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| Preface

During the preparation of this edition, Mr Colin Gunn retired from the editor-
ship but, happily, the experience of this outstanding teacher of pharmaceutics
has been available to us during the revision. It was he who, wisely, decided
that it was no Jonger possible for one author to prepare a general textbook of
pharmaceutics, and who invited me and several other colleagues from the
Leicester School of Pharmacy to help with the work. Our contributions are
listed on page v.

A major feature of this revision is the greater depth to which many of the
fundamental aspects of pharmaceutics have been treated. This has necessitated
deletions elsewhere: including the section on the history of pharmacy, because
several textbooks on this subject are available; the chapter on surgical dressings,
because much of the information that was included previously is more appro-
priately taught in pharmacognosy; the detailed descriptions of the preparation
of products from vegetable sources, because, today, these have little relevance
in most fields of pharmaceutical practice; and the discussion of endocrine

ds and hormones, a large part of which is covered in physiology courses.

Further thought has been given to the distribution of material between this
book and the companion volume Dispensing for Pharmaceutical Students.
Future editions of the latter will continue to concentrate on the practical aspects
of pharmaceutics that are of particular relevance to the retail and hospital
pharmacist, and will include more information on the applications of the

inciples of formulation and packaging. For reference, a list of the contents of
the eleventh edition is included at the back of this volume.

Certain topics, formerly in Dispensing for Pharmaceutical Students, have been
transferred to this book; for example, the preparation of tablets, which is more
appropriately considered under the unit operation of compaction, and the
subjects of disinfection and disinfectants, because their theoretical background
is large. Radioactive isotopes has been included as a new topic because of the
increasing use of radiopharmaceuticals in medicine.

A further important change is the introduction of the International System of
Units (SI units). This has presented a number of difficulties (see Chapter 1) and
was further complicated by the fact that even experienced supporters of the
scheme do not always agree on the interpretation of some of the recommendations.
In consequence, one or two of our decisions may appear debatable; nevertheless,
there is no doubt that, as the system has been adopted throughout most of the

world, pharmacy students should be using it now.

School of Pharmacy

City of Leicester Polytechnic S. J. Carter
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Physical Pharmaceutics
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Units

THE metric system has been a part of pharma-
ceutical practice for many years; indeed, as long
ago as 1867, the first edition of the British Pharma-
copoeia used metric quantities for volumetric
analysis. This was extended in the 1898 edition to
gravimetric analysis, and quantities for preparations
were stated in parallel, using the metric and the
Imperial systems. In the 1914 Pharmacopoeia, the
quantities for preparations were expressed in metric
only, although doses still used Imperial weights and
measures, with an approximate metric equivalent.
This continued until 1963, when doses were stated
in the metric system only, so that all official standards
became entirely metric. The metrication of phar-
macy was completed on 1st March 1969, when all
dispensing under the National Health Service was
transferred to this system.

The use of metric weights and measures is,
however, only part of a-much greater change in
which a rationalised system of metric units is coming
into internationai use. Known as the Systéme
International d’Unités, with SI as the accepted
abbreviation, the objective is to derive almost all
the quantities needed from a few base units, and to
provide rules for the use of SI units to reduce errors
and avoid ambiguities.

This book uses SI units, with recommended
multiples and sub-multiples, and follows the
recommendations of the International Organisation
for Standardisation (ISO) and the British Standards
Institution (BSI) with a few exceptions that are
finding general acceptance where other permitted
units are more convenpient in practice than the
recommended SI units.

In addition, it will be found that non-recommended
units are used in certain cases where quotation is
made from sources such as the British Pharma-
copoeia which, at the time of writing, uses metric
units, but does not yet follow SI recommendations.

The system of SI units has two important features:

1. All relationships are decimal.

2. It is a coherent system of units and in this
respect it differs from metric systems previously in
use. A coherent system is one in which the product

3
0
)
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or quotient of any two unit quantities is the unit of
the resultant quantity. Thus, unit velocity resul?
when unit length is divided by unit time, unl.
acceleration when unit velodity is divided by unit
time, and unit force when unit mass is multiplie
by unit acceleration. As well as providing straight-
forward relationships, this eliminates a number ¢
special units and avoids former problems, such a.
the confusion between mass, force, and weight.

SI BASE UNITS

Six base units are used in the SI system (Tabie 1.1,

Table 1.1 c
Quantity Unit Symbol,
length metre m
mass kilogramme kg ()
time second s
electric current ampere A
thermodynamic ©)
temperature kelvin K
luminous intensity candela cd | )
SUPPLEMENTARY SI UNITS 3 |

Certain additional supplementary units are used
including the radian (rad) for plane angles, ’

DERIVED SI UNITS <.

Further SI units are derived from the base units an4
are stated in terms of these units. Some of the derive
units, which are used in this book and which have
special names, are listed in Table 1.2. The remaindrv\.
are included in the list of all symbols and units given
in Table 1.4. . .

MULTIPLES AND SUB-MULTIPLES

As far as possible, numerical valués should be kcp’
between 0:1 and 1000, so that multiples an‘ :

l“
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Table 1.2
Fserived SI Units with Special Names

v Expressed in

terms of SI base

(¥ Name of units or derived

‘ ;'ly SI unit  Symbol units
/ hertz Hz 1Hz=1}s :
newton N I'N =1kgm/s?
"'if
ity
5 joule J 1J =INm
watt W.. 1W=1J/s

iples are recommended for use, based on
;a1 range given in Table 1.3.
kilogramme represents 10°g and micro-
~epresents 1078 g,
i '
/ Table 1.3
tecimal Multiples and Sub-multiples

ERr
by which unit

) multiplied Prefix Symbol
@ o101 tera T
. giga G
i 10° mega M
* 108 kilo k
o 102 - hecto -h
WP 10 deca da
107 deci d
SV centi c
= 108 mijlli m
* . 107° micro H
W 10-° nano n
1012 pico
\’“i 10718 femto 19
1018 atto a

W
ginimise the number of multiples and sub-
.wand to reduce the risk of error, only
s that represent 10 to a power that is a multiple
- 7, 7ommended. - Those in use in this book are
148 Table 1.3 with an asterisk (*).

{gigl confusion, all calculations are performed
Lii# themselves and not in decimal multiples
-multiples. In additiori, only one- prefix is

Wk unit at one time; for example, the
1ometre is used for one millionth of a
and not the term milli-millimetre,

i

4
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EXCEPTIONS TO THE USE OF
PREFERRED S§1 UNITS

Volume

The ST unit for volume is the cubic metre, with the
cubic millimetre as the recommended sub-multiple.
In practice, it is useful to have a unit of intermediate
size and the litre is in common use. This name has
been adopted as a synonym for the cubic decimetre
and is used for general statement of volumes, with
the millilitre as sub-multiple. /

Pressure

The SI unit of force is the newton, defined as that
force which when applied to a mass of 1 kilogramme
gives it an acceleration of 1 metre per second per
second. The newton per square metre is the SI unit

" for pressure, but for many purposes the unit is too

small. For convenience, a unit known as the bar
has been suggested, where 1 bar = 10° N/m®. The
advantage of the bar is that, for all practical pur-
poses, 1 bar = 1 atmosphere pressure, so that
pressures from 0 to 1 bar refer to pressures below
atmespheric, while pressures from 1 bar upwards are
above atmospheric. For high vacuum work, the
unit N/m? is retained.

* Temperature

The SI unit for temperature is the base unit of
thermodynamic temperature, namely the kelvin
(K), which is used in all calculations; and generally
for physicochemical purposes. ’

"As a ‘customary’ or practical unit, the degree

Celsius (°C) is retained. This is identical to the

former degree Centigrade, the change in name being
due to the fact that the ‘grade’, and hence the
‘centigrade’, has another meaning in some countries.

The degree Celsius and the kelvin are identical
units of temperature interval, but since 0°C =
273-15K, then T°C =T + 273:15K. It follows,
therefore, that temperature intervals or temperature
differences are the same in both cases, and these are
stated in calculations as K. Hence, if water at 20°C
is to be heated by a steam jacket at 100°C, the tem-
perature difference is 80 K. To illustrate these
various points:

The unit K is used in the Arrhenius equation, Eqn
(6.35), which indicates the effect of temperature on
the rate constant of a chemical reaction. .

The coefficient of thermal conductivity is used in
calculations in Chapter 12 and refers to a tempera-
ture interval, so-that the units are W/mK.

The reference to the saturation temperature of

steam at a pressure of two bars, made in Chapter 12,

- B

UNITS

Table 1.4
List of SI Units and Decimal Multiples and Sub-multiples

Quantity ST unit
-Part I: Space and time
plane angle rad (radian)
length m
h {metre)
area m?
. volume m?
time . s
(second)
velocity m/s
Part II: Periodic and related phenomena
frequency Hz (hertz)
rotational frequency 1/s
Part III: Mechanics
mass kg
(kilogramme)
density {mass density) kg/m®
force N (newton)
pressure N/m?
 viscosity (dynamic) Ns/m?
kinematic viscosity mi/s
surface tension ngn
. energy, work J (joule)
power W (watt)
"Part 1V: Heat
thermodynamic temperature K (kelvin)
Celsius temperature
. témperature interval K
heat, quantity of heat J
heat flow rate - . w
density of heat flow rate W/m?
thermal conductivity - W/mK
coefficient of heat transfer W/m?K
heat capacity JIK
specific.energy Jkg
specific latent heat Jkg

Multiple or

sub-multiple units

pm
mm?

ks

Mg

mg
#g

kN/m?
MN/m*?

kKI/K
kg

Other
permitted units

litre and ml
(1 litre = 1 dm®)
minute, hour, day

bar
(1 bar = 10° N/m?%)

L4

{°C] (degree Celsius)
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Y temperature, so that it is given as

“hapter 24 gives data on equilibrium
ents for various materials at 20°C

bstance (Symbol: n)

I unit, the mole, corresponding to the
ount of substance’, has been recom-
t1s not as yet approved by the inter-
eoncerned with the metric system.
the amount of substance that contains
nentary units as there are atoms in
arbon-12. The elementary unit must
ld_may be an atom, an ion, a molecule,
ecified- group of such- species. For

:LSO“ has 4 mass equal to 0174 16 kg
" has a mass equal to 0-039 10 kg~
¢7* has a mass equal to 0-078 20 k
‘)4“ has a mass equal to 0-095 96 kg
10~ has a mass equal to 0-047 88 kg

as the gramme-molecule, gramme--

PHARMACY

equivalent, equivalent or sramme-ion will, therefore,
become obsolete.

PRESENTATION OF NUMERICAL VALUES

In many countries, the comma is used as the decimal
point, whereas it has been practice in the UK to use
the comma to separate the digits of large numbers
into groups of three,

?‘9 avoid confusion, this book follows present
British practice whereby the decimal point is a full
point placed above the line (-) and digits are sepa-
rated by a small space between groups of three when
five or more digits are used, except when data are
expressedzvin tabular form; thus 1000 and 10 000.

BIBLIOGRAPHY

ANDERTON, P. and BIGG, P, M. (1967) Changing to the
Metric System. London, H.M. Stationery Office.
British Standards Institution (1969) PD 5686,
1969 The Use of SI Units. London, The British
Standards Institution. ’
MCGLASHAN, M. L. (1968) Physico-chemical Quantities
and Units. 1.ondon, Royal Institute of Chemistry.

Solutions

AN understanding of the properties of solutions,
and the factors that affect solubility, is essential to
pharmacists because of the importance of solutions

-in so many areas of pharmaceutical interest.

A true solution may be defined as a mixture of
two or more components that form a homogeneous
molecular dispersion; i.e. a system in which one
component is dispersed as small molecules or ions
throughout the other component. This definition
differentiates true solutions from homogeneous
colloidal dispersions, in which the particles of the
dispersed component are larger than those in_ truc
solutions. (See Chapter 5 for a classification of
disperse systems.)

In a solution composed of only two components
(a binary system), that component which is dispersed
throughout the other is termed the solute, and the
component in which the dispersion occurs is termed
the solvent. In gencral, the solvent is present in the
greater amount, but several cxceptions occur. For
example, syrup contains about 65 per cent of sucrosc
in aqueous solution. In addition, it is often difficuit
to classify the components of mixtures of miscible
liquids, such as alcohol and water, as solutes or
solvents because either component may be regarded
as the solvent depending on the composition of the
mixture,

The Process of Dissolution

The transference of a molecule of a solute into
solution in a solvent involves a change in the
environments of both solute and solvent. The solute
is separated from other similar molecules and be-
comes surrounded by solvent molecules. In addi-
tion, the solvent molecules are separated sufficiently
from other similar molecules to create space for the
accommodation of the solute molecule. Thus,
dissotution will occur only if the solute and the
solvent are mutually attracted to a degree that is

-sufficient to overcome the solute-solute and solvent-

solvent intermolecular attractive forces.

Similar types of intermolecular force may con-
tribute to solute-solvent, solute-solute, and solvent-
solvent interactions. However, the strengths-of

2

these various contributing forces differ considerably.
The Appendix shows that the attractive forces
exerted between polar molecules are much stronger
than those that exist between polar and noa-polar
molecules or between non-polar molecules them-
selves.

Thus, in a polar solute, where the intermolecular
interaction is appreciable, transference of solute
molecules into solution will occur only if the solute-
solvent association is even stronger. Such strong
solute-solvent interaction will result only if the sol-
vent is also a polar substance (e.g. water), since a
non-polar solvent (c.g. benzene) will be unable to
exert sufficient attraction on a molecule to cause it
to separate from other solute molccules.

Conversely, the dissolution of a  non-polar
substance such as paratlin wax, the intermolecular
attractions of which are relatively weak, will occur
only if the solute-solvent interaction is stronger than
the solvent-solvent interaction. A marked inter-
moleculiar association between solvent molecules,
such as that which exists between the molecules of a
polar solvent (c.g. water) will therefore tend to
prevent dissolution of a non-polar solute, so that
solvents for this type of solute tend to be restricted
to non-polar liquids (e.g. benzene).

The above considerations are often expressed in
the very general manner that ‘like dissolves like’;
i.c. a polar substance will dissolve in a polar solvent
and a non-polar substance will dissolve in a non-
polar solvent. However, such a generalisation
should be treated with caution, since the inter-
molecular attractions involved in the process of
dissolution are influenced by factors that are not
obvious from a consideration of the overall polarity
of a molecule. For example, the possibility of
hydrogen-bond formation (see Appendix) between
solute and solvent may be more significant than
polarity,

Methods of Expressing the Concentration
of Solutions

1t is assumed that the student is familiar with concen-
tration terms such as normality and molarity.

S
e
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ough' such expressions are included in many

isting reference  books- for pharmacists, the
introduction of the SI system of units has either
“ade them obsolete or will eventually lead to their
4bandonment.

The methods recommended by McGlashan (1968)
\. expressing the amount of substance in a given
solution include—

‘Aa) the molality of solute, which is defined as the
aumber of moles of solute divided by the mass of
'"- solvent, and its SI units are mole kg™l (The
A¢m'molality was used in the cgs scale and, aithough

che name is likely to be retained as the name of an -

7 jjquantity, the use of the abbreviation ‘molal’ is
10t recognised as a unit symbol by the General
Zonference- on Weights and Measures, and the
jareviation ‘m’ for molality is to be discouraged
Jecause this letter is used as a symbol for metre.)
";j,b) the concentration of solute, which is defined
{he number of moles of solute divided by the
+olume of the solution, and its SI units are mole m3.

‘wh addition, it is also possible to express concen-
ration of a solution in terms of the mass or volume

s Solute contained in a given mass or volume of
o).utxon. It should be remembered that the basic SI
1rits for mass and volume are the kilogramme and
<\c metre, respectively. These units may be
mwieldy in certain instances, and appropriate
"..ZxXes to indicate decimal fractions or multiples
hJfld therefore be used. The previous use of the
tre as a common unit of volume will probably lead
- y#¢ use of the cubic decimetre (dm?) as a common
nit of volume. It is%unfortunate that the term
ilcoramme and its symbol kg suggest a multiple
l‘z‘Wbasic unit, and make difficult construction of
ecimal fractions of this unit by the addition of
11,78, A new name and symbol will probably be
itrbduced in the future.

L WAENTAGE EXPRESSIONS

he concentration of a solution may be expressed as
5 woentage; i.e.

’"ﬁ/‘nttation _ _mass or volume of solute
it mass or volume of solution

x 100

‘er “utage weight in volume (% w/v), percentape
eyt in weight (% wiw), percentage Ef)lume %n
fl‘g_ht (% vlw) and percentage volume in volume
% ) are often used in pharmaceutical practice.
or.example, the strengths of Pharmacopoeial
re"~rations may be defined as percentages; e.g.
f:x.Monna Tincture (BP 1968) contains 0-03% w/v
" the alkaloids of Belladonna Herb, - ’

§C
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Solubility

The solubility of a substance in a solvent at a given
temperature and pressure, is the amount of substance
that has passed into solution when equilibrium is
attained between the solution and excess, i.e.
undissolved, substance. Thesolution that is obtained
under these conditions is termed a saturated solu-
tion. It is possible to obtain solutions that are
supersaturated. However, they are unstable, and
scratching the side of the container, the presence of
dust, or the addition of undissolved solute. will
provide nuclei that readily lead to precipitation of
the excess solute.

METHODS OF EXPRESSING SOLUBILITY

Solubilities may be expressed quantitatively by the
same methods as are used for stating concentration.
The British Pharmacopocia (1968) expresses solu-
bilities as 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 room tempera-
ture. Figures given under the side heading ‘Solu-
bility” in the Pharmacopoeial monographs, are only
approximate and are not intended to be official
requirements. However, statements under side
headings such as ‘Solubili ty in Alcohol’ are exact and
are intended as part of the official requirements for
that substance,

TYPES OF SOLUTION

Solutions may be classified on the basis of the
physical states of the components. Since there are
three states of matter, i.e. solid, liquid, and gas, nine
different types of solution with two components are
possible, as shown in Table 2.1. '
Solutions of solids in liquids are the most impor-
tant in pharmacy, and only this type of system is

Table 2.1
Types of Solution

Solute Solvent
Gas Gas
Liquid ‘Gas
Solid Gas
Gas Liquid
Liquid Liquid
Solid Liquid
Gas Solid
Liquid Solid
Solid ' Solid -

skme .

SOLUTIONS ’ 9

discussed in the present chapter. Further infor-
mation on most of the systems shown in Table 2.1
that are involved in pharmaceu(ical processes or
products is given in the following chapter.

DETERMINATION OF THE SOLUBILITY
OF SOLIDS IN LIQUIDS

The following points should be observed in ali
solubility determinations.

(@) The solvent and solute must be pure.

(b) A saturated solution must be obt‘amed before
any solution is removed for analysis.

(o) The method of separating a sample of saturated
solution from undissolved solute must be
satisfactory.

(d) The method of analysing the solution must be
reliable.

(¢) Temperature must be adequately controlied.

A saturated solution is obtained either by stirring
excess powdered solute with solvent for several hours
at the required temperature until equilibrium has
been attained, or by warming the solvent with an
excess of the solute and allowing the mixture to cool
to the required temperature. It is essential that some
undissolved solid should be present at the completion
of this stage in order to ensure that the solution is
saturated. . )

A sample of the saturated solution is obtained for
analysis by separating the solution from the undis-
solved solid. Filtration is usually used, but pre-
cautions should be taken to ensure that: (a) 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 (b) loss of a volatile component does
not occur. )

Different methods of analysis may be applied to
the saturated solution depending on the type of
system involved. For example, if one of t})e com-
ponents is volatile and one is non-volatile, fhe

amount of the latter can be determined by heating
to constant weight. Alternatively, the solute may
be converted to an insoluble compound by chemical
reaction, and the weight of this may be ob‘tamed
after filtration and drying. Volumetric analysis may
be used, especially for those compounds that
exhibit the reactions of acids, alkalis, chlorides,
etc. which are readily determined by this means.
Physical measurements offer a further means of
analysis. For example, electrical conductivity
measurements are suitable for sparingly soluble
clectrolytes, optical rotation may be used for
optically active compounds, or a radioactive indi-
cator method may be employed. This latter method

involves the preparation of the test material in'such
a way that it contains a known proportion of a
radioactive indicator. A saturated solution is made
and its level of radioactivity may be used to deter-
mine the concentration of solute.

