, +mM, +m M, +...  InM?

m o, +my InM

6.2)

M w
In Eqn 6.2 m,, m,, and m; ... are the masses of each
species, and m; is obtained by multiplying the mass of
each species by the number of particles of that species,
that is, m; = mM,. A consequence is that M, > M, and
only when the system is monodisperse will the two
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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 ecllipsoidal
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 (Fig. 6.1). Where this
ratio is greater than unity, the ellipsoid is said to be a
prolate (rugby ball-shaped) ellipsoid, and when less
than unity an oblate (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

This section considers several properties of colloidal
systems that relate to the motion of particles with
respect to the dispersion medium. Thermal motion
manifests itself in the form of Brownian motion, dif-
fusion 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 weight 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 um diameter) are
observed under a microscope or the light scattered
by colloidal particles is viewed using an ultramicro-
scope, an erratic motion is 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
in 1827.

Diffusion As a result of Brownian motion colloidal
particles spontaneously diffuse from a region of higher

> .
b N

b
Prolate Oblate

Fig. 6.1 Model representation of ellipsoids of revolution.

concentration to one of lower concentration. The rate
of diffusion is expressed by Fick’s first law:

dm __pa9C
dr dx

where dm is the mass of substance diffusing in time
dr across an area A 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:

(6.3)

Df = kgT (6.4)

where kg is the Boltzmann constant and 7 is tem-
perature.

Therefore, as the frictional coefficient is given by
the Stokes equation:

f=6mma (6.5)

where 71 is the viscosity of the medium and a the
radius of the particle, (assuming sphericity), then

D = kT/67ma = RT/67nalN, (6.6)

where N, is the Avogadro number and R is the uni-
versal gas constant. The diffusion coefficient may be
obtained by an experiment measuring the change in
concentration, via refractive index gradients, when
the solvent is 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 fre-
quency 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 mole-
cular weight of an approximately spherical particle,
such as egg albumin and haemoglobin, by using Eqn
6.6 in the form

po_RT_j4nN,
67N, Y 3Mv

where M is the molecular weight and ¢ 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 n. The velocity v of sedimentation is
given by Stokes’ law:

6.7

v = 2a%g(0- p)/97 (6.8)

where g is acceleration due to gravity.
If the particles are subjected only to the force of
gravity, then as a result of Brownian motion, the
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lower size limit of particles obeying Eqn 6.8 is 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, g is replaced by w?x, where w is
the angular velocity and x the distance of the particle
from the centre of rotation, and Eqn 6.8 becomes:
2a2g(0 - p) w’x
o
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
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/de)/ w?x

v (6.9)

(6.10)

Under the influence of the centrifugal force particles
pass from position x; at time z; to position x, at time
t,: the differences in concentration with time can be
measured using changes in refractive index and the
application of the schlieren optical arrangement,
whereby photographs can be taken showing these
concentrations as peaks. Integration of Eqn 6.10
using the above limits gives:

Inx, /x,
w?(z, - 1,)
By suitable manipulation of Eqns 6.9, 6.10 and 6.11

an expression giving molecular weight M can be
obtained:

(6.11)

s =

RTs RTInx, /x
M= — = — 7 (6.12)
D(l - vp) D(l - vp)(z2 —t)w
where 7 is the specific volume of the particle.
Sedimentation equilibrium Equilibrium is estab-
lished when sedimentation and diffusional forces
balance. Sedimentation and diffusion equations are
combined in the analysis, giving:
M= 2RTInG, /C, (6.13)
wz(l - z7p)(x§ - xf)
where C; and C, are the sedimentation equilibrium
concentrations at distances x; and x, from the axis of
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rotation. A disadvantage of the sedimentation equilib-
rium method is the length of time required to attain
equilibrium, often as long as several days. A
modification of the method in which measurements
are made in the early stages of the approach to equi-
librium significantly reduces the overall measurement
time.

Osmotic pressure The determination of molecular
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 depres-
sion of freezing point of a 1% w/v solution of a
macromolecule of molecular weight 70 kDa 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 N m=2, or
about 35 mmH,0O. Not only does the osmotic pres-
sure provide an effect that is measurable, but also the
effect of any low molecular weight material that can
pass through the membrane is virtually eliminated.

However, the usefulness of osmotic pressure mea-
surement is limited to a molecular weight range of
about 10%-10%; below 10* the membrane may be per-
meable to the molecules under consideration and
above 10° the osmotic pressure will be too small to
permit accurate measurement.

If a solution and a 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 diffusion
of solvent across the membrane. The pressure neces-
sary to balance this osmotic flow is termed the
osmotic pressure.

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

7/C = RT/M + BC (6.14)

where C is 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 #/C versus C is linear, with the value
of the intercept as C — 0 giving RT/M, enabling the
molecular weight of the colloid to be calculated. 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 measure-
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ments 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
correct for this effect or to eliminate it, the results of
osmotic pressure measurements on charged colloidal
particles such as proteins will be invalid.

Viscosizy  Viscosity is an expression of the resis-
tance 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=1, (1 +2.5¢) (6.15)

where 7, is the viscosity of the dispersion medium
and m 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 Eqn 6.15. These include relative
viscosity:

M =M, =1+25¢ (6.16)
and specific viscosity:
N =WN—-1=(n-1)1n,=25¢
or
N/ @ = 2.5 (6.17)

Because volume fraction is directly related to con-
centration, Eqn 6.17 may be written as:

7,,/C = K (6.18)

where C is the concentration expressed as grams of
colloidal particles per 100 ml of total dispersion. If 1
is determined for a number of concentrations of
macromolecular material in solution and 7,/C is
plotted versus C, then the intercept obtained on
extrapolation of the linear plot to infinite dilution is
known as the intrinsic viscosity [7].

This constant may be used to calculate the mole-
cular weight of the macromolecular material by
making use of the Mark-Houwink equation:

[n] = KM= (6.19)

where K and « are constants characteristic of the
particular polymer—solvent system. These constants
are obtained initially by determining [7n] for a
polymer fraction whose molecular weight has been
determined by another method, such as sedimenta-
tion, osmotic pressure or light scattering. The mole-
cular weight of the unknown polymer fraction may

then be calculated. This method is suitable for use
with polymers such as the dextrans used as blood
plasma substitutes.

Optical properties

Light scattering When a beam of light is passed
through a colloidal sol some of the light may be
absorbed (when light of certain wavelengths is selec-
tively absorbed a colour is produced), some is scat-
tered and the remainder is transmitted undisturbed
through the sample. Because of the scattered light the
sol appears turbid: this is known as the Tyndall effect.
The turbidity of a sol is given by the expression:

I=1 exp™ (6.20)

where I is the intensity of the incident beam, I 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.
Measurements are simple in principle but experi-
mentally 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 calculated from the
intensity of the scattered light, provided the dimen-
sions of the particle are small compared to the wave-
length of the incident light, by the expression:

S L 6.21)

Ry, is given by Ir?%/I, known as the Rayleigh ratio
after Lord Rayleigh, who laid the foundations of the
light-scattering theory in 1871. I, is the intensity of
the scattered light and I, that of the incident light; r
is the distance from the scattering particle to the
point of observation. The light-scattering theory was
modified for use in the determination of the molec-
ular weight of colloidal particles by Debye in 1947,
who derived the following relationship between tur-

bidity and molecular weight:
HC/T=1/M + 2BC (6.22)

where C is the concentration of the solute and B an
interaction constant allowing for non-ideality. H is
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an optical constant for a particular system, depend-
ing on the refractive index change with concentra-
tion 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/7 axis is 1/M,
allowing the molecular weight to be calculated. The
molecular weight derived by the light-scattering
technique is 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 diameter of approximately
1/20th of the wavelength A of the incident light, that
is, about 20-25 nm. The light-scattering theory
becomes more complex when one or more dimen-
sions exceeds A/20, because the particles 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 scattering angle 0
and the concentration C, and extrapolating the data
to zero angle and zero concentration, it is possible to
obtain information not only on the molecular weight
but also on the particle shape.