FACTORS AFFECTING THE SOLUBILITY
OF SOLIDS IN LIQUIDS

1. Temperature

In most cases the dissolution of a solid in a liquid.
involves the absorption of heat; i.e. it is an endo-
thermic process with a positive heat of solution. If
this type of system is heated, it will tend to reactin a
way that will nullify the constraint imposed upon it;
i.e. 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. Con-
versely, if the dissolution of a solid in\:olves the
liberation of heat; i.e. it is an exothermic process
with a negative heat of solution, then an increase in
temperature will lead to a decrease in the solubility.

Solubility curves are often used to indncate'the
effect of temperature on the solubility of a given
substance. Some of these are shown in Fig. 2.1.
1t can be seen that potassium nitrate shows a markf:d
increase in solubility with rise in temperature, while
calcium acetate .shows a small decrease. These

"
3
o KNQ
* 0.8+ )
k-
2
. 0.6+
] B Na,S0,
c
204t NaCl
S (CH,C00J ,Ca . 2H,0
2 0.2F
:E‘
CRN Na,S0, . 10H,0
© [l [} 1 L
w

273 293 313 333 353 373
Temperature (K)

Fig. 2.1 Solubility curves for various substazces in water
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mpounds are thérefore examples of substances
th positive and negative heats of solution, respec-
¢ly. "The dissolution of sodium chloride involves
tle absorption of heat, as-indicated by the approxi-
ately horizontal solubilify curve for this compound.
The majority of solubility curves are continuous
rves, but abrupt changes in slope may sometimes
observed if the nature of the solid phase in contact
th the solution alters. For example, sodium sul-
ate exists as the decahydrate Na,SO,.10 H,O up
a temperature of 305-55 K, and its dissolution in
ter is an endothermic process. Above this
nperature the solid is converted into the anhydrous
‘m, Na,SO;. and the dissolution of this compound

an exothermic process. The solubility curve

wrefore exhibits a break at 305-55 K, which is

own as a transition point, and AB and BC in
3. 2.1 represent the solubility curves for the

cahydrate and the anhydrous form of sodium

phate, respectively.

Particle Size of the Solid

e changes in interfacial free energy (see p. 33)
it accompany the dissolution of particles of vary-
. sizes cause the solubility of a substance to
rease with decreasing particle size, as indicated
Eqn (2.1),
Io s 2001
8 S ~ 2303RTer

ere s is the solubility of small particles of radius r,

Sy is-the normal solubility (i.e. of a solid

consisting of fairly large particles),

v is the interfacial ehergy (see Chapter 4),

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
trmaceutical suspensions, since the smaller par-
es in such a suspension will be more soluble than
larger ones. As the small particles disappear,

overall solubility of the suspended drug will

rease, and growth of the larger particles will
ur. The occurrence of crystal growth by this
chanism is of particular importance in the storage
suspensions intended for injection (Gunn and
-ter, 1965). .
"he increase in solubility with decrease in particle
; ceases when the particles have a very small
ius, and any further decrease in size causes a
rease in solubility. It has been postulated that
- change arises from the presence of an electtical
rgé on the particles and thaf the effect of this
rge becomes more important as the size of the
ticles decreases (Buckley, 1951).

@

3. Solvent

It will be appreciated from the discussion of the
mechanism of solution that the solubility of a solid
depends on the nature of the solvent. The solubili-
ties of a particular solid in a variety of liquids will,
therefore, differ. In addition, changes in the prop-
erties of a solvent caused by the addition of other
substances, may affect the solubility of a solid in the
system (p. 12). :

Water is the most common solvent encountered
in pharmaceutical practice, especially for prepara-
tions intended for internal use. Ethanol, usually in
various mixtures with water, is also popular. Simple
organic liquids such as ether, chloroform, acetone,
and various glycols and oils, may be used in addition
to water and alcohol in preparations intended for
external use. (See Gunn and Carter, 1965, for
solvents used in parenteral products.)

4. pH

Manv drugs behave as weak acids or bases and their
solubility is therefore affected by the pH of an
aqueous solvent. For example, a weakly acidic
drue such as acctylsalicylic acid (aspirin) will be
more soluble in alkalinc solution, since it will be
converted to the more soluble salt. Conversely, the
drug will be precipitated from aqueous solution if
the pH is lowered by the addition of a strong acid
Similarly, a weakly basic drug will be more soluble
in solutions of low pH and will precipitate if the pH
is raised by the addition of an alkali.

5. Additional Substances

(@) Common Ion Effect. The solubility of a
sparingly soluble electrolyte is decreased by the
addition of a second electrolyte that possesses a
similar ion to the first. This is known as the common
ion effect.

In a saturated solution in contact with undissolved
solid, the equilibrium may be represented as follows
for a compound 4B:

ABg = AB 2 At + B~
undissolved undissociated ions
solid molecule
A ——

species in solution

If the salt is sparingly soluble, then the conceniration
of solute is sufficiently small to assume complete
dissociation into ions. The overall equilibrium may
then be represented by

AB('B) = At 4 B~ (22)

SOLUTIONS )

From the Law of Mass Action, the equilibrium  be regarded as its ‘effective concentration’. In

i i ion is giv i q luc than the actual
is reversibie reaction is given by  generai, this has a lower valu
consiant (K) for th g concentration, because some 10NS produced by \

[4*1(B7) dissociation of the electrolyte are strongly associated
= {ABls) with oppositely charged ions and do not contribute

so effectively as completely unassociated ions to the g
where the square brackets indicate concentration of properties of the system. At infinite dilution, the
the respective components. Furthermore, the wide separation of ions prevents any interionic N
concentration of a solid may be regarded as being  association, and the molar concentration (c4-}and
activity (@.1+) of a given ion (A%) are then equal; i.e.

constant
_ [AnBT] a Ny
constant ag =cys, of — =1
g . tor

K = [4T}{B7] 2.3) o ) Y
. ° [ . ][k as the solu- As the concentration increases, (Q; qﬁgcts of inter-
w.h.ere K/’ is a constant ar:id AL; nown jonic association are no longer neghgl‘ble, and the .
blllnfy pr?“ﬁf&ig“;‘;i‘;g salt .comains more than ratio of activity to molar concentration becomes N\
each mole : th - ity i.c.
one ion of each type, e.g. AxB,, thenin the definition  less than unity

of the solubility product the concentration of each ag o v
jon is expressed to the appropriate power; Lc. e I
K/ = ATBY or g

) . d ! aqr =Cq*. far
ese equations for the solubility product are onty N .
I}l)lplicat?le to solutions of sparing)llypsoluble salts. where £+ is known as the acuvity coefficient of A+d. V)
1f K.’ is exceeded by the product of the concentre-— 1f concentrations and activity coefficients are use
tion of the ions, i.e. [47]1[B7), then the eq:m:)rflugn instead of activities in Eqn (2.4) then
wn above, Eqn (2.2), moves towards the left 1n i
i‘:ger to restoreqthé equilibl::um,]an% ts):l.icl AB 13 K, = (car . cpWfur - f5)
recipitated. The product {AT)[B7]wi increase ions, i (cqr - g
Pl;y trﬁa addition o? more A+ ions produced by the Thﬁt t?mduas(t):ntth? ;%ngsr;:zwn oy Eqr(\ é Py 5
dissociation of another compound, e.g. /_4X — will be a con: n Zatc" ‘onvB- whote fe o .
— ¥ o fp- f
At + X—, where A% is the common ion. S(_)hd AB  (fy-fB) n::.a‘?/it \,cz%md;]; ofAthe s'alt Py ll.‘e. j
will be precipitated and the solubility of this com- _the mean activity
pound is therefore decreased. This is known as the_ K, = K[t g 29 3
common ion effect. The addition of common B s s f. .
ions would have the same effect. : o Since f 4+ - varies with the overall concentration
The precipitating effect of common 1013 1 ™ of ions present in sofution (the ionic strgngth). and )
fact, less than that predicted from Eqn '(2.3). ’_I‘he since K, is a constant, it follows that K. {nust. also
reason for this is explained in the following section. vary with the ionic strength of the solution in an -
inverse manner to the variation of f4+p-. Thus, ina
(b) Effect of Indifferent Electrolytes. The solu- system containing 2 sparingly Siable ele qrolyte ,.
bility of a sparingly soluble electrolyte may be  lop ¢ 2 common ion, the ionic strength will have §
increased by the addition of a second electrolyte an appreciable value an d the mean activity coeffi-
that does not possess ions common to the first; i.e. cient f 4+ - will be less than one. Ly
an indifferent clectrolyte. From Eqn (2.5) it will be seen that K, will,
The definition of the solubility product of a therefore, be greater than K. In fact, the concen-
sparingly soluple electrolyte in terms of the concen- e B bility product K, will become larger an dy
tration of ions produced at equilibrium, as indicated larper as the ionic strength of the solution in s,
by Eqn (2.3), is only an approximation from the . " olubility of A8 will therefore increase as the .
more exact thermodynamic relationship expressed concentration of added electrolyte increases.
by Eqn (24). This argument also accounts for the fact that ifno
@4 allowance is made for the variation in activity \:"xth Y
ioni i tating
s i lubility product of compound AB  10nic strength of the rfxedlum, the precipita
Z’:grz AI,Q;‘SK:h:;_o are kgor:vn as the activi‘:ioes of the ~fFect of common 10DS 1S less than that predlcted .

f - .
respective ions. The activity of a particular ion may from the Law of Mass Action.

K, = a4+ -ag-

L Y AN
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#ctrolytes. The solubility of electrolytes depends
he dissociation of dissolved molecules into ions.
ie ease of this dissociation is affected by the
xctric constant of the solvent, which is a measure
the polar nature of the solvent. Liquids with a
th dielectric constant (e.g. water and formic acid)
.able to reduce the attractive forces that operate
tween oppositely charged ions produced by
~nciation of an electrolyte.
‘#a water-soluble non-electrolyte such as alcohol
added to an aqueous solution of a sparingly
le clectrolyte, the -solubility of the latter is
-ieased because the alcohol lowers the dielectric
astant of the solvent™dnd ionic dissociation of the
#olyte becomes more difficult

1) Effect of Electrolytes on the Solubility of Non-
{lolytes. Non-electrolytes do not dissociate
o ions in aqueous solution, and in dilute solution
. gissolved species therefore consists of single
necules. Their solubility in water depends on the
mation of weak intermolecular bonds (hydrogen
.#) between their molecules and those of water.
e presence of a very soluble electrolyte (e.g.
" onium sulphate), the ions of which have a
+ied affinity for water, will reduce the solubility
a non-clectrolyte by competing for the aqueous
st and breaking the intermolecular bonds
ween the non-electrolyte and water. This effect
r“;ortaut in the precipitation of proteins (p. 60).

€) Effect of Complex Formation. The apparent
v-~ity of a solute in a particular liquid may be
redsed or decreased by the addition of a third
stance which forms an intermolecular complex
1" gie solute. The solubility of the complex will
ermine the apparent change in the solubility of
iginal solute. For example, the formation
ticomplexes between 3-aminobenzoic acid and
ious dicarboxylic acids has been shown toincrease
'\;‘fparent water solubility of the former com-
ind (Wurster and Kilsig, 1965), and Kosten-
1~ and Higuchi (1956) have shown that soluble
i ussoluble complexes may be obtained by
sractions between various amides and 4-hydroxy-
T ? acid, salicylic acid, chloramphenicol, and
‘nol. Use is also-made of complex formation as
air to solubility in the preparation of solution of
ro gc iodide (Hgl,). The latter is not very soluble
water but it is soluble in aqueous solutions of
a / 'm iodide because of the formation of a
‘er:5oluble complex, K,(Hgl,).

[ {: jffect of Surface Active Agents. These com-
Inds are capable of forming large aggregates at

A
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¢) Effect of Non-electrolytes on the Solubility of certain concentrations ‘in -aqueous solutions. ;- Or-

ganic compounds with low water solubilities -are
“taken into the interior of these aggregates, and the
apparent water solubilities of the organic compounds
are increased. The phenomenon'is termed solubili-
sation, and more information is given in Chapter 5.

Dissolution Rates

The dissolution of a solid in a liquid involves-the
transfer of mass from a solid to a liquid phase. The
overall transfer process may be regarded as being

composed of two consecutive stages. The first of -

these, which is an interfacial reaction that results in
the liberation of solute molecules from the solid
phase, is followed by the transport of solute away
from the interfacial boundary under the influence-of
diffusion or convection. Like any complex reaction
that involves consecutive stages, the overall rate of
mass transfer in dissolution will be determined by
the rate of the slowest stage. If the rates of the two
consecutive stages are comparable in magnitude,
then both stages will influence the overall rate of
transfer. . )

The Noyes-Whitney Eqn (2.6) indicates that the
rate of dissolution (de/ds} is proportional to the
surface area, S, of the solid and the concentration

gradient (C, — C), where G, is the concentration of -

the substance in a thin saturated liquid film (bound--
ary layer) adjacent to the solid surface, and C is the
concentration in the surrounding bulk medium. K
is a proportionality constant that is known as the
dissolution rate constant.

4 = KS(C, — O) (2.6)

de .
This equation assumes that the rate of mass transfer
depends on the rate at which the solute diffuses from
the thin boundary layer into the bulk solution.
Therefore, X will depend on the diffusion coefficient
of the solute and the thickness of the diffusion path-
way, and it will be influenced . by factors that
influence  the diffusion coefficient and the film
thickness.

FACTORS FHAT AFFECT bISSOLUTlON RATES

1. Faciors Affecting the Complete System

(@) Temperature. It has been shown previously
that Le Chatelier’s principle will apply to the process
of dissolution. An increase in temperature will in-
crease the solubility of a solid with a positive heat of
solution, The soiid will therefore dissolve at a more
rapid rate on heating the system. - When complete

T T
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dissolution has been achieved the system can be
cooled to the required temperature, and the sub-
stance will remain in solution provided its maximum
solubility at the lower temperature is not exceeded.
Care should be taken when using this means of
increasing -the rate of dissolution to ensure that
precipitation of the solute does not occur on cooling.

Conversely, a decrease in temperature may be
used to increase the dissolution rate of a substance
with a negative heat of solution; e.g. paraldehyde.

(b) Agitation. The rate of transfer of solute
from the boundary layer to the surrounding solute
will depend on the concentration gradient between
these two regions, as indicated by Eqn (2.6), and on
the thickness of the diffusion pathway. This latter
factor. is included in the value of X in _Eqn 2.6).
Agitation will help to increase a dissolution rate by
reducing the thickness of the diffusion pathway and
by bringing fresh solvent into contact with the
boundary layer, so producing a high value for
(C; — C). Therate of dissolution may {hefefore be
markedly affected by agitation or stiring, and
particular care should be paid to this factor in the
measurement of these rates. However, it should be
borne in mind that the overall rate of mass transfer
by dissolution will be independent of agitation if the
interfacial rezction that involves the libcration of
molecules from the solid phase into the solution is
the rate determining stage.

An increase in dissolution rate may also be
achieved by proper positioning of the solid in order
to take advantage of the difference in densities of the
solution and solvent. A solution is usually denser
than its solvent, 5o that if the solid is sppported by
some means in the upper part of the liquid the denser
solution will fall and be replaced by fresh solvent.
This process is less efficient than continuous stirring
but it is made use of in the extraction of soluble

materials from crude drugs.

2. Changes in the Characteristics of the Solid

(a) Surface Area. The Noyes-Whitney Eqn (2.6)
shows that the dissolution rate is increased by an
increase in the surface area of the solid. Reduction
in particle size is effective in creating an increase in
surface area, as indicated by Eqn (2.7)—

s=5m Qe

where, d is the mean diameter of the partigles, mis
the mass of the particles, and p is the density of the
particles. If a unit mass of powder with a density

P A

of 1 is considered, then

6
S=-

and a ten-fold reduction in the mean particle diam-
eter will provide a similar increase in the surface
area.

The porosity of the solid- particles will also
influence the area of contact between the solid and
liquid phases. The rate of dissolution of material
from the solid surfaces inside pores is less than that
from a plane surface because the pathway for
diffusion is longer in the former case. The effect of
porosity ceases to be of importance when the pores
are of molecular dimensions and become too small
to aliow access of solvent molecules.

(b) Polymorphism. A substance is said to exhibit
polymorphism if it can exist in more than one type
of structure, which may be stable or metastable.

* Polymorphism in solids gives rise to a difference in

crystalline form between polymorphs of the same
substance. This difference may produce a change in
the dissolution rates of the polymorphs. For
example, Wurster and Taylor (1965b) have shown
that three crystalline forms of prednisolone exhibit
different  dissolution behaviours, and T;'x,washl
(1968) has reported a marked difference in the
dissolution rates of two polymorphic forms of
aspirin. The pharmaceutical applications of poly-
morphism have been reviewed by Haleblian and
McCrone (1969). ‘

3. Changes in the Characteristics of the Solvent

() Viscosity. An increase in viscosity ‘of the
liquid phase will reduce the rate of diffusion of
solutes. It is therefore to be expected that dissolu-
tion rates dependent on diffusion will be decreased
by an increase in viscosity of the solvent, .whereas
those that are controlled by reactions at the interface
will be Jittle affected by changes in viscosity.

(b) Surface Activity. It has been ?ostu]ated that
increased dissolution rates obtained in the presence
of surface active agents may be caused by a lower
interfacial tension, which allows better wetting and
penetration by the solvent (Taylor and Wurster,
1965). In addition, changes in the extent of etching
of crystal surfaces caused by the presence of surface
active agents may lead to increased dissolution rates
(Westwood et al., 1962). ] i

The whole subject of dissolution rates has been
reviewed by Wurster and Taylorv(l965a).
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Is;;:,ﬂb;l;ty of Solids in Mixtures of Miscible . A'ssociation or dissociation of the solute molecules

in either solvent should b2 taken into account, since
The effect of the addition of a miscible liquid to a Eqn (29) applies only to an equilibrium betwoen
solution is of importance in certain pharmaceutical solute molecules in the same state in both liquids.
processes and systems. For example, resins are For examplo, if the solute exists as monomers in
soluble in ethanol ‘but not in water: The former solvent A and as dimers in solvent B, the distribution
sol.vent is, therefore, often used in the extraction of coefficient is given by Eqn (2.11), in which the square
resins from crude drugs. The alcoholic solution is root of the concentration of the dimeric form is used:
then concentrated by evaporation, and the resin is ‘
precipitated by pouring into an excess of water. =
The precipitate can then be collected and washed Veg
free from water-soluble impurities. Alcoholic
sqluuoz?s (tinctures) of resins are often used in
dispensing practice. If these solutions are diluted
with water then the resin is precipitated as g sticky
mass. This type of precipitate should be avoided by
slowly pouring the resinous tincture into an aqueous

cA'

2.11)

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 (2.12)

dispersion of a protective colloid (p. 61 -

. . 61). Th K=

mixture should be continuously stirrcg duri)ng thi: sl =9 ¢
process. The resin should then be precipitated as The solvents, in which the concentrations of the

finely divided particl ily di i

i th); aqueous}z'ehilclzs that are regdl]y dispersible  solute—numerators and denominators of Eqns
X gz.q), (2.11), and (2.12)—are expressed, should be

o indicated when partition coefficients arc quoted.
The Distribution of Solutes between Immiscible For example, a partition coefficient of 2 for a solute
Liquids dlstnbut;.d between oil and water may also be
o ) expressed as a partition coefficient be!