Because the intensity of the scattered light is
inversely proportional to 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 is why the sky appears to be blue, the scatter-
ing arising from dust particles in the atmosphere.

Ultramicroscopy Colloidal particles are too small
to be seen with an optical microscope. Light scatter-
ing is made use of in the ultramicroscope first devel-
oped 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 par-
ticles, which exhibit Brownian motion, appear as
spots of light against the dark background. The ultra-
microscope is used in the technique of microelec-
trophoresis for measuring particle charge.

Electron mucroscopy The electron microscope,
capable of giving actual pictures of the particles, is
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 can be 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 radiation
source, gives a d of about 0.2 um. The radiation
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source of the clectron microscope is a beam of high-
energy electrons having wavelengths in the region of
0.01 nm, d is thus about 0.5 nm. The electron beams
are focused using electromagnets and the whole
system is under a high vacuum of about 10->-10-% Pa
to give the electrons a free path. With wavelengths of
the order indicated the image cannot be viewed
directly, so use is made of a fluorescent screen.

One big 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 configuration in
solution, and moreover, the particles may be affected
by sample preparation. A recent development that
overcomes these problems is environmental scanning
electron microscopy (ESSEM), 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.

Ion dissolution Ionic 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 [I7] will carry a negative charge, but
the charge will be positive if excess [Ag*] is present.
Because 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 such as magnesium and alu-
minium hydroxides.

Ionization Here the charge is controlled by the
ionization of surface groupings; examples include
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 -COQO- and NH;* ions. The ionization
of these groups and hence the net molecular charge
depends on the pH of the system. At a pH below the
pK, of the COQO- group the protein 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,;
whereas at higher pH, where the amino group is no
longer ionized, the net charge on the molecule is now
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negative because of the ionization of the carboxyl
group. At a certain definite pH, specific for each indi-
vidual 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 zwitte-
rion. This may be represented as follows:

R—NH, —COO-
T
R—NH,* —COO-

Alkaline solution

Isoelectric point
(zwitterion)

\

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
sulphate. Thus insulin may be precipitated from
aqueous alcohol at pH 5.2.

Erythrocytes and bacteria usually acquire their
charge by ionization of surface chemical groups such
as sialic acid.

Ion 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 a 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 contain-
ing 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 distrib-
ution of the ions will also be affected by thermal agi-
tation, 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-ions (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 that occur in the local-
ity of the charged surface. For a fuller explanation of
what is a rather complicated mathematical approach
the reader is referred to a textbook of colloid science
(e.g. Shaw 1992). A somewhat simplified picture of
what pertains from the theories of Gouy, Chapman
and Stern follows.

The double layer is divided into two parts
(Fig. 6.2(a)), the inner, which may include adsorbed
ions, 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
held at the surface by electrostatic attraction, and the
centre of these hydrated ions forms the Stern plane.

The potential changes linearly from ¢, (the
surface potential) to ;5 (the Stern potential) in the
Stern layer and decays exponentially from ;5 to zero
in the diffuse double layer (Fig. 6.2(b)). A plane of
shear is also indicated in Figure 6.2 (a) and (b). 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 magni-
tude 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 it was stated that the Stern
plane existed at a hydrated ion radius from the par-
ticle surface; the hydrated ions are electrostatically
attracted to the particle surface. It is possible for
ions/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 in the 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 ¢, and ¢; to
have opposite signs as in Figure 6.3(a), or for s to
have the same sign as ¢, but be greater in magnitude,
as in Figure 6.3(b).

Figure 6.2(b) shows an exponential decay of the
potential to zero with distance from the Stern plane.
The distance over which this occurs is 1/«, referred
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Fig. 6.3 Changes in 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 ¥;, due to adsorption of surface-active co-ions.

to as the Debye—Huckel length parameter, or the
thickness of the electrical double layer. The parame-
ter « is dependent on the electrolyte concentration of
the aqueous medium. Increasing the electrolyte con-
centration increases the value of x and consequently
decreases the value of 1/k, that is, it compresses the
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doubile layer. As ¢ 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
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reduced by additives to the aqueous system in either
(or both) of two different ways.

Electrokinetic phemomena 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: electrophoresis,
sedimentation potential, streaming potential and
electro-osmosis, all of which 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 particle
(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 is observed with a microscope, or the move-
ment of light spots scattered by particles too small to
be observed with the microscope is observed using an
ultramicroscope, this constitutes microelectrophoresis.

A microscope equipped with an eyepiece graticule
is used and the speed of movement of the particle
under the influence of a known electric field is mea-
sured. This is the electrophoretic velocity, v, and the
electrophoretic mobility, #, is given by:

u=vE (6.23)

where v is measured in m s, and E, the applied field
strength, inV m™1, so that « has the dimensions of m?2
s~ V1. Typically a stable lyophobic colloidal particle
may have an electrophoretic mobility of 4 x 108 m?
s1 V-1, The equation used to convert the elec-
trophoretic mobility, %, into the zeta potential
depends on the value of ka (kx is the Debye—Huckel
reciprocal length parameter described previously
and a the particle radius). For values of ka >100 (as
is the case for particles of radius 1 um dispersed in
10> mol dm™ sodium chloride solution) the
Smoluchowski equation can be used:

u=¢eln (6.24)

where € is the permittivity and 7 the viscosity of the
liquid used. For particles in water at 25°C, { = 12.85
% 107% u volts, so that for the mobility given above a
zeta potential of 0.0514V or 51.4 mV is obtained. For
values of ka < 100 a more complex relationship which
is a function of ka and the zeta potential is used.

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

Other electrokinetic phenomena The other electroki-
netic phenomena are as follows: sedimentation
potential, the reverse of electrophoresis, is the elec-
tric field created when particles sediment; streaming
potential, the electric field created when liquid is
made to flow along a stationary charged surface, e.g.
a glass tube or a packed powder bed; and electro-
osmosis, 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 between
the particles occur as a result of 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 must be considered in a dis-
cussion of the stability of lyophilic dispersions.
Before considering the interaction of these forces it
is necessary to define the terms aggregation, coag-
ulation and flocculation, as used in colloid science.

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 in which the particles remain a small dis-
tance apart from one another. This may be a sec-
ondary minimum phenomenon (see the DIVO
theory) or a consequence of bridging by a polymer
or polyelectrolyte, 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 is given in
Table 6.2.

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 hydrophobic sols. In what has come to be
known as the DLVO theory of colloid stability
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dissolved or solubilized by the fluids at some point
along the gastrointestinal tract, depending on the
pH-solubility profile of the drug substance.
Dissolution 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 that forms 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 dis-
solution, and the absorption process continues. If dis-
solution is fast, or the drug is delivered and remains
in solution form, the rate of absorption is primarily
dependent upon its ability to transverse the absorbing
membrane. If, however, drug dissolution is slow
owing to its physicochemical properties or formula-
tion factors, then dissolution may be the rate-limiting
step in absorption and influence drug bioavailability.
The dissolution of a drug is described in a simplified
manner by the Noyes—Whitney equation:

dm
—=kA(C,-C
de S

where dm is the dissolution rate, & is the dissolution
rate constant, A4 is the surface area of dissolving solid,
and Cg is the concentration of drug in the dissolution
medium at time z. The equation reveals that dissolu-
tion rate can be raised by increasing the surface area
(reducing particle size) of the drug, by increasing the
solubility of the drug in the diffusing layer and by
increasing k, which incorporates the drug diffusion
coefficient and diffusion layer thickness. During the
early phases of dissolution Cg > 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 % is now 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.
Particulate dissolution can also be examined where
an effort is made to control A, and formulation
effects can be studied.