Iffa substance, which is soluble in both components and oil of 0-5. i e Rt

of a mixture of immiscible liquids, is dissolved in

slt:ch a mixture, then, wr_\ep equilibrium is attained

gjs‘iq%St?r: t&mpemtme’ it is found that the solute js AT PLICATIONS OF THE DISTRIBUTION LAW

ribute; iquids i

distribut ratiot‘gt?etl;) the t'w_o'nl:quxds in such a way 1. Extraction. Extraction of substances from one

cach liquid 1 a coi aCUtVltlE‘ah_Of the substance in  phase into another is often used in analytical and

S e o laswmw.h - ::‘ xsb‘l:(nown as the organic chemistry and in the removal of active
» n be expressed by principles from crude drugs. Application of the

Eqn (2.8)— istributi
s dlsm_bqtlon law to the process of extraction shows
24 — constant 2.8) that it is more efficient to divide the extracting sol-
B vent into a number of smaller volumes that are used

in successive extractions rather than to use the total
amount of solvent in one single process. (See
Chapter 22 for more information on extraction, and
an example of the method of increasing extraction
officiency.)

where a4 and ap are the activities i

of the solute in
sol\'céx.\ts A and B, respectively. When the solutions
arc ‘1!ute or when the solute behaves ideally, the
:ct)nvntles may be replaced by concentrations (c4 and
'B)s

€a

P = 29 se2d ;’ar;i}:idn Chromatog;aphy. This is a technique

. . used for the separation of components in a mi
-&hey:’.. the constant X is' known as the distribution or 1t depends OIF the diﬂ‘erenoep?n the %isggng’i
g?nbslt ;?125 ioe]f(ﬁ'cmm. In 'the case of sparingly soluble cpefﬁcjen}s of -the components between two immis-
substances, | is approximately equal to the ratio of €ible liquids or between a liquid and a vapour phase.
the solu ies (s, and s5) of the solute in each One liquid is maintained stationary by adsorption
quid; ie. on to an inert solid support, which may be a pow-'
dered solid or strips of a porous material such as
2.10) filter p?.%er. If a powder is used, then the separation

2 mo L ) is carried out in a column packed witl ]
mhav?c: S:f;:, :)l/isgzltz:, however, deviation from ideal ~ and its adsorbed liquid pha%e. The oPh;ﬁiggi‘Zldgz
Egn (2.10). vapour is allowed to pass through the column and,

S g
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therefore, constitutes a mobile phase. Components  usually multiply in t
of a mixture introduced into the system will become  system, and preserva
distributed between the mobile and stationary phases  of exerting their activity in
in accordance with their partition coefficients, and, most presewatives are usua

and water and will be distribut
eam. This distr
f the substance in the
ken into account

ntration of preserva-

provided there is a difference between these coeffi-
cients, the components
along the column and will eventually become
separated.

In paper chromatography, where a filter paper is
used to support the stationary liquid phase, the flow
of a mobile liquid phase may be made to occur in a
vertical or horizontal direction through 2 strip of
paper;, or in a radial direction through a paper disc.

Whatever the direction of flow the basic principles  agents as
of the separation technique remain the same as solubility
those explained above. More information on the of pharmaceuts

theories and techniques of chromatography is given

by Heftmann (1961). partition
interior of the colloidal aggre;
3. Release of Drugs from Certain Dosage Forms. formed by the solubi
Some common dosage forms such as suppositories  ing aqueous phase.
and ointments are often formulated in water-  compoun
immiscible bases. The rate of release of medicaments  aqueous pha
from these dosage forms into aqueous body fuids or effect therefore becomes 1
secretions will depend on several factors. One of formulation of such preparations.

the most important of these is the partition coeffi-

cient of the medicament between the base and the 7. Determination of Eq
body fluid. The effect of partition between water  rhe Formation of Intermole
immiscible bases and body fluids is also made use  intermolecular complex is
of in the formulation of products intended to provide an immiscible liquid
that is only soluble in that p
B that is soluble in both
4. Passage of Drugs through Living Membranes.  coefficient of the latter wi
The cell membrane is considered to behave as & s observed in the absence O
lipoidal barrier surrounding the cells. One of the partition coefficient may
main routes of penetration of drugs into cells equilibrium constant
therefore involves the partition of the substances  molecular complex.
between these lipoidal layers and the aqueous body Higuchi and his co-w
fluids with which they are in contact. The partition equilibrium constants
coefficient of the drug is therefore important in all  jpvolving compounds 0

a prolonged release of drug.

processes that involve the transport and distribu-

tion of drugs throughout the body; e.g. the absorp-  Coltigative Properties of Solutions

tion of drugs from the gastro-intestinal  tract,

distribution of drugs between various tissues, and  These are the physical p
depend on the propor

particles that are present
, colligative pro
The uptake of preservatives and other substances  that are exerted by-the s
example, such attractive

of the solvent to escape from t
and the vapour pressure
reduced by the presence o
The other colligative pr
elevation of boiling point,

immiscible phases, one of which is dispersed as freezing point, and
last of these. properties is the most

penetration of drugs to the sites where they can
exert their pharmacological activity (see Chapter 6
for more information).

by micro-organisms is also influenced by the parti-
tion coefficient of the compound between the cells
and the surrounding aqueous phase (see Chapter 31).

5. Preservation of Emulsions and Creams. Emul-
sions and creams are systems comprised of two

globuies throughout the other. Micro-organisms

he aqueous phase of
tives must therefore
this phase. However,

fly soluble in both oil W
ed between these two

will move at different rates  phases in an emulsion and cr ibution y,
will affect the concentration O
aqueous phase and should be ta
when deciding the overall conce
tive to be used in these systems (see Chapter

6. The Formu
is often. made of compounds k
a means of increasing the
of organic compounds in
cal preparations.
known as solubilisation and it ma
of the organic compound between
gates (micelles p. 64)
ts and the surround-
ty of the solubilised
to its concentration in the \,
dge of the partitioning

se, and a knowle
ecessary for the proper
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this type of " S
be capable

3.

lation of Sclubilised Systems. Use
nown as solubilising
apparent water
the formulation
The process is
y be regarded as a
the

lute

\
M|
QO
\}

\}

uilibrium Constants for
cular Complexes. 1f an
formed in one phase of
between a solute 4 \;
hase and a second solute

then the partition

11 differ from the value that

f A. This change in

ed to determine the {;
he formation of the inter-
This method has been used by
orkers (1969) to determine the
for a variety of complexes
f pharmaceutical interest.

\

S

f a solution that
tion of dispersed SO
in the solution. The
om the attractive forces
olvent. For =
forces reduce the tendency
he liquid as a vapour,’

e solvent is therefore

£

(a) the ¢

(b) the dep{ession of
properties. The
important from a

!



7

BIBLIOGRAPHY

BARROW, G. M. (1966) Physical Chemistry. 2nd ed.
McGraw-Hill, London.

GUCKER, F. T. and SEIFERT, R. L. (1967) Physical
Chemistry. English Universities Press, London.

HILDEBRAND, J. H. and SCOTT, R. L. (1962) Regular
Solutions. Prentice Hall Inc., New Jersey.

HOOVER, I E. (Ed.) (1970) Remington’s Pharmaceu-
fzcal Sciences. 14thed. Chapter 19, Mack Publish-
ing Co., Pennsylvania.

MARON, §. H. and PRUTTON, C. F. (1958) Principles of
Physical Chemistry. 3rd ed. Macmillari, New
York.

MARTIN, A. N., §WARBRICK, J. and CAMMARATA, A.
(1969) Physical Pharmacy. 2nded. Henry Kimpton,
London.

ROSE, 3. (1961) Dynamic Physical Chemistry. Pitman,
London.

REFERENCES

BUCKLEY, H. E. (1951) Crystal Growth. pp. 29-31.
Wiley, New York. PP '

SUNN, C. and CARTER, s. J. (1965) Dispensing for
Pharmaceutical Students. 11th ed. Pitman Medi-
cal, London.

HALEBI:IAN, 5. and McCRONE, w. (1969) Pharma-
ceutical applications of polymorphism. J. pharm.
Sci., 58, 911-929.

HEFTMANN, E. (19§1) Chromatography. Reinhold
New York. srapty ’

TUTORIAL PHARMACY

pharmaceutical point of view and the implications . HIGUCHI, T., RICHARDS, J. H., DAVIS, S. §., KAMADA,
of this effect are given by Gunn and Carter (1965). .

A., HOU, J. P., NAKANO, M., NAKANO, N. L., and
PITMAN, I H. (1969) Solvency and hydrogen
bonding - interactions in non-aqueous systems.
J. pharm. Sci., 58, 661-671.

KOSTENBAUDER, H. B. and HIGUCHI, T. (1956) For-
mation of molecular complexes by some water
'soluble amides. 1. Interaction of several amides
with p-hydroxybenzoic acid, salicylic acid, chlor-
amphenicol, and phenol. 1. Effect of decreasing
water solubility on degree of complex formation.
J. pharm. Sci., 45, 518-522 and ‘810-813.

MCGLASHAN, M. L. (1968) Physice-chemical Quantities
‘and Units. Monographs for teachers, No. 15,
Royal Institute of Chemistry, London.

TAWASHI, R. (1968) Aspirin: Dissolution rates of
two polymorphic forms. Science. 160, 76.

TAYLOR, JR., P. W, and WURSTER, D. E. (1965) Dis-
solution kinetics of certain crystalline forms of
prednisolone. 1. Influence of fow concentrations
of sodium lauryl sulphate. J. pharm. Sci., 54,
1654-1658.

WESTWOOD, A. R. C., OPPERHAUSER JR., H., and
GOLDHEIM, D. L. (1962) Anomalous solution and
Tt7c6h6ing phenomena. J. appl. Phys., 33, 1764~

WURSTER, D. E. and KILSIG, P. 0. (1965) Effect of
complex formation on dissolution kinetics of
m-aminobenzoic acid. J. pharm.  Sci., 54,
1491-1494.

WURSTER, D. E. and TAYLOR JR., P. w. (1965a)
Dissolution rates. J. pharm. Sci., 54, 169-175.

WURSTER, D. E. and TAYLOR IR.. P. W. (1965b)

Dissolution kinetics of certain crystalline forms

of prednisolone. J. pharm. Sei., 54, 670-676.

3 |
Phase Equilibria

A ProPER understanding of certain systems and
processes that are encountered in pharmaceutical
practice necessitates a knowledge of the principles
that govern the equilibria between solid, liﬂy_id, and
gaseous phases.* ""“

The Phase Rule

The conditions relating to physical equilibria
between various states of matter are conveniently
expressed by the Phase Rule, which was derived by
J. Willard Gibbs in 1876. In order tosunderstand
this rule it is first necessary to éxplain what is meant
by the terms ‘phase’, ‘number of components’, and
‘degrees of freedom’.

PHASE

A phase is defined as any homogeneous and physi-
cally distinct part of a system that is separated from
other parts of the system by definite boundaries.
For example, ice, water, and water vapour are three
separate phases; each is physically distinct and
there are definite boundaries between them. Pure
liquids or solutions constitute homogeneous phases,
but two immiscible liquids (or solutions) constitute
two phases since there is a definite boundary between
them. A mixture of gases always constitutes one
phase because the mixture is homogeneous and there
are no bounding surfaces between the different gases
in the mixture.

NUMBER OF COMPONENTS

The number of components of a system is the smallest
number of independent chemical constituents
necessary to express the concentration of all phases
present in the system. For example, in the three-
phase system ice, water, and water vapour, the
number of components is one, since each phase can
be expressed in terms of HpO. A mixture of salt

* 1t is assumed that the student is familiar with the
kinetic theory of matter and the properties of solids,
liquids, and pases.
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and water is a two component system since botb

chemical species are independent.

DEGREES OF FREEDOM

The number of degrees of freedom is the number of
variable conditions such as temperature, pressure,
and concentration tha. it is necessary to state in
order that the condition of the system at equilibrium
may. be compietely defined. The significance of the
number of degrees of freedom of a system will be
better understood after considering the specific
equilibria that are discussed in the succeeding
sections on phase equilibria.

The relationship between the number of phases,

_ P, comperents, C, and degrees of freedom, F, for
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equilibria that are influenced only by temperature,
pressure, and concentration is given by Eqn (3.1)
which is a quantitative expression of the Phase Rule.

F=C—-P+2 @E.n

The application of Eqn (3.1) to various systems of
pharmaceutical interest wiil obviously depend on
the number of components present in individual
systems. For the convenience of discussing these
systems, it is therefore better first to consider those
with one component only, and then to move on to
those with two components. The succeeding sec-
tions are therefore based on such a division, and in
each case an attempt will be made to discuss a range
of pharmaceutical systems that are examples of each
category.

In these discussions the effects of temperature,
pressure and composition on the phase equilibria
will be indicated by graphs called phase diagrams,
which show the variation of a transition temperature
such as a boiling point or a melting point with
pressure or composition. Representation of the
simultaneous effect of three variables would require
three axes. This can be achieved with three-
dimensional models but if one variable is fixed the
resulting planar diagram caa be regarded as a section
through such a model. The difficulties associated
with the representation of three variables do not
arise in systems containing one component because
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no variation in the compositions of these systems
can occur. It is therefore sufficient to consider only
the effects of variation in temperature and pressure.

SYSTEMS OF ONE COMPONENT

The phase diag.am for the ice-water—water vapour
system (Fig. 3.i) may be used to illustrate the
Interpretation of these diagrams for one-component
systems. This particular diagram is also of impor-
tance in the understanding of the process of freeze
drying.

In a diagram such as Fig. 3.1, the areas each
correspond to a single phase. The number of degrees
of freedom is therefore given from Eqn (3.1) as

F=1-1+42=2

Thn_s means that temperature and pressure can be
varied independently within these areas. For
example, by varying the temperature and pressure,
a mass of water under conditions corresponding to
point wy in Fig. 3.1 may be converted to a mass at
higher temperature and pressure at point w,; ie.
this independent variation of temperature and pres-
sure has not altered the number of phases in the
system. However, if the conditions are such that
the system corresponds to a point that lies on one of
thg h.nes A0, BO, or CO, then two phases now
exst in equilibrium with each other, since these lines
form the boundaries between different phases. The

Pressure
(N/m?)

e
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number of degrees of freedom is reduced, because,
from Eqan (3.1) F=1 —2 +2 = 1. This means
that a single variable exists when equilibrium is
established between two phases, and if the pressure
is altered the temperature will assume a particular
value or. conversely, if the temperature is altered
the pressure will have a definite value.

Melting Points

The boundary BO represents the coexistence of
liquid water and solid ice at various temperaturecs
and pressures. BO therefore indicates the effect of
pressure on the melting point of ice, and the negative
slope of this line shows that the melting point
decreases as the pressure increases. If at any point
on this line the pressure is increased while the

.temperature is maintained constant, then all the ice

will be converted to liquid water; i.e. only one phase
will remain instead of the two original phases that
were in equilibrium at the point on BO. Thus, in
order to maintain equilibrium conditions between
the two phases, the temperature and pressure must
not be varied independently of each other.

Boiling Points

The boundary CO, which is known as the vapour
pressure curve, represents the coexistence of liquid
water and water vapour under various conditions.

1 L
273 373
Temperature (K)

647

Fig.3.1 Phase diagram for water at moderate
temperatures and pressures (not drawn to scale)
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The temperature and pressure again cannot be varied
independently otherwise a change from a two-phase
system to a single-phase system will occur. For
example, if the pressure is kept constant at any
point along CO while the temperature is increased,
then all the water will be converted to vapour and
only one phase will remain. CO therefore represents
the effect of pressure on the boiling point of water
and it has an upper limit at the critical temperature
of water (647 K*). This is the temperature above
which it is impossible to liquefy water vapour.

Equilibria that involve vapours are affected
appreciably by variation in pressure. Tabulated
boiling points should therefore be quoted at a
definite pressure (usually agmospheric pressure, i.e.
1-013 25 x 10° N/m?®), and"experimentally obtained
values should be converted to values at the appro-
priate pressure for the purposes of comparison with
previously reported ones. Changes in the boiling
point of a compound may be calculated from Eqn
(3.2), which is known as the Clapeyron equation.
(The derivation of this is given in most textbooks
of physical chemistry—see Bibliography.)

~

dT  T(VG —yL)

d_ = T— 3.2)

/4 v
In Eqn (3.2), ¥C and V¥ are the volumes occupicd
by one mole of the gas and liquid, respectively, Ly
is the latent heat of vaporisation of the liquid, T is
the thermodynamic temperature, and dT}dp is the
change in boiling point with pressure.

A similar Eqn (3.3) can be used to calculate the
effect of pressure on melting points, and in this
equation V'3 js the volume occupied by one mole of
the solid, L, is the latent heat of fusion of the solid,
dT(dp is the change in melting point with pressure,
and the remaining terms are defined as before:

dT _T(VL — V%) 13
g L, G3
Since the equilibrium at a melting point does not
involve vapour, then the effect of pressure is very
small compared with the effect on boiling points.

Triple Points

In Fig. 3.1 the boundary lines meet at O, which is
the only point in the diagram where three phases
may coexist in equilibrium and it is therefore termed
a triple point. The application of the Phase Rule

® The freezing point of water on the thermodynamic
temperature scale is equal to 273-15°C. This value has
been approximated to 273°C ir this chapter unless stated
otherwise.

equation to the system at O shows that
F=1-342=0

The system is therefore invariant; j.e. any change il
pressure or temperature will result in an alteration
of the number of phases that are present. "
The triple point for water occurs at a temperature
of 273-159 8 K and-a pressure of 610 N/m®. Thus,
the triple point temperature is 0-009 8°C above thi,,
usual freezing point of water at 1013 25 x 10° N/m®,
However, application of Eqn (3.3) will show that 2
change in pressure from 610 N/m? to 101325 x
10° N/m2will produce a decrease in the freezing point
of water of only 0-0075°C. The diffcrence betweer
this calculated” value and the obscrved -value is'
caused by the common presence of air dissolved in
water, - "y

Sublimation and Sublimation (Freezc) Drying

The boundary AO, which is known as the sublima-
tion pressurc curve for ice, indicates the conditiont
for the coexistence of vapour and solid phases in
equilibrium. A mass of ice may be converted
directly into water vapour by heating, provided that,
the pressure is kept below the triple point pressure.
This transition is particularly valuable in drying .
compounds that are sensitive to the higher tempera-
tures usually associated with drying techniques.
Removal of water by means of sublimation is termec,
sublimation or freeze drying and the importance of -
the tripie point in this process should be appreciated
at this stage. Further information on the actuai.
drying process is given in Chapter 24.

i
Polymorphism

.