Dissolution rate data, when combined with solu-
bility, partition coefficient and pK,, provide an
insight to the formulator into the potential in vivo
absorption characteristics of a drug. However, in
vitro tests only have significance when they are
related to in vivo results. Once such a relationship
has been established, in vitro dissolution tests can be
used as a predictor of in vivo behaviour. The impor-
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tance of dissolution testing has been widely recog-
nized by official compendia, as well as drug registra-
tion authorities, with the inclusion of dissolution
specifications using standardized testing procedures
for a range of preparations.

Partition coefficient and pK,

As pointed out above, for relatively insoluble com-
pounds the dissolution rate is often the rate-deter-
mining step in the overall absorption process.
Alternatively, for soluble compounds the rate of per-
meation across biological membranes is the rate-
determining step. Whereas dissolution rate can be
changed by modifying the physicochemical proper-
ties of the drug and/or by altering the formulation
composition, the permeation rate is dependent upon
the size, relative aqueous and lipid solubility and
ionic charge of drug molecules, factors that 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
coefficient, for example between oil and water, is a
measure of lipophilic character.

The majority of drugs are weak acids or bases and,
depending on their pH, exist in an ionized or union-
ized form. Membranes of absorbing mucosa are more
permeable to unionized 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 pen-
etration. Therefore, the dominating factors that
influence the absorption of weak acids and bases are
the pH at the site of absorption and the lipid solubil-
ity of the unionized species. These factors, together
with the Henderson—Hasselbalch equations for cal-
culating the proportions of ionized and unionized
species at a particular pH, constitute the pH-parti-
tion theory for drug absorption. However, these
factors do not describe completely the process of
absorption, as certain compounds with low partition
coefficients and/or which are highly ionized over the
entire physiological pH range show good bioavail-
ability, 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 com-
posed of, or containing, powders or compressed
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Table 6.2 Comparison of properties of lyophobic and lyophilic sols

Property

Effect of electrolytes

Stability

Formation of
dispersion

Viscosity

Lyophobic

Very sensitive to added electrolyte, leading to
aggregation in an irreversible manner.

Depends on:

(a) type and valency of counter ion of electrolyte,
e.g. with a negatively charged sol.

La’ > Ba®* > Na*

{b) Concentration of electrolyte. At a particular
concentration sol passes from disperse to
aggregated state.

For the electrolyte types in (a) the concentrations
are about 10, 103, 10" mol dm—3 respectively.
These generalizations, (a) and (b}, form what is
known as the Schulze-Hardy rule

Controlled by charge on particles

Dispersions usually of metals, inorganic crystals
etc., with a high interfacial surface-free energy
due to large increase in surface area on
formation. A positive AG of formation,
dispersion will never form spontaneously and is
thermodynamically unstable. Particles of sol
remain dispersed due to electrical repulsion

Sols of low viscosity, particles unsolvated and

Lyophilic

Dispersions are stable generally in the presence of
electrolytes. May be salted out by high
concentrations of very soluble electrolytes. Effect is
due to desolvation of the lyophilic molecules and
depends on the tendency of the electrolyte ions to
become hydrated. Proteins more sensitive to
electrolytes at their isoelectric points. Lyophilic
colloids when salted out may appear as amorphous
droplets known as a coacervate

Controlled by charge and solvation of parlicles

Generally proteins, macromolecules etc., which
disperse spontaneously in a solvent. Interfacial free
energy is low. There is a large increase in entropy
when rigidly held chains of a polymer in the dry state
unfold in solution. The free energy of formation is
negative, a stable thermodynamic system

Usually high at sufficiently high concentration of

usually symmetrical

they assumed that the only interactions involved are
electrical repulsion, V;, and van der Waals attraction,
Vs, and that these parameters are additive.
Therefore, the total potential energy of interaction
Vr (expressed schematically in the curve shown in
Fig. 6.4) is given by:

Vi=Vy+ Vi (6.25)

Repulsive  forces between particles Repulsion
between particles arises because of the osmotic effect
produced by the increase in the number of charged
species on overlap of the diffuse parts of the electrical
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 = 27eaw? exp [-«H] (6.26)

where € is the permittivity of the polar liquid, a the
radius of the spherical particle of surface potential
r,, x is the Debye—Huckel reciprocal length parame-
ter and H the distance between particles, An estima-
tion of the surface potential can be obtained from
zeta potential measurements. As can be seen, the
repulsion energy is an exponential function of the
distance between the particles and has a range of the
order of the thickness of the double layer.
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disperse phase a gel may be formed. Particles
solvated and usually asymmetric

Aunractive forces between particless The energy of
attracton, Vj,, 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 in 1930. For
an assembly of molecules dispersion forces are addi-
tive, summation leading to long-range attraction
between colloidal particles. As a result of the work of
de Boer and Hamaker in 1936 it can be shown that
the attractive interaction between spheres of the
same radius, a, can be approximated to:

Va=-Aal12 H 6.27)

where A is the Hamaker constant for the particular
material derived from London dispersion forces.
Equation 6.27 shows that the energy of attraction
varies as the inverse of the distance between particles.

Toral potential energy of interaction Consideration
of the curve of total potential energy of interaction
V1 versus distance between particles, H (Fig. 6.4),
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,



DISPERSE SYSTEMS

Repulsion
+ . .
Primary maximum
-
>
c
.2
=
(8]
[1]
S
@
2
i=
-
°
>
2 e \/—_—
e Distance, H,
] Secondary between
E minimum particles
1=
[
b
o]
a
«©
&
5
|_
Primary
- minimum
Attraction

Fig. 6.4 Schematic curve of total potential energy of interaction, V4, versus distance of separation, H, for two particles. V4 = Vg + V.

giving a primary maximum in the curve. If this
maximum is large compared to the thermal energy
kpT of the particles the colloidal system should be
stable, i.e. the particles should stay dispersed.
Otherwise, the interacting particles will reach the
energy depth of the primary minimum and irre-
versible aggregation, i.e. coagulation, occurs. If the
secondary minimurn is smaller than k.7 the particles
will not aggregate but will always repel one another,
but if it is significantly larger than k5T a loose assem-
blage of particles will form which can be easily redis-
persed 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 Vg, which is dependent on w, and hence the zeta
potential. In addition, it depends on electrolyte con-
centration via «, the Debye~Huckel reciprocal length
parameter. The addition of electrolyte compresses
the double layer and reduces the zeta potential: this
has the effect of lowering the primary maximum and
deepening the secondary minimum (Fig. 6.5). This
latter means that there will be an increased tendency
for particles to flocculate in the secondary minimum
and is 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 w; is reduced and hence the zeta
potential; the double layer is usually not compressed.

Stability of lyophilic systems Solutions of macro-
molecules, lyophilic colloidal sols, are stabilized by a
combination of electrical double-layer interaction
and solvation, and both of these factors must be
sufficiently weakened before attraction predominates
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 that cause hydrophobic
sols to coagulate; however, when the concentration
of electrolyte is high, particularly with an electrolyte
whose ions become strongly hydrated, the colloidal
material loses its water of solvation to these ions and
coagulates, i.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 coagula-~
tion and precipitation. The components of a mixture of
hydrophilic colloids can therefore be separated by a
process of fractional precipitation, which involves the
‘salting out’ of the various components at different
concentrations of electrolyte. This technique is used in
the purification of antitoxins.
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Fig. 6.5 Schematic curves of total potential energy of interaction, V4, versus distance of separation, H, showing the effect of adding

electrolyte at constant surface potential.