Some substances can exist in more than one type oby),
crystal structure. This ability is known as poly-
morphism and the different structures are termed“
polymorphs. If the substance is an element then the
phenomenon is called allotropy instead of poly-
morphism. S
A reversible change from one polymorph to
another frequently occurs at a definite temperature, .
and both structures can therefore exist in equilibriumyy.
at this temperature. Crystalline forms that exhibit
this type of behaviour are said to be enantiotropic.m
For example, the rhombic crystal structure, which
is the stable form of sulphur at ordinary tempera- .
tures, is converted to the monoclinic structure aly)
368-5 K, and the transition is reversed at this point
on cooling from a higher temperature. Since eachy,
) ) D)
enantiomorph represents a separate phase, the

"number of degrees of freedom that exist when

equilibrium is established between them is restrictedy;
\

K

v



7

i
it
NG
v

@

water under these conditions,

In some cases the change from one polymorphic
form to another occurs in one direction only and
reversion is not possible in a direct manner. Sub-
stances that exhibit this type of polymorphism are

termed monotropic. For example, diamond can
be converted directly into graphite but the reverse
process is not dirsctly possible,

The polymorphic changes between the crystalline
forms of fatty acids and glycerides are nearly always
monotropic. Theobroma oil, which is used in the
preparation of suppositories, is a polymorphous,
patural substance. It consists mainly of a single
glyceride and usually melts over a narrow tempera-
ture range (34 to 36°C), which is just below normal
body temperature. The four polymorphic forms of
this substance are shown in Table 3.1 together with

“Table 3.1
The Polymorphic Forms of
¢ Theobroma Oil

Polymorph m.p. (°C)
Metastable » form 18
Metastable « form 22
Metastable g’ form 24
Stable 8 form 345

their melting points. If, during the course of prepa-
ration ot; Suppositories, theobroma oil is heated to
about 35 C or above and completely liquefied, then
the {e;ultm.g suppositories are too “soft for proper
administration and tend to melt at ordinary room
temperatures. It has been pointed out (Riegelman,
1955) th_at the excessive heating will cause coraplete
destruction of the nuclei of the stable # form.
C%nsequently, the mass tends to supercool to about
15°C before crystallisation reoccurs in the form of
the metastable «, £’, and y forms with a melting

to one, and the transition temperature is therefore
affected by pressure. Thus, in a system containing
a solid that is able to exist as two polymorphs, an
additional line is required in the phase diagram to
represent the boundary between the two solid forms.
The inclusion of .an extra ‘boundary. increases the
number of triple points in a phase diagram. The
sulphur phase diagram is the classical example of
such a system and the Bibliography should be con-
sulted for an explanation of this diagram. The
phase diagram of water at very high pressures could,
in fact, be used to illustrate the phenomenon of
polymorphism, because jce may exist in several
different forms. However, this would not be very
satisfactory as a simple illustration owing to the
rather complicated nature of the phase diagram of

e
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point of 22 to 24°C. If the initial heating is limited
to about 33°C the mass is sufficiently fluid for pour-
ing, but the nuclei of the stable 8 form are preserved
and cause the separation of crystals with a melting
point of 34:5°C on cooling.

Polymorphism may also be exhibited by liquids.
For example, cholesteryl acetate melts to produce a
turbid liquid which becomes clear at a higher
transition temperature. The turbid and clear forms
of polymorphic liquids have different optical prop-

erties and the turbid forms have ‘been referred to as -

liquid crystals, although the terms anisotropic or
mesomorphic liquids are preferable. The transition
temperature for the change from mesomorphic
liquid to clear liquid is pressure dependent.

The different crystal structures of polymorphic
forms of the same substance will cause a difference
In the thermodynamic activities of the_polymorphs
(Higuchi and co-workers, 1963). This is of impor-
tance in pharmacy, since many drugs exhibit poly-
morphism and their activitiés will govern their
stabilitics and their rates of solution, Thus, one
polymorph may be more stable than others. In
addition, one may show a greater rate of solution
and may therefore be absorbed from the gastro-
intestinal tract at a greater rate than other forms, and
so produce a higher plasma concentration. For
eggmplp, the effect of polymorphism on the availa-
bility of methylprednisolone and sulphathiazole has
been investigated by Higuchi and his co-workers
(1963, 1967), and Aguiar and his co-workers (1967)
have_shown that the polymorphic state of chioram-
phenicol palmitate has a significant influence on the
blood levels of chloramphenicol in humans. If the
existence of polymorphism is unrecognised, then
the possibility of variation in the availability of -a
given drug from successive doses may arise. The
pharmaceutical applications of polymorphism have
been reviewed by Haleblian and McCrone (1969).

SYSTEMS OF TWO COMPONENTS

Table 3.2 shows the effect of the number of phases
on the degrees of freedom in a two-component
system. When one phase only is present there are

Table 3.2
The Degrees of Freedom in
Two-component Systems

P F
1 3
2 2
3 1
4 0
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three degrees of freedom; i.e. temperature, pressure,
and composition. . Thus, the behaviour of a two
component system may be represented completely
only by a three-dimensional diagram showing tlie
relations between the three variables. However, it
is more convenient to use separate two-dimensional
diagrams which show the relation between two of the
variables while the third is kept constant; e.g.
diagrams showing the variation of pressure with
composi'tion at constant temperature, or the vari-

ation of composition with temperature at constant -

pressure.

Solid-Vapour Systems of Two Components

The conversion of an anhydrous salt to a hydrated
form, the transition of one hydrated form to a higher
hydrate, and the phenomena of deliquescence,
hygroscopicity, efflorescence, and exsiccation are
examples of the equilibria in systems containing a
solid and water vapour.

HYDRATION AND DEHYDRATION
OF SALTS

Each hydrated form of a salt exerts a definite vapour
pressure at a given temperature. The relation
between this valuc and that of the vapour pressure
of water vapour in the atmosphere surrounding the
salt is of importance in deciding the type of hydrate
formed under various conditions.

EFFLORESCENCE AND EXSICCATION

If the vapour pressure of a hydrated salt is greater
than the pressure exerted by the water vapour in the
surrounding atmosphere then the salt will attempt
to attain equilibrium with its surroundings, and
therefore tend to lose water to form a lower hydrate
or an anhydrous salt. This phenomenon is known as
efflorescence. ' :

The pressure of water vapour in the atmosphere
is about 13-:33 x 102 N/m? at 293 X, and therefore
hydrates with vapour pressures greater than this
will tend to exhibit efflorescence and be unstable,
provided that the lower hydrate that is formed stili
exerts a vapour pressure greater than the surrounding
atmosphere. If this is not so, then water will be
taken up from the atmosphere by the lower hydrate
as fast as it is formed and the final equilibrium will
depend on the rates at which water is lost or taken
up by the two hydrates. For example, the behaviour
of the various forms of sodium carbonate may be

represented by the following scheme—. " o
Na,CO;.10H,0  v.p. =32 x 102 N/m?® at 293 K

spontaneous dehydration; R
i.e. efflorescence, T

'

Na,CO,.H,0 v.p. = 16 x 10° N/m® at 293 K

41 efflorescence not observable
beeause anhydrous salt is
rapidly hydrated.

Na,CO, (anhyd.) vp. =0

Since the vapour pressure exerted by the decahydrate
is much greater than that of normal atmosphere it
loses water by the process of efflorescence and is
converted to the monohydrate. The vapour pressure
of the latter is still above that of the atmosphere, but
further apparent loss of water does not occur since
the anhydrous salt is rehydrated at a faster rate than
dehydration of the monohydrate.

The vapour pressure of hydrated salts, and there-
fore the rate of efflorescence, increases with rise in
temperature. The process of accelerating the rate of
efflorescence by increasing the temperature in order
to remove water of crystallisation from a hydrated
salt is known as exsiccation, although this term is
also used where water is not normally lost by
efflorescence. For exémple,' the pentahydrate of
copper sulphate may be converted to the trihydrate
by heating to 303 K. Two further molecules of
water are removed at 373K to yield the mono-
hydrate, and the remaining molecule of water is
removed at 473 K to yield the anhydrous salt.

Since the instability that arises from efflorescence

is caused by the loss of water vapour,,the common

method of minimising such deterioration involves
the use of containers that prevent the loss of water
vapour. The additional precautions of using well-
filled containers with a minimum amount of atmos-
phere above the efflorescent material and storage
in a cool place are also advisable.

DELIQUESCENCE AND HYGROSCOPICITY

Both of these terms are used to indicate that a
material takes up water vapour from the atmosphere
and is converted to a more hydrated form. In the
case of a hygroscopic substance the more hydrated
state is still a solid but deliquescence implies the
cventual formation of a liquid phase; i.e. a solution.
In both phenomena, however, “the final more
hydrated state must still exert a lower vapour
pressure than that of the water vapour in the sur-
rounding atmosphere. If this is not so then the
newly formed hydrated state will immediately lose
water by efflorescence and revert to the initial state.
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Thus, for a liquid Phase to'be produced by deliques-  the following types:

cence, it is necessary that the vapour pressure
exerted by a saturated solution of the deliquescent
material shoiild be less "than 1333 x 102 N/m2.
The following scheme showing the behaviour of
Sodium hydroxide may be used as an «example of

deliquescence.

NaOH.H,0

v.p. is very low at 293 K
lDeliqucsccnce .
- Saturated’
solution

VP =133 x 10 Njm? '
of NaGH p ' /m? at 293 K

R lFuri her deliquescence

Unsaturated .
os;);\llj:((;:l V-p- = v.p. of atmospheric moisture
Othe_r deliquescent materials include potassium
hyc_]romde, sodium lactate and potassium carbonate
whxlle examples of hygroscopic materials include’
exsiccated sodium sulphate, ammonium chloride
and squill, '
_ Storage precautions for pharmaceutical prepara-
tions that are deliquescent or hygroscopic are aimed
at the maintenance of g moisture-free atmosphere
Inside the container. The closures of the latter should
thert?fore prevent the access of water vapour, and
official monographs usually direct that such sub-
stances should be swred i ‘well-closed’ containers,

product. In-certain’ cases, where the product is
particularly susceptible to moisture, a drying agent
may be placed inside the container. The drying
agent is usually contained in smali packets, made

order to prevent contact between th

_ ey : € agent and the
product. Silica gel is often used in this way and it
May contain an indicator to show when its drying
properties are o longer satisfactory. Anhydrous

.

Liquid-Liquid Systems of Two Com .
Solutions of Liquids in Liquids ponents;

The degree of miscibility of two liquids
! may be used
as a basis for the classification of ?hcse sysz:ms into

1. Completely miscible liquids.
2. Partially miscible liquids.
3. Immiscible liquids.

. COMPLETELY MISCIBLE LIQUIDS

A solution of one liquid in another in contact with .

vapour from the liquid mixture constitutes a two-
phase system of two components. The Phase Rule
therefore indicates that such a system wili possess
two degrees of freedom; ie,

F=2-242=2

Thus, the system will be completely defined by two
variables. For example, if the temperaturé and
composition are fixed, the vapour pressure must
hav.e.a definite value, or if the pressure and com-
position are fixed then the equilibrium will only be
maintained at a particular temperature.

In diagrams involving vapour pressures exerted by
solutions of liquids in liquids it is necessary 'to
consider the application of Raoult’s law. This
states that the partial vapour pressure exerted by
each component is proportional to its molar concen-
tration in the solution. The law may be expressed
by Eqn (3.4):

P =Ps+pp=pix, +plhxy )
where p is the total vapour pressure above a liquid
mixture containing x, and x, mole fractions of
components A and B, respectively, 7% and pY are
the vapour pressures exerted by the purecomponents,
and p, and pp are the partial vapour pressures
exerted by the components in the liquid mixture.

ldeal Solutions. Raoult’s law s obeyed by only
a few solutions of liquids in liquids. However, it is
cqnvem'ent to consider an ideal solution, to which
this law applies, and to discuss real solutions in
terms of the deviations in their behaviour from that
of an ideal solution, T
A graph showing the variation in the partial
pressure of each component in an ideal solution,
with the composition of the solution at constant
temperature, should produce a straight line which
passes _through the origin, since P4 =pY%x, and
Pr = phxp. The line for each component can ‘be
Tepresented on' the same diagram as shown in Fig,
3.2, where O,,p% and OppY% indicate the variations
I partial pressures exerted by components A4 and B,
Tespectively, with the composition of the mixture.
From Eqn (3.4), and by applying simple geometry,
1t can be shown that the line P%p% will indicate the
t\fananon in the total vapour pressure with composi-
ion.

PHASE EQUILIBRIA

pressure

Op ' Op
Composition

1 mole fraction of A 0

0 mole fractiun of B 1

Fig. 3.2 Vapour-composition diagram for an ideal
solution

Real Solutions. As previously stated, only a fow
actual solutions show ideal bchaviour. The com-
ponents of these ideal solutions have a similar
chemical structure; e.g. benzene and toluene,
n-hexane and n-heptane, ethyl bromide and ethyl
iodide.

Most systems show varying degrees of deviation
from Raoult’s law, depending on the nature of the
liquids and on the temperature, When interactions
such as hydrogen bonding, salt formation, or
hydration occur between the components of a
solution, then the vapour pressure of each com-
ponent is lowered with respect to the behaviour of an
ideal solution and the system is said to exhibit a
oegative deviation from Raoult’s law; e.g. chloro-
form and acetone, pyridine and acetic acid, water
and nitric acid. :

In most systems, the vapour pressures are greater
than those of an ideal solution and positive devi-
ations from Raoult’s law are therefore exhibited,
This type of behaviour occurs when the components
differ in their polarity, length of hydrocarbon chain,
and degree of association; e.g. carbon tetrachloride
and cyclohexane, benzene and ethanol, water and
ethanol. The degree of deviation from Raoult’s
law decreases as the temperature increases, since
the effects of the differences in the natures of the
components ‘are reduced at higher temperatures.

Conversely, a decrease in temperature may lead\%\
decrease in miscibility of the two components and
phase separation may occur. )
The occurrence of deviations from ideal behaviéy.
allows the classification of solutions of liquids in
liquids into three types. .
(a) Systems where the total vapour pressure is
always intermediate between those of the pure
components; i.c. there is neither a maximum_ N
minimum in the vapour pressure-composition
diagram as shown in Fig. 3.3(a). These systems »
known as zeotropic mixtures and examples inchihy
carbon tetrachloride and cyclohexane, and water
and methanol. A\
(h) Systems that exhibit a maximgm value in tl}e
vapour pressurc-composition diagramss as shown in
Fig. 3.3(h). These are known as azcotropic MiXtu,,
with a maximum sapour pressure or minimum
boiling point and examples include benzene ar
cthanol, and water and cthanol. Ny
(c) Systems that exhibit @ minimum value in the
vapour pressure-composition diagrams as shown !
Fig. 3.3(¢). These are known as azeotropic mn_«(ures
with & minimum sapour pressure or maximum
boiling point. and examples include chloroform ax,
acetone, pyridine and acelic acid, and water and
nitric acid. .
The effects of these different types of behavioby
on the results of distillation of liquid mixtures is of
importance in various pharmaceutical fields. He
cver, before these distillations can be considered,
it is nccessary to take into account the compositien
of the vapour that is in ecquiisibrium with the ligh.
mixtures of different compositions. The previqus
vapour pressure diagrams show oniy the relatir
between vapour pressure and composition of M
liquid phase. If these diagrams are drawn to show

the variation in vapour pressure with both vapey,
and liquid compositions, the results may be repre-
sented by Fig. 3.4(a), (4), and (c), respectively. .
The upper curves in. these_figures represent_tav.
ygl@iﬂp‘n{_gn_total vapour pressure with composition
of the liquid ”phz{sé‘."ah’d’thé‘lb\verEg\rjv y Qprgse;\w
the variation in total vapour préssure with compod
tion” 6f the vapour phase.- The different arcas
correspond to the existence of liquid, vapour, §;,
liquid plus vapour, as shown in the diagrams. o
When equilibrium is established between liqui*
and vapour phases the vapour pressure must l\\\3
constant. It can therefore be seen that the composi-
tions of the vapours (v, to v;) that are in equxhbnu:\l-»
-with liquids of compositions given by /; to /s ar
obtained by drawing horizontal tie-lines through the
points on the liquid composition curves that COY):
spond to /; to /5. The points at which these lines
intersect the vapour curves provide the compositior - ]
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b1 10 v5. It can be seen from Fig. 3.4(a) t
vapour Ppasq in equilibrium with agparli(cgla?zliit Lt:g
composition is richer in the more volatile compoﬂent
4; ie. the _component with the higher vapour
prc':ﬁsure. ‘Thxs is known as Konowaloff's RuleP
" fe pc?m.t M in Fig. 3.4(b) and (c) corresponds to
¢ formation of an azeotrope, which is a mixture
with a lower or higher vapour pressure than is
exerted by any other composition in the system. It
'wﬂl pe observed that the liquid and vapour h
identical compositions at this point, P e
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ll-)/[,t.l}t.? Effect of deviation from ideal behaviour on
olal vapour pressures of various liquid mixtures
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e h a2 minimum vapour pres-
[
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n
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B
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Composition

Distillation of Solutions of Liguids in Liguids

(a) Zeotropic Mixtures. For the purpose of
explaining the effects of distillation it is more con-
venient to use a phase diagram (Fig. 3.5) that shows
the variation in boiling point with composition of
the liquid and vapour phases at constant pressure
It should be observéd that the upperand lower curves
in Fig. 3.5 represent the vapour composition and
the liquid composition;, respectively, and that the
areas corresponding to liquid and vapour phases are
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transposed when compared with the vapour pressure
diagrams shown in Fig. 3.4(a). Konowaloff’s Rule
can still be seen to apply in the boiling point
diagram, since a liquid with a composition corre-
sponding to /, will boil at temperature T; and be in
equilibrium with vapour of composition /,. This
vapour is therefore richer in component A, which
has the lower boiling point (T ) and is therefore
the more volatile component of the liquid mixture.

It can also be seen from Fig. 3.5 that if the vapour
of composition /, is removed and condensed it will
give a liquid of composition /. If this liquid is
subsequently heated it will boil at temperature T, to
provide a vapour of composition I3 that is even
richer in component A4; i.c. the composition of the
distillate will approach closer to pure 4 as more
stages of heating and condensation are involvad.
Conversely, as vapour that is richer in A is removed

Fig. 3.4 Vapour pressure diagrams showing liquid

and vapour composition curves for various liquid

mixtures

(a) zeotropic mixture

(b) azeotropic mixture with a maximum vapour pres-
sure

(¢) azeotropic mixture with a minimum vapour pres- .
sure

{c) Liquid

0 (Liq.
P, °
¥

&

5

w

1]

QO

&

0,

X, B

Composition

from the distillation flask the composition of the
liquid remaining in the flask gradually approaches
pure B. Thus, the components of a zeotropic mix-
ture may be separated completely by the process of
fractional distillation, which involves the occurrence
of many individual stages of vaporisation and con-
densation in a distillation column. (See Chapter 23
for more information on distillation as a unit
operation.)

If the Phase Rule is applied to the two-component
system in the distillation flask where two phases
(i.e. liquid and vapour) are present, it can be shown
that two degrees of freedom exist:

F=2-2+4+2=2

Since the pressure is kept constant, the temperature
will therefore change as the composition varies in
order to maintain the same number of phases; ie.
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may be applicd to Fig. 3.6(a). taking a liquid with

- taoc;t)/;n'position on either side of that correspondin,
= as the starting point. It will be found
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2. PARTIALLY MISCIBLE LIQUIDS

These systems may be divided into the following
types for the convenience of discussion.

(a) 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 separa-
tion of the mixture into two phases. Each phase
consists of a saturated solution of one component in ¢
the other_}igt_l__ig.w‘s_ugh mutually saturated solutions
are KAOWn as conjugat€ 50 g
~~The €quilibria 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,
contained in sealed glass ampoules, become miscible,
as shown by the disappearance of turbidity.

Phenol-Water S ystem. The témperature-composi-
tion diagram of phenol and water at constant
pressure (Fig. 3.7) is convenient to use in the explana-
tion of the effects of partial miscibility in systems
that show an increase in miscibility with rise in
temperature,

The areas shown in" Fig. 3.7 each correspond to .
the existence of various phases as shown in the
diagram. The most important part of the diagram, _
for the purpose of the present discussion, is that.
indicated by the line BC D, which separates a single-
phase system of one liquid from a two-phase system . .
of two mutually saturated liquids. If gradually
increasing amounts of phenol are added to water at
293 K, the composition moves along the line abcde.
Between a and b there is only one liquid phase, and
application of the Phase Rule shows that there are |
three degrees of freedom: N

N\

N

F=2—-142=3

This means that temperature and composition must &,
be specified in order to define the system completely

at constant pressure. The aqueous solution is
eventually saturated at a composition corresponding N
to b (containing 8-4 per cent phenol). The line BC A
therefore represents the effect of temperature on the W
solubility of phenol in water. If more phenol is °
added, then a second layer separates. This is a .
saturated solution of water in liquid phenol. Thus, &y
at a total composition corresponding to point ¢ (i.e.
containing x per cent phenol) two conjugate solutions’
will exist as separate phases. The compositions of N
these phases will correspond to points b and d
respectively (i.e. one sclution contains 8-4 per cent &)
phenol in water and the other contains 27-8 per cent
water in phenol). The relative amounts of these .
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solutions at 293 K are given by

Amount of saturated solution of phenol in water
Amount of saturated solution of water in phenol
e

be
Application of the Phase Rule to the system at ¢
shows that there are two degrees of freedom:

Thus, the system is completely defined if the tem-
perature is specified at constant pressure.  For
example, at 293 K the system consists of one phase
with a compasition corresponding to 6 and another
with a composition corresponding to d.

If more phenol is added, the point d is reached
wherevtl}e system consists of a saturated solution of
phenol in water. Thus, the line DC represents the
effect of temperature on the solubility of water in
phenol.  Further addition of phenol produces an
unsaturated solution of water in phenol (i.c. at ¢).

It can be seen that BC and DC meet at C; e,

above C only one liquid phase can exist. The two
componeats are therefore miscible in all proportions
above C, which is known as the upper critical
temperature (upper CST). The composition-at-C.
corresponds to a_mixture containing 34 per cent
phenol and such 3 riixture will ‘remain_scparated
10Y0 TWO Tayers up t6 4 Higher temperaturé shan. any.
Sther~Application of the Phase Rule to the system
at C shows. that this point is invariant; i.ec. the
upper CST is fixed at 339K for the phenol-water
system at atmospheric pressure (101 325 N/m?).

-

2 liquid
phases

Temperature {X)

1 liquid phase

¢] 100
Composition
{per cent triethylamine)

Fig. 3.8 Temperature-composit; i
J ! position d
triethylamine-water system (at 101 '3?;3/:(3’) the
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_The Temaining part of the phenol-water phase
d.lagram is of importance with regard to the formula-
tion of a solution containing a iarge proportion of
phenol.  Such a solution is used in dispensing
practice in preference to solid phenol, since the
latter is deliquescent and therefore difficult to weigh
accurately. In order to be satisfactory for dispénsing
purposes the liquid should remain homogeneous at

-normal room temperatures; i.e. it should not readily
deposit crystalline phenol when the room tempera-
ture falls during cool periods. It can be seen from
Fl_g. 3.7 thata solution containing 76-1 %, wjw phenol
will meet this requirement most satisfactorily since
this mixture will withstand the lowest possible
tempqrature (276:5 K) before solid phenol is
deposited. On the basis of his investigation into
this section of the- phenol-water diagram Mulley
(1959) has suggested that a solution containing
76:1 95 wiw phenol, which corresponds to an 809
w/v solution in water, should be used in dispensing.
The percentage wfv concentration allows more
rapid calculation of the weight of phenol in a given
volume of solution than the official solution known
as Liquefied Phenol BP 1968, which contains 809,
;v/w [')hgnold in water. In addition, the official
ormulation deposits phenol at a higher

(about 283 K).p P gher femperature

(b) Systems Showing a Decrease in Miscibility
with Rise in Temperature. A few mixtures, which
probably involve compound formation, exhibit a
lower critical solution temperature (lower CST),
e.g. tricthylamine plus water, paraldetyde plus

1 liquid phase

2481 . upper

= C.S.T.

Qo

P

=

ey

a

&

@

£

S 334 lower

C.S.T.
1 liquid phase A
Y 100

. Composition
(per cent nicotine)

Fig. 3.9 Temperature-coniposition diagram for the
nicotine-water systemn.(at 101 325 N/m?)
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water. The formation of a compound produces a
negative deviation from Raoult’s law, and misci-
bility therefore increases as the temperature falls,

as shown in Fig. 3.8. o
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-
tion allows more rapid solution, and storage of the
enema in a cool place is recommended. (N.B.
Enemas should be warmed to body temperature

before use.)

(c) Svstems Showing Upper and Lower CSTs.
The decrease in miscibility with increase in tempera-
ture in systems havidg-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 rise in tempera-
ture. This behaviour produces a closed-phase
diagram as shown in Fig. 3.9, which represents the
nicotine-water system. »_

In some mixtures where an upper and lower CST
are expected, these points are not, in fact, observed
since a phase change by one of the components
occurs before the relevant CST is reached. For
example, the ether-water system is 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 summarised
by Table 3.3. o

The increase in miscibility of two liquids caused
by the addition of a third substance is referred to as
blending. This is made use of in the formulation of
Soiution of Cresol with Soap BP 1968, which con-
tains SO per cent cresol. Cresol is only partially
miscible with water but the soap in this preparation
decreases the upper CST and produces complete
miscibility at ordinary temperatures.

3. IMMISCIBLE LIQUIDS

In a mixture containing two immiscible liquids each
liquid exerts its own vapour pressure independently
of the other. The total vapour, pressure, p, is there-
fore equal to the sum of the separate vapour pres-
sures of the pure compounds (p% and pg,
respectively), i.e.

P =pY+p%

PRt Table 3.3
The Effects of Additives on CST o
Solubility of ) -
Type  additive in each  Effect on Effect on
of CST component CST  miscibility’
Upper Approx. equally — Lowered Increased
soluble in both '
components
Upper Readily soluble in  Raised = Decreased
one component
but not in other
Lower  Approx. equally Raised  Increased
soluble in both
components
Lower Readily solublein Lowered Decreased

one component
but not in other

The application of the Phase Rule to the distilla-
tion of such a system, which involves two liquids in
equilibrium with a vapour, shows that only one
degree of freedom exists,

F=2-342=1

i.e. the boiling point is constant at constant pressure
and is independent of the composition. Since the
liquid mixture will boil when its total vapour
Jpressure is equal to atmospheric pressure, it follows
that the boiling point is lower than that of either
pure component, even the one with the lowest
boiling point. After. one of the components has
been completely removed by distillation the boiling
point will rise to that of the remaining component.

The constant boiling mixture will produce a
vapour in which the number of molecules of each
component {n,; and #y,, respectively) is proportional
to its vapour pressure if ideal behaviour eccurs, i.e.

na_ Pa G5
B ng Py T
ut
my mg
ny==—= and ngp=-——- 3.6
4 S B =3, (3.6)

-where m 4 and my; are the masses of each component
in the vapour and M, and Mp-are their molecular
weights, and from Eqns (3.5) and (3.6)

0
x Mz _ P4
mg

my
MA

(€N
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Equation (3.7) indicates that the ratio of 4 to B by
weight in the distillate is proportional to the ratios
of their partial pressures and their molecular weights.
Thus, if an immiscible mixture of water and an
organic compound is distilled, a high proportion of
the distiilate will be comprised of the organic com-
pound, since water has a low molecular weight.
This process is known as steam distillation and it is
often used in pharmaceutical chemistry as a means
of purifying organic compounds that do not react
and are immiscible with water. In practice, the
process may also be applied to liquids that are
partially miscible with water (e.g. aniline). It is
especially useful in the purification of liquids with
high boiling points, ¢.g. essential oil of almond, and
in the extraction of volatile oils, e.g. clove and
eucglyptus oils, which are obtained at the lower
distillation temperature without decomposition or
loss of aroma. .

Liquid-Gas Systems of Two Components;
Solutions of Gases in Liquids

A sawrated solution of a §&°s in a liquid is produced
when equilibrium is attained between the dissolved
gas and that which remains undissolved above the
liquid. The amount of gas that will dissolve depends
on the temperature and the pressure of the gas,
provided that no reaction occurs between the gas
and the liquid. .

The effect of pressure is indicated by Henry’s law,
which states that ‘at constant. temperature, the
solubility of a gas in a liquid is directly proportional
to the pressure of the gas above the liquid’. The
law may be expressed by Eqn (3.8)

X =kp (3.8)

where, x is the mole fraction of the dissolved gas,
P fs the partial pressure of the gas above the solution,
and the proportionality constant 4 is known as
Henry's law constant,

The effect of gas pressure is made use of in pre-
paring effervescent  solutions containing carbon
dioxide, which is maintained in solution by increas-
Ing the pressure of carbon dioxide in the atmosphere
above the liquid in the container. It should be borne
in mind that the solubility of carbon dioxide does
not follow Henry’s law, because a reaction occurs
(.l.e.. CO, +.H,0 « HyCO,). However, the equi-
librium of this reaction will be influenced by the
solubility of CO,, which will, in turn, be influenced
by the pressure.

Equation (3.8) also applies to the solubility of each
£as In a solution of several gases in the same liquid,
provided that x -and p represent the mole fraction
and partial pressure, respectively, of a particular
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gas. Henry's law is most applicable at high tem-
peratures and low pressures. As the pressure rises
the value of k may vary.

The solubility of most gases in liquids decreases
as the temperature rises. This provides a means of
removing dissolved gases. For example, carbon
dioxide-free Water for Injections may be prepared by
boiling Water for Injectionsand preventing the access
of atmosphere 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 the
electrolyte and water,

Solid-Solid Systems of Two Components;
Solutions of Solids in Solids

When two solids are melted together and the
resultant liquid is cooled, then the components may
be deposited either independently or as a single
homogeneous phase, which is known as a solid
solution. Both components ‘participate in the
lattice structure of the solid solution,

Solid solutions may be classified in a similar
manner to solutions of liquids in liquids, into
completely and partialiy miscible mixtures and
immiscible mixtures. The Bibliography should be
consulted for phase diagrams of these systems,

The production of alloys often involves the forma-
tion of solid solutions; e.g. gold/silver, gold;
platinum. However, Goldberg and his co-workers
(1965, 1966a, b, and c) have investigated the useful-
ness of solid solutions of urea and slowly soluble
drugs such as griseofulvin and ‘chloramphenicol.
They suggest that when in contact with water, urea
is dissolved rapidly from these systems and the
remaining drug is in a molecular state of subdivision
and therefore dissolves more rapidly than the
original compound,

Solid-Liquid Systems of Two Components;
Solutions of Selids in Liquids

The effect of pressure on a solid-liquid system is
small. The ‘reduced Phase Rule’ is therefore often
used in connection with these systems and this is
expressed by Eqn (3.9),

P+F =C+1 3.9

where, P and C are defined as before, and F'is the
number of degrees of freedom in addition to pres-
sure. Any system in which a vapour phase is not
taken into account is known as a condensed system.
Equilibria in these systems are therefore represented

by temperature-composition diagrams at constant

pressure, and the greatest value of F*is two.

s e AT
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The behaviour of two component solid-liquid
systems can be classified into three types.

1. Systems that show the formation of a eutectic
mixture.

2. Systems that show the formation of a compounc
with a congruent melting point (i.e. the com-
pound, which consists of one component solvated
by the other, yields a liquid with t_he same com-
position as the compound on melting).

3. Systems that show the formation of‘a compound
with an incongruent melting point (i.c. the
compound undergoes fusion on heating to a
certain temperature and produces a liquid {md a
new solid phase, the composition of which is
different from that of the original compound). 2

Systems of the first type, which involve the forma-
tion of a eutectic mixture, have found certain
applications of pharmaceutical interest. The other
types are of less importance. No further comment
will be made regarding these, and the Bl_bllogrgphy
should be consulted if more information is required.

A
Formation of Eutectic Mixtures

The ice-potassium chloride system, whose beh_aviovur
is represented by the phase diagram shown in Fig.
3.10, may be used as an example of the typc of
system that involves the formation of a eutectic.

In Fig. 3.10, A and B represent the mc}tmg points
of ice and KCI, respectively. If KCI' is added to
water, the freezing point of the latter is reduced as
indicated bv AC, which therefore represents the

B
1 liquid phase L’
(unsatd. soln.) ,
o A ’,
5 v o
+ ; Solid
g Ice + KC1 +
g* satd., ... satd.
) soln. 3 soln,
Ice + KC1 +
eutectic eutectic
0 ' 100
/ Composition

(per cent KC1)

Fig.3.10 Temperature-composition diagram for the
KCl-water syste™

effect of composition on the temperature at whichy
ice separates from the system. Similarly, if water

is added to KCl the melting point of the latter is

lowered, aud BC therefore represents the effect of ~
composition on the temperature at which solid KCl _
separates from the system. : Y
At C, both solid components can exist in equi-

librium with a liquid of definite .composition.
Application of the ‘reduced Phase Rule’ shows that
the system is invariant at this point since there are
no degrees of freedom.

F'=2+4+1-3=0

N\
This means that the mixture will freeze completely

" at a constant temperature D, which is lower than the _,

freezing points of either pure component. N
Further understanding of the phase diagram may
be obtained by considering the effects of cooling a
solution of KCl in water represented by point w in ™
Fig. 3.10. If the solution is cooled to point x on the
freezing curve AC, then some ice will separate out. .
Further cooling to y will produce more ice and the
remaining solution will become more concentrated .,
since it will contain all the original KCl. The com- .,
position of this remaining solution will correspond
to point z. Therefore, as the temperature falls, the N
composition of the remaining liquid moves along
AC. A limit is reached when the remaining solution
is saturated with KCl, and, on cooling this solthop, w
ice and KCI separate out in the same ratio in
which they exist in the saturated solution, and the ..
temperature remains constant at D until all the™:
saturated solution has solidified. The mixture,
which separates at this temperature, is terimed a\\‘
cutectic (or a cryohydrate, if one of the components ™
is water) and its composition is given by E. Although
the eutectic has'a definite melting point, the follow-,
ing evidence suggests that it isan intimate mechanical

mixture and not a compound. .
3

() The components can be separated mechanically.

(b) The addition of each component raises the G
melting point of the eutectic. The melting point \v
of a compound would be lowered on admixture ,
with another substance. ‘ &

(c) A heterogeneous structure can be seen under a
microscope. .

(d) X-ray analysis reveals the existence of twc \v-

" phases. .

As shown in Fig. 3.10, the areas in the phas ™
diagram each correspond to the existence of variou

phases or mixtures of phases, : W
The phase diagram for the water-KCI system me
be used to explain the principle of freezing mixtur: o
g
N
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prepared from ice and salt. If salt is added to ice
and a little water, some of the salt will dissolve in
the water to produce a system comprisei of ice,
salt, and solution. Such a system is in stable
equilibrium at the eutectic point only. The system

will therefore tend to move towards this point and .

ice will melt and salt will continue to dissolve in the

resuvltant water. Both of these processes are accom-

panied by absorption of heat and the temperature

therefore falls until one of the solid components has

been used up completely. If the initial proportions

~,  of ice and salt are chosen satisfactorily the eutectic
temperature will be reached.

) It has been suggested that eutectic mixtures may
is be useful as a means of increasing - the rates of
solution of slowly soluble drugs.in aqueous body
fluids (Goldberg, Gibaldi and Kanig, 1965). It was
thought that the rapid solution of the second com-
ponent (e.g. urea) in eutectic mixtures with.these
drugs would present the drugin a very fine crystalline
form that would be more rapidly soluble than the

_usual forms of the drug. However, subsequent

.+ studies have suggested that the increased dissolution

be causeq by the formation of solid solutions of these
drugs with urea and not by eutectic formation
(Goldberg and co-workers, 1966¢).
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AN INTERFACE is a boundary between two phases,
while a surface is strictly a boundary between a solid
or liquid phase and a vacuum. However, the latter
term is often used to describe the interfaces between
agas and a solid or a gas and a liquid. Surfaces and
interfaces can be conveniently classified according
to the types of phase they separate; i.e. solid-liquid,
solid-solid, and liquid-liquid interfaces and solid~
gas and liquid-gas surfaces.

The Role of Surface Molecules of Solids
and Liquids in Interfacial Phenomena

The kinetic theory of matter indicates that appreci-
able forces of attraction exist between moleculcs in
liquids and in solids.¥* However, the surface mole-
cules of a solid or liquid differ in state from those
molecules within the bulk of that phase. This
difference will be appreciated from a consideration
of Fig. 4.1. The points 4 and B represent molecules

Air // '\\
[ o
B /
Solid D
or _
. . - ~
liquid /A
pha.se | . |
: ) \ A
\’/
Fig. 4.1

| in the bulk and surface, respectively, of a solid or
liquid .phase at a given instant, while the circles
represent the zones in which molecular attractions
between A and B and their surrounding molecules
are significant. Since the zone around A contains,
on average in any given direction, equal numbers of

* It is assumed that the student is familiar with the
i basic concepts of the kinetic theory of matter: see
t Bibliography.
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molecules all exerting similar forces, then the
resultant attraction experienced by A4 will be zero.
In a liquid surface, part of the sphere of molecular
attraction around B, ie. that part that projects
above the surface, is occupied by a relatively small
number of gas or vapour molecules. In addition to
their low numbers, the attractive forces exerted by
these molccules are relatively weak. Consequently,
the attractions that exist between B and the under-
lying bulk molecules are not counterbalanced. The
surface molecules, thercfore, experience a resultant
inward attraction and the transference of molecules
from the bulk to the surface layer involves the
expenditure of energy in order to overcome this
inward attraction. It is known from the First Law
of Thermodynamics that energy cannot be created
or destroyed but can orly be converted from one
form to another. In this particular example the
expended cnergy is converted into the so-called
surface free energy of the system.

In solids it is casier to explain the existence of
surface free energy in terms of the unsatisfied forces
that project from the surface than on the basis of an
inward attraction exerted on the surface molecules.
This is because the molecules in a solid are not
mobile with respect to each other, as they are in a
liquid. If we consider a solid suspended in a
vacuum, it is readily appreciated that the projecting
attractive forces associated with B are unsatisfied.
The surface molecules therefore possess a greater
amount of free energy than those in the bulk, and
the transference of a molecule from the bulk to the
surface of a solid again involves the expenditure of
energy, some of which is converted to extra surface
frec energy.

1 a solid block or a bulk liquid is subdivided into
many small particles or drops by grinding or
spraying, respectively, then the total surface area of
the solid or liquid is increased tremendously; i.e.
much greater proportions of the molecules are now
in the surfaces of the solid or liquid and the total
surface free energy of each of these systems is
therefore increased. This extra’energy is supplied
by the work expended in the processes of grinding
and spraying. In fact, surface free energy is defined
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as the work required to extend a surface by unit
arca. The unit in the ST system is joulefmetre2,
Similar arguments may be applied to the solid—
liquid, solid-solid, and liquid—liquid interfaces, and
interfacial free energy is defined in a similar manner.
A consideration of thermodynamics also indicates
that all systems will tend to react spontaneously in

PHARMACY

order to reach the state with the lowest total free
energy. The existence of surface free energy and the
methods by which systems react in order to decrease
their total free energies to a minimum give rise to the
various surface and interfacial phenomena that are
discussed in the following sections of this chapter.

Surface and Interfacial Tension

It has been established above that surfaces possess
free energy,-and that systems will react spontane-
ously in order to reach a state with the lowest total
free znergy.