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

Coacervation and microencapsulation Coacervation
is the separation of a colloid-rich layer from a lyophilic
sol on 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 the addi-
tion of electrolyte or of a non-solvent. Complex coac-
ervation occurs when two oppositely charged lyophilic
colloids are mixed, e.g. gelatin and acacia. Gelatin at a
pH below its isoelectric point is positively charged,
acacia above about pH 3 is negatively charged; a com-
bination of solutions at about pH 4 results in coacer-
vation. Any large ions of opposite charge, for example
cationic surface-active agents (positively charged) and
dyes used for colouring aqueous mixtures (negatively
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 particles can
be separated and dried, and this technique forms the
basis of one method of microencapsulation. 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.
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Effect of addirion of macromolecular material to
Iyophobic 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 enocugh 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). The result is
a structured floc (Fig. 6.6(a)).

With polyelectrolytes, where the particles and the
polyelectrolyte have the same sign, flocculation can
often occur when divalent and trivalent ions are
added to the system (Fig. 6.6(b)). 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 water purification, to remove colloidal material
resulting from sewage.

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

Steric stabilizarion (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
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Fig. 6.6 Diagram of flocs formed by (a) polymer bridging and (b) polyelectrolyte bridging in the presence of divalent ions of opposite

charge.

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 inhibited. An addi-
tional term has thus to be included in the potential
energy of interaction for what is called steric stabi-
lization, Vi:

Vp=Va+ Vg + Vs (6.28)

The effect of Vs on the potential energy against dis-
tance between particles curve is seen in Figure 6.7,
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
polymer-covered particles interact. Free energy AG,
enthalpy AH and entropy AS changes are related
according to:

AG = AH - TAS (6.29)

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 nega-
tive and TAS > AH. Here the effect of the entropy
change opposes aggregation and outweighs the
enthalpy term; this is termed entropic stabiliza-
tion. Interpenetration and compression of the

polymer chains decreases the entropy as these chains
become more ordered. Such a process is not sponta-
neous: 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.

Again, a positive AG occurs if both AH and AS
are positive and TAS > AH. Here enthalpy aids
stabilization, entropy aids aggregation.
Consequently, this effect is termed enthalpic sta-
bilization and is common with aqueous disper-
sions, particularly where the stabilizing polymer has
polyoxyethylene chains. Such chains are hydrated in
aqueous solution due 10 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 occurs there is an increased
probability of contact between ethylene oxide
groups, resulting in some of the bound water mole-
cules being released (Fig. 6.8). 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 absorp-
tion, i.e. there is a positive enthalpy change.
Although there is a decrease in entropy in the inter-
action zone, as with entropic stabilization, this is
overridden by the increase in the configurational
entropy of the released water molecules.
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Fig. 6.7 Schematic curves of the total potential energy of interaction versus distance for two particles, showing the effect of the steric
stabilization term V; (a) in the absence of electrostatic repulsion, the solid line representing V; = V, + Vi (b) in the presence of
electrostatic repulsion, the solid line representing V; = Vg + Va+ Vs,
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Fig. 6.8 Enthalpic stabilization. (a) Particles with stabilizing polyoxyethylene chains and H-bonded water molecules. (b) Stabilizing
chains overlap, water molecules released — + AH.
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GELS

The majority of gels are formed by aggregation of
colloidal sol particles, the solid or semisolid system
so formed being interpenetrated by a liquid. The
particles link together to form an interlaced network,
thereby imparting rigidity to the structure; the con-
tinuous 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 pro-
duces a firm gel. A gel rich in liquid may be called a
jelly; if the liquid is removed and only the gel frame-
work remains this is termed a xerogel. Sheet gelatin,
acacia tears and tragacanth flakes are all xerogels.

Types of gel

Gelarion of lyophobic sols Gels may be flocculated
lyophobic sols where the gel can be looked upon as a
continuous floccule (Fig. 6.9(a)). Examples are alu-
minium hydroxide and magnesium hydroxide gels.

Clays such as bentonite, aluminium magnesium
silicate (Veegum) and to some extent kaolin form