Since the total ssurface free cenergy is directly
proportional to the surface area of a solid or a
liquid, then one of the methods by which a system
can reduce its surface free énergy is by contracting
the surface area of any solid or liquid within the
System to a minimum, “This is particularly obvious
in liquids in which the molecules are mobile with
respect to each other. This mobility is responsible
for the tendency of liquid drops suspended in a gas
or in an immiscible liquid to assume the minimum
ratio of surface area to volume, i.e. a spherical
shape, in the absence of other influences such as
gravity. The tendency of mobile surfaces to contract
can be readily explained by the fact that the surface
molecules are continually moving into the bulk at a
faster ratc than other molecules can move outwards
to replace them because of the resultant inward
attraction experienced by surface molecules. The
number of molecules in a newly formed surface
therefore decreases until the surface area reaches a
minimum; ie. until the surface free energy is
reduced as much as possible by this means.

Since the liquid surface shows this tendency to
ceatract, it is usual to consider a surface tension,
which is defined as the contractile force in newtons,
operating in the plane of the surface normal to a line
one metre in length. Surface tension is, in fact, the
mathematical equivalent of surface free energy and
has the same dimensions and magnitude; i.e.
surface free energy (joule/metre?) is equal to surface
tension (newton/metre). Although  surface free
energy is the fundamental property, surface tension
is more widely used in liquids since it is usually more
convenient to consider problems in terms of a
directional surface tension rather than the energy
expended per unit increase in surface area.

Pressures Across Curved Liquid Menisci

One of the consequences of surface tension is that
an excess pressure (p) is exerted on the concave side
of a curved liquid meniscus compared with that

exerted on the convex side. Consider a spherical
bubble of radius » m divided by an imaginary line
into two hemispheres. Surface forces will act
around the circumference of the bubble and tend to
pull the two hemispheres together. For the bubble
to exist, this inward attractive force, which is equal
to 27ry newtons (where y N/m is the surface tension
of the liquid) must be counteracted by a force that
tends to push the hemispheres apart; ie. the
pressure on the inside concave surface of the bubble
must be greater than that on the outer convex sur-
face. If this excess pressure is denoted by p newtons/
metre?, then the total force pushing the hemispheres
apart is given by #r% newtons since the area over
which the pressure is exerted is that which separates
the two hemispheres. Thus, at equilibrium—

urlp = 2xzry newtons

and, therefore, by rearrangement—

p= ? newtons/metre? 4.1

Equation (4.1) applies to any curved liquid meniscus;
¢€.g. to a liquid film around a bubble or to the
meniscus of a bulk liquid. Often the meniscus is not
part of a sphere; then Eqn (4.2) may be used, where
ry and ry are the principal radii of curvature of the
surface.

P= (l— + ]—) ¥ newtons/metre? 4.2)
roorn

The Shape of Liquid Surfaces and the Wetting
of Solids by Liquids

Liquid drops in contact with solid surfaces can
assume different shapes, as shown in Fig. 4.2,

The degree of wetting of a solid by a liquid can be
conveniently expressed in terms of the contact angle
(0), since -a decrease in the value of 6 results in a
greater contact between the solid and the liquid.
The particular value of 6 depends on the relative
values of the tensions associated with the liquid-
solid interface (¥1S) and the gas-solid and gas-
liquid sur” ces (%8 and 6L, respectively) as shown

e
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Fig. 4.2 Examples of the shapes of liquid drops in
: contact with solids

by Eqn (4.3). .
$88 = yIS 4 6L ¢o5 6 4.3)

This equation is obtained by using the cosine
rule to equate the opposing horizoma! components
of the tensions shown in Fig. 4.2; ie. the com-
ponent acting towards the left-hand side of a
horizontal line drawn in the plane of the paper is
85 cos 0 (= »68) and the components  acting
towards the right-hand side are »LScosO +
8L cos 0 (= yI8 + 6L cos 0). From Egqn (4.3)
it follows that if y0S is greater than 1% then cos 0
must be positive, ie. 6 < nf2 radians, and con-
versely, if GS is less than y!S then 6 must lie
between =2 and = radians.

Marked variation between the values of contact
angles in different systems can be observed fr‘on?
visual examination of the shapes of liquid menisci
in glass tubes. For example, in the case (_)f liquids,
such as water, that wet glass the meniscus is concave
upwards (i.e. 8 is very small) whereas liquids, _such
as mercury, that do not wet glass exhibit a meniscus
that is concave downwards (1.e. 6 is large).

The Mechanism of Capillary Rise

Consider a capillary tube placed vertically in a liquid
that wets the walls of the tube and that is held in a
farge container so that the liquid surface in this
container is flat, The initial state of the system may

be represented by Fig. 4.3(a). However, Egn (4.h)-

indicates that there is an excess pressure on the con-
cave side of the liquid meniscus in the capillary tube.
This means that the pressure, p,, at a point A

33
. B\
immediately below the meniscus is less than the D
pressui'e, Pg> at a point B immediately above the
meniscus by an amount equal to 2yfr; ie.

.

@4 -

PR —Ps= 27? newtons/metre? .
This difference in pressure will be appreciable since )
r, the radius of curvature of the meniscus inside the
tube, is small. The difference in pressure, po and
Pp» at points C and D, which are above anc} be]oy/

the meniscus in the large container, respectively, is <,
equal to 2y/r,. However, in this case the pressure
difference is negligible since the radius of curvature,

rg, at this point is so large, i.e. A\
Pc =pp newtons/metre? @5
In addition. the pressures at Band C are both equal
to the atmospheric pressure, .
Pn = pc newtons/metre? (4.6) Al
Thus, from Eqns (4.5) and (4.6) | N
pPr =pp hewtons/metre? @7 )
and from Eqns (4.4) and (4.7) [
Pp — P4 = 2y/r newtons/metre? 4.8) .

The difference in pressures within the.liquid, as
indicated by Eqn (4.8), produces a'dn_vmg force
which causes the liquid to rise up the capillary tube. -
Equilibrium is reached when the hydrostatic pressure
of the column of liquid is equal to 2y/r. If at

equilibrium the height of the column is Am, as ™
shown in Fig. 4.3(b) then /
2y[r = hpg newtons/metre® (4.9) |
where p is the density of the liquid in kg/m® and g is o
the gravitational constant (9-807 m/s?). \
A\
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Fig. 4.3 Stages in the rise of a liquid up a capillary )
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Measurement of Surface Tension

Three of the most common methods of measuring
surface tension are described below, together with

accurate results. Details of other methods are given
in the references cited in the Bibliography.

1. THE CAPILLARY RISE METHOD

This is one of the most accurate methods and js
based on the measurement of the height to which a
liquid rises in a capillary tube, Equation (4.10),
. which is a rearranged form of Eqn (4.9) can be used
for approximate determinations,

h : .
y = %{r newtons/metre (4.10)

For more accurate results certajn modifications of

this equation should be taken into account to allow
for—

(@) a change in the value of the contact angle (0)
between the liquid and the walls of the tube from
the zero value assumed in Eqn (4.10) to a finite value,

) the hydrostatic pressure exerted by the smalt
volume of liquid contained in the meniscus above
the point from which the height 4 s usually
measured, and

(¢) the difference in the density of the liquid (pl)

inside the capillary tube and that of the vapour (p¥)
outside the tube.

The corrected efuation is—

(h + 35) Gl — p%)r
y =

t X
ToorD newtons/metre (4 11)

Experimental Precautions

(a) The outer vessel must have a large diameter
compared with the capillary, otherwise p. 3 Pn-

(b) The capillary tube should be uniform in diameter
and it should be circular in cross-section, If
this is not 0, then corrections must be made
for ellipticity, )

() To obtain the lowest value for the contact angle
(0) it is better to allow the meniscus to fali to
rest than to rise up the tube to an equilibrium
position. In addition, it js useful if the capillary
walls are thoroughly wetted by the liquid before
beginning the measurement. This can be done -
by passing liquid vapour through the cooled

capillary, “or" by evacuating the capillary just
before filling, e
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(d) The difference in the height of the menisci should
be measured with a cathetometer, preferably
with two telescopes, and care is necessary in

- lighting and viewirig the meniscus in the large
vessel.

(e Adequate temperature contro] is necessary.

2. THE DROP WEIGHT METHOD

The mass, m kg, of an ideal drop of liquid having a
surface tension » newton/metre, falling from a tube

of external radius rm, is given by Tate’s equation
(1864), Eqn (4.12),

mg =2ary newtons 4.12)
where g is the gravitational constant (9-807 m/s?).
In practice, the drop that fails from a tube is not
ideal since the drop is constricted at the point where
the break occurs to a diameter less than that of the
tip of the tube. In addition, only part of the liquid
protruding from the tip actually breaks away, and
this falls in the form of more than one drop.

Harkins and Brown (1919) introduced a correc-
tion factor which takes the shape of the drop into
account, and Eqn (4.13) then becomes

r

mg =2ary.f (-ﬂ) newtons  (4.13)

The correction factor SrV-3) is a function of tne
radius of the tip r and the cube root of the volume,
V, of the drop. Itis, in fact, the fraction of an ideal
drop that actually falls, and Harkins and Brown give
tables and graphs showing the value of their correc.
tion 3factor for various values of the actual ratio
r/y-

An error is often introduced by attempting to
obtain ‘relative’ values of surface tension by com-
paring drop weights of two different liquids, The
results can be used in this way only if the surface
tensions and densities of the two liquids and the tips

of the tubes are chosen so that the values of ry=s -

are within the narrow fimits where the correction
curve is approximately horizontal.

Experimental Precautions

(@) The tip should be sharply ground with no
imperfections in the outer circumference,
(b) The drops should be allowed to form slowly,
especially in the later stages, otherwise the weight
of the drop is greater than expected due to the
effects of liquid streaming into the drop during
the final, relatively slow stages of detachment,
(3] Adequate temperature control is necessary.

e
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(d) It is normal practice to collect 20 to 30 drops
in a determination, and calculate the average
weight of one drop. Since the time of formation
and collection of a single drop may t_ak_e sev'eral
minutes, it is necessary to prevent loss in weight
of the collected sample brought about by
evaporation.

The degree of attention paid to the above practical
precautions has led to the development of various
types of apparatus. These range from the simple
type of stalagmometer shown in F ig. 4.4 to the more
sophisticated apparatus used by Harkins and Brown
(1919).

DO

Dpele o]

Fig. 4.4 Simple stalagmometer

3. DU NOUY TENSIOMETER

This instrument (Fig. 4_.5) measures the fotrﬁe
required to detach a platinum ‘wire ring from the
surface of a liquid. This force is applied b);'rbne?n;
of a-torsion wire attached to a sca!e cali rz:.e

directly in units of surface tension. This calibra ion
takes into account the fact that the sgrfaceftenslon
forces act along the inner gnd ox{ter circum erences
of the wire ring but it is only suitable for a.pprgxn
mate readings since it is based on the following Eq

@14, P =4nRy newtons “4.19

i axi hole ring, R
, P is the maximum puli on the w| ,
i:trt:x?radius of the ring (from the centre of the ring

to the centre of the wire) in metres, and y is the
surface tension of the liquid in newtons/metre. )

For more accurate results it is necessary to multi-
ply the scale reading observed on the tensiometer by
a correction factor (F) which was introduced by
Harkins and Jordan (1930) and depends on R3/V
and also on the ratio R/r, where V is the volume of
liquid raised above the surface and r is the radius of
the wire. Harkins and Jordan give tables of F for
various values of RV and R/r. The value of V may
be calculated by initial determination of the scale
deflections necessary to return the boom to its zero
position when known weights are placed on the ring
in air. The constant ratio of weight:scale reqdll:lg
may then be used to determine the weight of liquid
raised by the ring for any scale readmg. The corre-
sponding volume can then be. obtained from a
knowledge of the density of the liquid.

Experimental Precautions

‘(@) The wire of the ring should be in the horizontal

lane.

b) '!lj'he vessel containing the liquid should be large
enough for the curvature (_)f the sur(ace not to
affect the shape of the liquid drop raised by the

me.

(c) ;‘:g surface of the liquid should be free from
wave motion. .

(d) There should be no motion of the ring except
for a very slow upward movement. 4

(¢) Temperature contro} shoulq be -fadequate, an
there should be no evaporation with consequent
cooling of the surface.

Effect of Temperature on Surface Tension

When a liquid in equilibrium with its vapour is
heated, the interface between the two phases dis-
appears at the critical temperature; i.e. there is no
surface tension at this temperature. Thus, there_ is
a general tendency for the surface tension of liquids
to decrease as the temperature rises, provided no
changes in molecular composition occur.. This
decrease arises from thermal expansion of the liquid
in so far as this reduces the number of mplecules
that lie within the zone of molecular attraction (see
ig. 4.1).

Fl'g}‘he n)tlutionship between temperature and surface
tension is expressed by Eqn (4.15),‘

T\1? .

v =9 ( 1 — —| newtons/metre 4,15)

() T,
\ .

where 7 is the surface tension at temperature 7, yg

is the surface tension at thermodynamic zero, an
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Fig.4.5 The Du Nuoy Tensiometer
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T, is the critical temperature of the liquid; i.e. the
temperature at which the interface between the liquid
; and its saturated vapour disappears.

Orientation of Vlolecules of Pure Liquids
at Surfaces and Interfaces

The inward attraction experienced by the surface
: molecules of a liquid will tend to result in a par-
| ticular orientation of these molecules with respect to
the plane of the surface. This orientation arises
from the difference in the strengths of attraction
between the various groups in the surface molecules
aid the underlying molecules. Consequently, those
groups with the strongest associated attractive
forces will tend to be directed inwards, and those
with the weakest associated fields will tend to project
from the surface. This orientation offers a further
means by which the total surface free energy of a
system is reduced to a minimum; i.e. in addition to
= —3 ; the tendency for the surface to assume a minimum
! area for a given volume. o

The tendency towards a definite orientatiomwill be
disrupied by thermat effects so that the surface and

Side view
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underlying layers of a liquid long-chain alcohol or QN
carboxylic acid, for example, may be represented by
Fig. 4.6(a). - The rod-like ends of the diagrammatic

_molecules represent groups. with relatively: low

attractive forces (e.g. hydrocarbon chains). whereas
the globular ends represent more polar groups (e.g. -
~—OH and —COOH groups) with greater associated ™
forces. L .

The type of orientation of the surface molecules .~
of a given liquid is markedly influenced by the nature
of the other phase with which it is in contact. For
example, if either the alcohol or carboxylic acid .,
shown in Fig. 4.6(a) is in contact with a more polar
phase such as water or glass, which will exert a
relatively strong attractive force, then the interfacial
molecules of the organic liquid will tend to ‘become
orientated with their polar groups directed outwards
as shown in Fig. 4.6(b).

Effects of Solutes on the Surface Tension

of Liquids ]

The composition of a newly formed surface of a solu-

tion is the same as that of the bulk phase. However,
WY

AT

Torsion wire
Screw for adjusting torsion in wire wh i
; bn'ngipg f?oom to zero on | Air
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Fig.4.6 The orientation of molecules at surfaces and interfaces e
AN
Qv

fesi 4



4u
the unequa

in the fresh

TUTORIAL PHARMACY

I forces that exist between the under-

lying molecules and the solute and solvent molecules

surface will eventually produce a surface

layer with a different composition from that of the
bulk solution, since those surface molecules that are

attracted most strongly by the underdying liquid will
be removed most rapidly from the surface and

replaced by
equilibrium

other molecules. The rate at which an
is established depends on the nature of

the solute and solvent and may vary between values
of the order of 01 s for smali molecules or jons in
aqueous solution to several days for some colloidal

*alutions.

The surface properties of the solution, including
the surface tension, will depend on the composition
of the surface fayer and will therefore be affected by

the distribut

the bulk solution,

ion of the solute between this layer and
The quantitative relationship

between solute distribution and surface tension is
expressed by Gibbs adsorption isotherm Eqn (4.16)

_—c dy

“Rr% (4.16)

where T is the surface excess concentration of the
solute, which may be regarded as the concentration

of the solute
the solute co

per unit area of the surface layer minus
ncentration in the bulk of the solution,

¢ is the overall solute concentration, R is the gas

constant, T i

s the thermodynamic temperature, and

the term dy/dc is a measure of the change in surface

tension with solute concentration.

The surface

€Xcess may be positive or negative depending on the
distribution of the solute between the surface and

bulk of the

phase, thus giving rise to so-called

positive and negative adsorption, respectively.
Equation (4.16), which is only applicable to dilute
solutions where solute concentrations may be sub-

stituted for
mentally. Su

activities, has been wverified experi-
ch verification can be carried out only

by methods in which sufficient time can be allowed
for adsorption equilibrium to be attained. Such
conditions did not apply in some early investigations,

However,

good agreement has been obtained

between observed and calculated surfzce excess con-

centrations b

y McBain and Swain (1936) using a

trough from which the surface layers were removed
for analysis by a rapidly moving microtome blade,
and by radio-tracer techniques (Dixon er af., 1954),

Equation (4.16) indicates that solutes that tend to
concentrate in the surface layers will cause a reduc-

tion in the su
will be negat

rface tension of the solvent, i.e. dy/de
ive. Conversely, negatively adsorbed

solutes will cause an increase in the surface tension,
In solutions containing negatively adsorbed

solutes there

Is little change in the composition of

the surface layer when compared with that of the
pure solvent. Consequently, only small increases in
surface tension are observed in-these cases.

In solutions containing positively adsorbed
solutes, the composition of the surface layer may
change markedly from that of the pure solvent,
depending on the nature of the solute and solvent
and the concentration of the solution. For example,
there may be a slight lowering of surface tension
with increase in concentration/as in the case of many
mixtures of organic liquids, since the surface tensions
of the majority of organic liquids are fairly similar
(<35 x 10~ newtons/metre). However, the greater
difference between the surface- tension of water
(about 72 x 10~ newtons/metre) and 6rgam'cliquids
leads. to a considerable decrease in the surface
tension of aqueous solutions of organic compounds
even at low concentrations.

Surface Active Agents

Solutes that cause a marked decrease in the surface
tension of the solvent are termed surface active
agents or surfactants. These substances are of

importance in a wide variety of fields as emulsifying

agents, detergents, solubilising agents, wetting
agents, foaming agents, antifoaming agents, floc-
culants and deflocculants.

All types of soluble surface active agent contain—

(a) a lipophilic (or hydrophobic) group; ie. a
group, such as a long hydrocarbon chain, that has
little afﬁnity for aqueous solvents, and

(b) a hydrophilic (or lipophobic) group, i.e. a group
that has an affinity for water. To have such an
affinity the group must possess an appreciable polar
character, e.g. an ion or a group with a large perma-
nent dipole. A molecule or ion that possesses this
type of structure is termed an amphipathic molecule
or ion.

A suitable balance between the opposing
hydrophilic and lipophilic characteristics of the
surface active agent is necessary to ensure that
surface active properties are obtained. For
example, substances would be too soluble in
either water or oil and, therefore, of little use as
surface active agents if there were an excessive
predominance of hydrophilic or lipophilic properties,
respectively. .

The classification of water-soluble surface-active
agents is based on the nature of the polar group, and
various examples of the different classes are shown
in Table 4.1.

The attractive forces between water molecules are
appreciable. These attractions involve the formation
of hydrogen bonds between adjacent molecules that

SURFACE AND INTERFACIAL PHENOMENA

Table 4.1 )
The Classification of Synthetic Surface Active Agents

41

Chemical formala (in aqueous solution) S
urface
& o ;e”;rmw Lipophilic group Hydrophilic group inactive ion
Class
ik 0~ K+
1. a’;‘fﬂkali soaps Potassium stearate C,;Hyg g;)o - K
(b) Organic Sodium lauryl CoHas A
sulphates sulphate (sodium
dodecyl sulphate) Sd ) - i
i i tyt CiH y
() Or.gahmc So‘dnfm cetyl ey
v hexadecane
sulphonate)
2. Carionic R .
{a) Quaternary Cety! trimethyl . CieHz N(CHy)
ammonium ammonium bromide
compounds or cetrimide
(hexadecyt trimethyl
ammonium bromide) R o
{6) Pyridinium Dodecy! pyridinium CiHys NCH,
compounds chloride
> Ao i) in alkaline solution (c.g. NaOH)—anionic
Amino-acids N-dodecy! Cutt (i) NH—CHz_CHr‘Coo.— ‘ Nt
relanine e (ii) in acid solution {¢.g. HCl}—cationx
CiHyy — NH,—CH,—CH,~COOH cr
i (iii) at iso-¢lectric point—zwitterion
[o T ppp— NH,—CH,—CH,—C00~ none
Area —CH,— —O! none
& @y Atcahol- Polyethylene glycol | CHy—(CH,), —| (0—CH,~ CHyh—OH
polyethylene 1000 monocetyl n=150r17
glycol ethers ether (cetomacrogol
' b CO—(0—CH,;—CH,)(—OH none
{b) Fatty acid- Polyethylene glycol CHy—{CH,), — 2 o)
polyethylene 40 monostearale
glycol esters Coo—cH, e
{c) Fatty acid- Sorbitan CyyHyp
polyhydric mono-oleate "o on
alcohol esters o
0 none
Polyoxyethylenc CyyHyy —T——— COO—CH;,
sorbitan _
mono-oleate HO—CH,—CH,).0 O{CH,—CH,—O),H
O(CH,—CH,—O),H

a liAsl of the chemical structures and trade names of surface active agents produced in the UK in 1961.

more detailed classificat of surface active agents is given by wariz and Perry (1949) and Moilliet ef al. {1961). In addition, Lower {1962) gives
iled tion of surf 8 [ by Sch d Perry (
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tend to become arranged in a particular manner.
Water may therefore be said to possess a relatively
high degree of structure. The presence of a solute
will cause the replacement of some intermolecular
water bonds by attractive forces between the solute,
and water. If these lafter forces are appreciable,
then the solute will remain in solution. However. in
a surface active agent, although the forces of attrac-
tion between the hydrophilic groups and water are
appreciable, those between the hydrocarbon chains
and water are much weaker than the hydrogen bonds
between water molecules. The system therefore
tends to react in order to limit the degree of contact
between water and the hydrophobic groups by the
following methods—

(a) The hydrocarbon chains of molecules or jons
in true solution tend to assume a coiled configura-
tion, thus reducing the area of contact that would
exist if these chains were extended.

b) Although some molecules of the surface
active agent are in true solution the majority are
adsorbed at the surface, the hydrophilic: groups
remaining in contact with water, while the hydro-
carbon chains tend to project from the surface. This
type of adsorption.is, of course, responsible for the
marked effect of surface active agents on the surface
properties of water,

Traube’s rule (1891) states that in a homologous
series the concentration required to produce an
equal lowering of surface tension decreases by a
factor of three for every CH, group added to the
hydvocarbon chain. Thus, the differences in the free
energies of adsorption of a homologous series of
surface active agents are approximately equal. This
fact has been interpreted as evidence for suggesting
that the adsorbed molecules lie with their hydro-
carbon chains parallel to the surface since in this
orientation each CH, group has a similar position
with respect to the surface. However, this orienta-
tion has been criticised, and alternative suggestions
involving either a coiled hydrocarbon chain in the
adsorbed molecules (Ward, 1946), or an orientation
in which the hydrocarbon chains project from the
surface and show a random hindered rotation
around the C—C bonds (Aronow and Witten, 1958),
have been made, together with explanations of the
significance of the factor of three observed by
Traube.

In addition to their marked effect on the surface
properties of the solvent, surface active agents also
show unusual changes in their physical properties
at reasonably well-defined concentrations. These
changes are attributed to the association of the
amphipathic molecules or-ions into aggregates of
colloidal dimensions, which are known as micelles,

The formation of these aggregates and the properties
of the colloidal solutions are dealt with in more
detail in Chapter 5.

ADSORPTION AT SOLID-GAS AND
SOLID-LIQUID INTERFACES

The irregular shapes of solid particles indicate the
absence of a surface tension similar to that operating
in liquids. In addition, it is impossible to extend the
surface of a solid without upsetting the lattice
structure of the component crystals. The changes in
energy that result when the crystal lattices are altered
make the estimation of changes in true surface free
energy difficult and are also responsible for the
difference in the ways in which the surface energies
of solids and liquids are manifested. In general, the
phenomena that do not involve the disruption of
crystal lattices, e.g. adsorption and wetting, are
thought to depend solely on the existence of surface
frec energy in solids, '

If a solid comes into contact with a gas or a liquid
there is an accumulation of gas or fiquid molecules
at the interface; i.e. the densities of the gas or liquid
at the interface are greater than their bulk densities.
This phenomenon is known as adsorption. (Since
adsorption is a surface phenomenon it should be
distinguished from absorption, which involves pene-
tration of the absorbing material by the molecules
of the absorbed substance.) The occurrence of
adsorption at the solid-gas interface is easy to
perceive since it causes a decrease in the pressure of
the gas. However, the effects of adsorption at the
solid-liquid interface are less obvious because the
concentration of molecules in the bulk of a liquid is
relatively great so that the detection of this type of
adsorption is more difficult. In adsorption at the
interface between a solid and liquid that contains
two components (e.g. a solution or a mixture of
miscible liquids), then the effects of adsorption are
again readily demonstrable because the different
degrees of adsorption of the two components result
in a concentration change in the bulk of the solution.

It has already been pointed out that adsorption is
one of the phenomena that occur af interfaces as a
result of the tendency of a system to attain the lowest
state of free energy. The surface (or interfacial)
free energy that arises from the residual attractive
forces on the surface molecules is reduced by the
interaction of these forces with those of the adsorbed
molecules. The irregular shapes of.solid particles
and the roughness of solid surfaces introduces a
further factor which complicates any quantitative
treatment of phenomena that occur at solid surfaces.
This factor is the variation in the activity of different

sites on the solid surface; “e.g. the activity of a site
on a plain surface will be different from that of a
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ADSORPTION ISOTHERMS
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the rates at which gas molecules were adsorbed and
desorbed. The rate of adsorption at any instant was
considered to be proportional to the amount of
“free’ surface available at that instant and to the
pressure of the gas in the system. The rate of
desorption was considered to be proportional to the
fraction of the surface onto which the gaswas already
adsorbed. In addition, it was assumed that the
interaction between adsorbed molecules -and the
adsorbent involved forces similar to short-ranged
chemical bonds, so that the adsorption of only a
monolayer was envisaged.

This approach resulted in the Langmuir adsorp-
tion isotherm which is expressed by Eqn (4.18),
. where x, m, and p are defined as before, and a and
b are constants for a given system at constant tem-

perature.
x _ llb[)
2 - (4.18)

In the original derivation of Eqn (4.18), the constant
a is the ratio of the rate constants for the adsorption
and desorption processes, and the constant b is the
amount of gas required to produce an adsbrbed
monolayer over the whole surface of the adsorbent.
However, the Langmuir adsorption isotherm is often
successfully applied to systems where the assump-
tions made by Langmuir are obviously invalid. In
these cases, the constants ¢ and b can no longer be
defined as above and are arbitrary constants only.
The applicability of the Langmuir adsorption
isotherm to experimental data may be checked by
rearranging Eqn (4.18) to the form shown in Eqn
(4.19).
m_1 " 1
P8P
It can be seen from Eqn (4.19) that a graph of pm/x
against p should give a straight line with a slope of
1/b and an intercept of 1/ab if the equation is obcyed.
The Langmuir adsorption isotherm is capable of
application only to isotherms represented by Type
Lin Fig. 4.7. Many attempts have been made to
derive an equation that is applicable to all the
different types of adsorption isotherm. One of the
é more successful approaches is due to Brunauer er al.
(1938). These workers considered that multilayers
of gas were adsorbed and assumed that the forces
involved in physical adsorption are the same as
those responsible for the condensation of gases.
Since these forces have a very short range the effect
! of the solid was considered to be appreciable orly
' on the first layer of adsorbed molecules. The possi-
bility of multlayer formation depended, therefore,
on the degree of interaction between the gas mole-
cules. Equation (4.20), which is the result of this

(4.19)
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approach, is known as the BET adsorption isotherm.

.p 1 h—1 p
- P i 4.20
x(l’u - /)) xmh X'“I’ Po ¢ )

where x = the amount of gas adsorbed per unit
weight of adsorbent at the equilibrium pressure p,
Xpn, = the amount of gas adsorbed per unit weight of
adsorbent when the surface of the latter is covered
with a monolayer of adsorbed molecules, Po = the
saturated vapour pressure of the gas, and 4 = a
constant, which is a function of the difference
between the heat of adsorption of the gas in the
first layer (E,) and the heat of condensation of the
gas (£;) as shown by Eqn (4.21).

h = c—Eé—-EcIRT (4.21)
The agreement of experimental data with Eqn (4.20)
may be verified by plotting p/x(p, — p) against p/p,,
A straight line with a slope of # — I/x,4 and an
intercept of I/x,/ is obtained if the equation is
applicable.

The derivation of Eqn (4.20) neglects the existence
of lateral intcractions between molecules adsorbed
inany layer and assumes that the energy of adsorp-
tion is independent of the amount already adsorbed
in that laver. In addition, it is assumed that the
energy of interaction between two adjacent layers of
adsorbed molecules is the sume, irrespective of their
positions relative to the solid surface.

Since Eqn (4.20) reduces to the Langmuir equa-
tion for systems in which adsorption is restricted to
monolayer formation, it is therefore applicable to
isotherms of Type 1 in Fig. 4.7. In addition, the
BET cquation can be applied to isotherms of Type
1, in which the further risc after the first plateau is
attributed to the adsorption of layers beyond the
monolayer level. However, the agreement of Eqn
(4.20) with the experimental results for this type of
isotherm is satisfactory only when the relative
pressure (p/p,) is within the range of 0 05 to 0-35.

It has been suggested that the failure of Eqn (4.20)
below a relative pressure of 0-05 arises from the
non-uniformity of the surface sites, which results in
a variation in the value of E, for different parts of
the surface,” and which cannot be accounted for
satisfactorily in a quantitative manner. Further-
more, the poor agreement above a relative pressure
of 0-35 has been ascribed to the effect of the walls of
narrow pores in the solid on the thickness of the
adsorbed films. This effect can be taken into account
by rather complicated modifications of Eqn (4.20)
(Gregg, 1965).

Except for Type IV isotherms at low pressures,
where they resemble Type 11 isotherms, the BET
equation appears to be of little use in describing
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Quantitatively the isotherms of Types IIT to V.
However, modifications of the equation are available

which allow a reasonable agreement with a Type [V
isotherm (Gregg, 1965).

THE CAPILLARY CONDENSATION THEORY

In adsorption of vapours by porous solids, it is
considered that much of the adsorption at high
relative pressures is caused by condensation of the
vapour in the fine capillaries of the solid. The
occurrence of condensation at pressures fow-r than
normal saturated vapour pressures follows from a
consideration of the Kelvin equation, which indj-
cates the relationship between the equilibrium
vapour pressure, p, in a capillaty of radius r and the
normal saturated vapour pressure, p,. This relation-
ship is represented by Eqn (4.22) in which y is the
surface tension of the liquid, V is its molecular
volume,. R is the £as constant, and 7 is the thermo-
dynamic temperature.

%
In ;—o = “.22)

Equation (4.22) indicates that condensation of a
vapour will occur at pressure p in all those capillaries
with a radius less than r in a porous solid. This
theory is supported by the fact that at pressures
equal to or just below the saturated vapour pressure
the amounts of adsorbed vapours for different
substances calculated as liquid volumes are the same
for a given adsorbent (Gurvich, 1915), Thus, the
efficiency of a porous solid in adsorbing vapour at
high relative predsures is determined mainly by the
total volume of the pores that are accessible to the
vapour.

Adsorption at the Solid-Liquid Interface

The adsorption of solutes from solution at the solid—
liquid interface has been studied to a lesser extent
than gas adsorption, aithough the phenomenon has
been used practically for centuries; e.g. in the
clarification of liquids. 1t is only in more recent
years that the theories of adsorption from solution
have become more developed, and the importance
of the solvent recognised.

The isotherms for adsorption from solution have
been classified into four main groups depending on
the shape of the initia] part of the isotherm (Giles
et al., 1960). Each of these groups is then sub-

classified on the basis of the shape of the isotherm
at higher concentrations,
in Fig. 4.8,

The initial curvature of the § curves indicates that

The classification is shown

adsorption becomes easier as the equilibrium con-
centration rises. This curve is characteristic of
systems in which the solute molecule is monofunc.
tional, i.e. the solute molecule has a single poi:.: of
Strong attachment on to the adsorbent, and there is
an appreciable intermolecular interaction within the
adsorbed layer. These conditions usually result in
the vertical orientaticn of adsorbed molecules. The
S curve may also be indicative of strong competition
by the solvent or other species for the adsorbent
sites.

The L curve is so-called because it is similar in
shape to the Langmuir isotherm, a type of curve
most commonly obtained for adsorption from dilute
solution. The shape of the curve shows that the
amount of adsorbed solute increases as tHe coficen-
tration increases until a limiting “platean’ value is
reached. In systems producing this type of curve the
adsorbate molecules are likely to be adsorbed flat
on the surface of the adsorbent, or vertically if there
is little competition from the solvent for the adsorp-
tion sites.

The H or High Affinity curve is characteristic of
systems in which there is a strong interaction between
the adsorbent and adsorbate, which results in com-
plete removal of solute from solutions of low concen-
tration. Such a system may involve a chemisorption
mechanism or the adsorption of micellar aggregates.
(See Chapter 5 for information about structure of
micelles.)

The C curve represents a constant partition of the
solute between the adsorbent and solution. It seems
o occur in systems that involve fibrous materials
such as wool, where the penetration of the solute
increases as the concentration in solution increases,

From a consideration of the above comments it
can be seen that the shape of an isotherm for a
particular system may provide information about
the interaction between the adsorbate and adsorbent,
the orientation of the adsorbed molecules, and the
competition offered by the solvent.

Although attempts have been made to find a
universal equation applicable to all solution iso-
therms, a suitable one has not been developed due
to the wide variety and complexity of systems.*
Also, as pointed out by Kipling (1965), ‘many
€quations have proved inadequate because the role
of the solvent has been neglected’.  Equations
analogous to the Freundlich, Langmuir, and BET
isotherms (i.c. Eqns 4.17, 4.18, and 4.20) have been
used for adsorption from solution by introducing a

* The Gibbs Adsorption Isotherm applies to adsorp-
tion at ali interfaces. However, it involves a further term
(interfacial tension) and. therefore does not describe
adsorption solely in terms of the concentration of the
solution.
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term for solute concentration instead of pressure.
For example, the Langmuir 'iso.thel:m, which has
probably found the greatest application to solution
data, becomes
abc
1 +ac

4.23)

X
m

here, ¢, is the equilibrium concentration of._ the
::)lute, x is the amo?mt of solute adsorbed by a given
mass (m) of adsorbent, and a and b are constants for
a-given system at constant temperature. Although
the use of these cquations for adsorption from
solution may not be entirely satisfactory from a
«theoretical point of view, they often fit the isotherm
obtained for the adsorption of solutes from dilute

lution (Kipling, 1965).
SOKipliné (155 l)gand Kipling and Tester (1952) have
introduced the concept of a ‘composite isotherm’.
This takes into account the adsorption of all the
components of a system (e.g. the solvent as well as

FACTORS AFFECTING ADSORPTION FROM
SOLUTION

) NMAINY
Abscissae—equilibrium concentration of solution

the solute) by combining the individual isotherms &
for each component, However, in fhf’ case of dilute
solutions the ‘composite isotherm’ is often indis- I~
tinguishable from the usual solute isotherm and,
therefore, there is little advantage to be gained from »
using it in place of the simpler Langmuir isotherm. &

5
o

1. Solute Concentration

An increase in the concentration of.the so]_ute will! o
cause an increase in the amount of gd_sorpnon thgt
occurs at . equilibrium untll. a l_Jmmng value is
reached. It should be borne in mmd- that for mos;
adsorptions from solution the relative amount o

solute removed from solution is greater in dilute

solutions.
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2. Temperature

It has been pointed out previously that most
adsorption processes are-exothermic. Application
of Le Chatelier’s principle indicates that the amount
of adsorption will decrease as the temperature rises.

3. Surface Area of Adsorbent

Since adsorption is 'a surface phenomenon, an
increase in the surface area of the adsorbent, e.g.
by reducing the particle size or increasing the
porosity, will lead to an increase in the amount of
adsorption.

4: Removal of Adsorbed Impurities

The removal of such impurities will increase the
efficiency of the adsorbent. Adsorbents, the effi-
ciencies of which are increased by these cleaning
Processes or by an increase in their surface area, are
;, often termed activated adsorbents. For example,
activated charcoal is obtained by heating charcoal
in steam at high temperatures (e.g. 500 to 900 °C) in
order to remove the impurities that remain from the
initial ‘preparation of the charcoal. Alumina can

be activated by heating at high temperatures (e.g.

500 to 900°C) to remove adsorbed water. The

Aactivated alumina is often-deactivated by the addi-
s/ tion of calculated amounts of water to give grades of
known activities.

In these activation procedures care must be taken
to obtain maximum activity. For example, the use
of high temperatures in the activation of alumina
o+ May result in a decrease in the total surface area by

& ‘sintering’ process. In addition, an inactive form

of glumina‘ (x-alumina) is produced at temperatures
4 in excess of 1000 °C.

g

i 5. Adsorbent-Solute Interactions and Solvent
Competition

7 The adsorption of a solute from dilute solution in-
volves breaking solute-solvent bonds and adsorbent-
_solvent bonds and the formation of adsorbent-solute
bonds. The strength of the various interactions
between the components of a system, i.e. adsorbent,
. M-solyte aqd solvent, will depend on their mechanisms,
“which, in turn, depend on the structures of the
components. It is quite possible that an adsorbent
.will have a strong affinity for a particular type of
solute, which will therefore be adsorbed preferenti-
ally from a mixed solution. This gives rise to what
‘1s known as selective adsorption. For example,
charcoal will adsorb the dye magenta from solution,
,slowever, if saponin is added to the system the

PHARMACY

magenta is released, since the saponin is preferenti-
ally adsorbed. .

The solvent can influence the amount of adsorp-
tion inl a variety of ways, the effects of which are the
basis of the main difference between adsorption from
solution and the adsorption of gases. For example,
if the solvent is inert, i.e. has no appreciable affinity
for the adsorbent or the solvent, then the adsorption
of the solute will be at a maximum. However, the
amount of solute adsorbed will decrease if—

(a) the solvent has an affinity for’ the adsorbent,
since there will be 2 competition between the solute
and the solvent for the adsorbent surface. They may
be adsorbed at the same or different sites on the
-surface. The first mechanism will involve a direct
competition and the second may lead to a decrease
in the number of sites available for solute adsorption
because of the overlapping by solvent molecules
adsorbed at adjacent sites;

(b} the solvent has an appreciable affinity for the
solute, since there will be a competition between the
solvent and the adsorbent for the solute. Thus, a
change in solvent from one in which the solute is
sparingly soluble to one in which it is appreciably
soluble will lead to a decrease in the amount of
adsorption. The removal of adsorbed material by

the use of another solvent is known as elution; or

(¢) a combination of the above two effects occurs.

6. pH of the Solution

In solutes that show incomplete dissociation into
ions in solution the effect of a change in pH will
depend on whether the ionised or unionised species
is the most strongly adsorbed.

APPLICATIONS OF ADSORPTION IN
PHARMACY AND ALLIED FIELDS

1. Decolorising Agents

The removal of traces of coloured impurity is often
achieved by the use of an adsorption process. For
example, the decolorisation of a liquid ‘may be
effected by shaking or heating with approximately
one per cent of activated charcoal. After standing,
the charcoal plus adsorbed impurity is removed by
filtration.  Care must be exercised when carrying out
decolorisation processes in order to ensure that active
ingredients are not also removed by adsorption.
This is particularly likely to happen if alkaloidal
solutions are decolorised by .the use of activated
charcoal.

An attempt is made to standardise the adsorptive
capacity of decolorising charcoal in the BP- by

comparing the amount of bromophenol blue

o
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remaining in alcoholic solution after adsorption has
occurred. Two tests for the adsorptive capacity of
Charcoal BPC are given. One involves the adsorp-
tion of chloroform vapour and the other involves
adsorption of phenazone from aqueous solution.
The results of tests such as these should be treated
cautiously, since it does not necessarily follow that
the decolorising powers of various samples of char-
coal for the removai of other solutes will parallel the
results obtained with bromophenol blue or phena-
zone.

2. Desiccants and Drying Agents

Water is strongly adsorbed by alumina and silica
gel. The last traces of water are therefore often
removed from organic solvents by passage through
a column of alumina or silica gel. These materials
are also used as desiccants to maintain a dry atmos-
phere inside electronic apparatus, and small packets
are sometimes included inside the containers of

“pharmaceutical preparations that may be affected
~

adversely by a high bumidity.

3. Adsorption Chromatography

This is a separation technique based on the difference
in affinity of an adsorbent for various solutes. The
different affinities result in a variation in the partition
of the solutes between the liquid/solid interface and
the liquid phase. If the latter moves through a
stationary column of the adsorbent, then the rates
of movement of the solutes will vary; for example,
a strongly adsorbed solute will spend more time
adsorbed on to the stationary phase than a weakly
adsorbed solute and, consequently, the former will
move through the column at a slower rate than the
latter. Eventually some degree of separation will be
obtained. .

The applications of chromatography to com-
pounds of pharmaceutical interest are many, since
it is a standard method of separation and purifi-
cation in most laboratories. The student is therefore
recommended to read one of the available textbooks
on this subject.

4. Surface Area Determination

Many of the properties of a powder are influenced
by its surface area; e.g. rate of solution, rate of
oxidation, hygroscopicity, sedimentation behaviour,
resistance to gas flow, bulk density and associated
packing problems.

Measurement of the adsorption of gases or solutes
provides one of the commonest means of determining
the specific’area, S,, i-e. the surface area per unit

weight (or unit volume) of the powder. The
majority of the adsorption methodsare based on Eqn

-(4.24) and involve the determination of the following

two parameters.

(a) The nionolayer capacity, xp,, i.e. the amount
of adsorbate required to produce a complete
monolayer on the adsorbent surface.

(b) The surface area occupied "by each molecule
in the monolayer (4y). This involves a knowledge
of the orientation of the adsorbed molecules with
respect to the surface.

Sy = X . Ny - A "@4.24)

In Eqn (4.24), x,, is expressed in moles and N, is
Avogadro’s coastant (6023 % 10 mole™).

The accurate determination of x, is difficult in the
case of adsorption from solution because adsorbed
solvent molecules may prevent close packing of the
adsorbed solute in the formation of a monolayer;
ie. the latter may consist of solute and solvent
molecules. In addition, the orientation of the
adsorbed solute will vary with the type of solvent,
and A, is difficult to evaluate, especially in complex
asymmetric molecules such as dyes. (These com-
pounds are often used in surface area determinations
because of the ease of analysis of coloured solistions.)
These difficulties are either avoided or are mot so
marked in the adsorption of small gas molecules,
e.g. nitrogen and argon. Absolute values for the
specific surface area aretherefore more reliable when

obtained from gas adsorption measurements, .

although reasonable agreement has been obtained
between such values and those determined by the
adsorption of 4-nitrophenol from soluwion (Giles
and Nakhwa, 1962). The common application of
adsorption from solution is in the measurement of
specific surface areas on a relative basis, e.g. for
quality control. This use arises from the experi-
mental simplicity of the method compared with the
practical difficulties associated with the measurement
of gas adsorption.

S. Medicinal Adsorbents

Kaolin and charcoal are both used as gastro-
intestinal adsorbents for the removal of toxic
materials, and charcoal is also useful as a general
antidote for poisoning by compounds such as
atropine, strychnine, oxalic acid, and p];wnolph-
thalein. "It should be borne in _mind that these
adsorbents may also take up v_itaming), drugs,
enzymes, and trace materials. Their continued use
may therefore lead to unwanted effects such as
vitamin and mineral deficiencies, incomplete medi-
cation, and interference with digestive processes.

o




50 TUTORIAL
Kaolin is useful in external preparations such as
poultices for dressing boils, suppurating wounds and
ulcers. Kaolin is also used for its drying properties
in dusting powders for application to moist lesions.

6. Miscellaneous Applications

(@) Activated charcoal has been used for removing
pyrogens from injections (Gunn and Carter, 1965).

(b} The concentration of penicillin and strepto-
mycin may be effected by adsorption from dilute
solution followed by recovery. .

() The pore sizes of some filters are often slightly
larger than the normal dimensions of retained
particles. However, penetration of filters is pre-
vented by several mechanisms, one of which involves
adsorption of the particles onto the walls of the
pores. :

-(d) The stability of colloids is often-dependent on
" the adsorption of ions onto their surfaces, and the
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mechanism of action of protective colloids is thought
to involve the adsorption of hydrophilic material
onto hydrophabic particles (see Chapter 5).

{¢) The stability of emulsions depends on the
adsorption of the emulsifying agent at the oil/water
interface (see Chapter 5).

(/) Pharmacological activity may involve adsorp-
tion of drug molecules at receptor sites in the ceil
(Ariens and Simonis, 1964).

(£) The rheological properties of suspensions are
markedly affected by the adsorption of varicus
materials especially surface active agents, at the
liquid/solid interface (see Chapter 7).

(%) The adsorption of drugs by solid excipients
included in many pharmaceutical formulations may
have-an important effect on the rate of drug release
from these formulations and on the rate of abso
tion of the drugs (Wurster and Polli, 1961 and 1964;
Sorby, 1965; Sorby et al., 1966).

Electrical Effects at Interfaces

The existence of a difference in clectrical potential

across a solid-liquid interface is demonstrated by the
following phenomena. -

(@) Electrophoresis

This involves the movement of dispersed particles

through a liquid medium under the influence of an
electrical field.

(b) Electro-osmosis

This invglves the’movement of a liquid relative to a
fixed solid under the influence of an applied field.

(c) Streaming Potential

This is the potential difference set up across a fixed
porous plug of solid when a liquid is forced through
it.

(d) Sedimentation Potential

This is the potential difference set up between the
top and bottom of a suspension of solid particles in
2 liquid when the particles settle under the influence
of gravity.

The above phenomena are termed electrokinetic’
phenomena since they are concerned with a potential
difference associated with the relative movement
between two phases separated by an interface..

The difference in electrical potential across an
interface indicates that there must be a particular
distribution of charges near o the interface. This
distribution is referred to as an electrical double layer
and its initial structure was proposed by Helmholtz

Stern
layer

!
+

%f+s§+ft+j ] t+
b

Fig.4.9  The electrical double layer at a flat negatively
charged solid surface
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in 1879. Various modifications have _been suggested
since then, and the present theory is discussed below.

The Electrical Double Layer

part of this double layer and the layers of liquid
containing the excess oppositely charged ions con-
stitute the diffuse part. The separation of charge in
the electrical double layer gives rise to a decrease in

Consider a solid surface carrying negative chargesin  potential, v, acro;s thfi' goublci layer fr;:)rtr;l itsd\éah:; N
i ] ini iti t the surface of the solid, v, to zero at the edge
ith an aqueous solution containing positive  a ; ery f
;gg‘a:;g\:tive ior?s. The negatively charged solid the dxffusc? layer where a condition of electro .
surface will influence the distribution of ions in t.he neutrahty is reached. pation i insufficient. o
iehbouring layers of the solution. Thus, positive Sometimes lhermal. agitation is in c Lo
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- ; i i d oppositely charged ions. For e ,
ive iors t, However, this surface and .opp y charge . : .
e i atos be affocted by 4 | agitati ions “will exist if the ions in solution
istributi ill ¢ 2 tation strong attractions wi i 1
distribution will also be affected by therrqa agitat : e e o oluion
i i i al charges (e.g. multivaler N
‘hi d to redisperse the ions in solution. carry sever ¢ iv g
g;cll‘les‘:llgng:ﬁectmtegz diffuse layer of solution, additional forccg are mvolveq in tt.htiJ r?:;:lfcttli?;
in which the concentration of positive ions gradually  process (e.g. as in the a.dsorp;_ml:]n :ts tace active
;iecreases on moving away from the interface, and  agents). Stron_g adsorptnon of thes hyp ,;r he?cli o N
the conoentrationmgf negative ions gradually in- sitely charged ions lwm re*}t :Lr;c‘lagn?sg o;positely
is di i - r. .
creases. However, this diffuse layer contains a the so-called Stf:rnd_a)«?b o PP ity
sufficient excess of positive ions to neutralise the chargecli 1on)s are . lSll'tl uﬁe‘at escribed préviously
i i r) similar to .

i a the solid surface. This type of Gouy laye _ : .
ﬁ?:ﬁii:ag%eshgrges is referred to as an electrical  The structure of th'e elegtncal dquble rl)?ggr (ISS :l!;%wr; &,
di)uble layer, The surface charges form the fixed diagrammatically in Fig. 4.9 in w
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represent the thicknesses of the Stern and Gouy
layers respectively.

The distribution of ions shown in Fig. 4.9 will
affect the potential at varying distances from the
surface of the solid. This change is illustrated by
Fig. 4.10(a). 1t can be seen that the potential
decreases linearly across the Stern layer from the
surface potential, ¥, to the Stern potential, y,,
which is the value at the boundary between the
Stern and Gouy layers, and then falls more and more
slowly until it is zero at the edge of the Gouy layer.

A layer of liquid molecules will also be adsorbed
on to the solid. This solvating layer is strongly held
to the surface and is therefore of importance in
electrokinetic phenomena since the outer surface of
this layer represents the boundary of relative move-
ment between the solid and the liquid. This syrface
is therefore termed the surfacsof shear. The poten-
tial at this point is termed the zeta, ¢, or electro-
kinetic potential, and jt may be calculated from
measurements of the electrokinetic phenomena
mentioned previously. The thickness of the solvating
layer of liquid molecules is ill-defined and the zeta
potential therefore represents a potential at an
unknown distance from the solid surface. Although
the solvating layer is only one molecule thick in
mast cases, it is usually thicker than the Stern layer,
unless the latter contains large adsorbed ions. The
Zeta potential is therefore usually lower than the

- Stern potential as shown in Fig. 4.10(a).

If ions are added to the solution, the diffuse part
of the double layer is compressed; i.e. its thickness,
d, decreases as shown in Fig. 4.10(8). In addition,
if the oppositely charged ions are strongly adsorbed
at the surface’in the Stern layer then the Stern
potential will also Jecrease. Inp fact, if sufficient
strongly adsorbed ions are held in the Stern layer
the surface charges may be more than balanced and
the sign of the Stern potential will be reversed as
shown in Fig. 4.10(c). The effects of electrolytes on
the Stern potential will also be paralleled by their
effects on the zeta potential.
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Disperse Systems

A DISPERSE system may be defined as a system in
which one substance (the disperse phase) is dispersed
as Particlcs throughout another (the dispersion
medium or continuoys phase). This type of system
can be classified on the basis of the physical states of
tlhe two substances, Since matter can exist as gas,
liquid, or solid, then nine different types of disperse
System are possible in the same way that nine
different types of solution are possible (see Table
2.1, Chapter 2). With the exception of dispersions of
Bases in gases, these Systems can be further classified
on the basis of the size of the dispersed particles as
shown in Table 5.1, It should be borne in mind that
the sub-division given in the table is not rigid and
there is no sharp demarcation between the particle
sizes in these systems.
Since true solutions have been discussed in Cha

ts 2 and 3 the present discussion will be restricted
to colloidal dispersions and coarse dispersions.
?c;me examples of these systems are given in Table

The Stability of Disperse Systems

The dispersion of ene phase as small particles
throughout another produces a considerable area of
contact between the two phases. Any free energy

Colloidal Dispersions

The majority of these systems of interest to pharma-
Cists are dispersions in an aqueous medium. Unless
otherwise stated, the discussion in the remainder of
this_ seltion will be restricted to aqueous systems,
The specific terms ‘hydrophilic’ and ‘hydrophobic’
will therefore be nsed instead of the general terms
‘lyophilic’ and ‘lyophobic’, A hydrophilic colloid is
a system in which the dispersed particles have an
affinity for the aqueous dispersion medium, and a
hydrophobic colloid is a system in which the par-
ticles exhibit little or no suah affinity.

Mechanisms of Stabilisation

The affinity of hydrophilic colloidal particles for an
aqueous dispersion medium js sufficient to render
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associated with the interface between the phases
will be decreased if the particles aggregate or coalesce
because of the reduction in interfacial area . that
accompanies such aggregation. Since any. system
will tend to react Spontaneously to decrease ifs free
energy 20 a minimum, it follows that disperse
Systems are often unstable. Thus, if the interfacial
free energy has a positive value, then the particles
will eventually aggregate rather than remain in
contact with the dispersion mediym. Dispersions
that exhibit this behaviour are termed lyophébic
dispersions. In other systems, known as lyophilic
dispersions, an affinity exists between the dispersed
particles and the dispersion medium, and this
contributes to the stability of these systems,
Colloidal dispersions are usually more stable (i.e.
will remain as dispersions longer) than coarse djs-
persions, since the larger particles in the latter settle
more rapidly under the influence of gravity and,
unlike colloidal systems, the maintenance of their
dispersions is not aided by Brownian movement (see
below). Some types of disperse system are of par-
ticular importance in pharmacy. “The factors that
contribute to their stability will therefore be discussed

together with the preparations and properties of the
dispersions.

of Solids in Liquids

these dispersions thermodynamically stable. In
fact, hydrophilic materials form colloidal dispersions
spontaneously on addition to water. .

However, “spontaneous coalescence of hydro-
phobic colloids indicates that these systems are
unstable and that attractive forces exist between the
particles. Thus, if the latter are to remain in a
dispersed state for any considerable time then a
stabilising mechanism " that reduces the rate of
coalescence must operate.

The present theory for the stabilisation of lyo-
phobic colloids was developed independently “by
Derjaguin and Landau (1941) and Verwey and
Overbeek (1948), and is therefore referred to as the
DLVO theory. It has also been well explained by

DISPERSE SYSTEMS

Table 5.1
Types of Disperse System

System
True solations

Colloidal
dispersions

'Coarse
dispersions

Dispersed particles

Small molecules or ions

Single large molecules
(or ions) or aggregates
of small molecules

(or ions)

Aggregates of molecules

Usually less than
1 x 107 mm

Notes

Mixtures of gases are
restricted to this type
of system

Particle size

Larger than those in true
solution and have an
upper size limit of about

1'% 10~ mm

Larger than those in
colloidal dispersions

Particle size ranges from
about 1 X 10~3mm to
an upper limit, which
depends on the system

other authors (Overbeek, 1952; van _Olphen, 1?6};
Sheludko, 1966). To understand th.ls theory it is
necessary first to consider the repulsive and attrac-
tive forces that operate between approaching par-
tié!es, and then to examine the combined effects of
these opposing forces.

-

Repulsive Forces between Approaching Particles

The existence of electrical charges on dispersed
particles is demonstrated by the process of electro-

Table 5.2 .
Examples of Disperse Systems
(true solutions omitted)
Dis- Dis-
persed  persion: Examples
Pphase  medium Colloidal Coarse
Liquid Gas Fog Spray
Solid Gas Smoke ‘Dust
Gas Liquid Foam Foam
Liquid Liquid Oil globules Emulsion
K H <1 x 10° mm
in water
i iquid Colloidal gold  Suspension of
Solid Hg in water g kaolin in
. water
Gas Solid  Solid foam Solid foam
Liquid Solid’ Mineral oil Solid emulsion
in wax
i lid Colloidal gold Solid )
Solid - Sof in glass & suspension

is (see later). These charges originate either
fPr}(’)(x)nw?oni(saﬁon of surface groups or from prefer-
ential adsorption of specific ions, known as pgptlsllflg
ions, from solution. The former mechanism-applies
frequently in hydrophilic colloids, and the latter in

ic colloids. ) .

hy%;t:p;g!;;nce of charges on the dispersed particles
influences the distribution of positive and negatlv;
ions in the layers of solution that surround deaﬁ
particle. . This distribution is also mﬂuo.mcel yt
thermal motions in the solution. The resultan
effect is that each particle is surrou.nd_ed 'bytha’i
electrical double layer with a structure smnlz}:‘l t?. ?d
described in Chapter 4 for plane solid-liqui
i aces.
mt\;lr:;en two particles approach each other lthe
diffuse parts of their electrical double layers over apt;
This leads to a redistribution of the charge in ea:;e
layer, and a repulsion will be exerted betwee:d he
particles. Work must_therefore be perform e
order to overcome this repulsion and br;_ng °
particles close together. The amount of ?ivoirte
necessary to bring the particles from an in na
distance apart to a given distance of s;paratl:m n:hz
be calculated. This amount of wo.rk is equal to
repulsive potential at that given d.ls.tance (;:' sepa‘r;l;
tion. The continuous line in Fig. 5.1 shows e
variation in the repulsive potential with distance
separation of the particles.

Attractive Forces between Approaching Parlicles'
The repulsive forces that an'se. from the overlappl:xeig
of electrical double jayers sull. operate even t‘l:e e
particles aggregate. An attractl(;/e ;grc: T:i; o
i i this for

fore exist between particles, an :
comparable in its magnitude and r.ange,of ope:a(t)ﬁz
to the repulsive force if the latter is to be (;)v:;dcthat
during an aggregation process: It is consider
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the attraction is provided by van der Waals forces.
Although the Appéndix indicates that between a
pair of atoms these forces are weak and only of short
range, it should be pointed out that they are also
additive. Thus, the total attraction between two
particles will be equal to the sum of all the attractive
forces bétween every atom. of one particle and all
those of the other. This additive effect not only
produces an appreciable force but also increases the
range over which this force is exerted. The broken
line in Fig. 5.1 represents the variation in attractive
potential with distance of separation of the particles.
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Fig. 5.1 Variation in net potential of interaction
(.... ) arising from the combined effects of repulsive
potential { ) and attractive potential (~—~-)'

between two approaching particles

'Combined Effects of Repulsive and Atfractive
Forces between Approaching Particles

The dotted line in Fig. 5.1 represents the variation
in net potential of interaction with the distance of
separation of the particles. This curve is obtained by
addition of the repulsive and attractive potentials at
each distance, assuming that these separate poten-
tials have opposite signs; e.g. the repulsive potential
is regarded as being positive and the attractive
potential as négative.

The net interaction curve indicates that as two
particles approach each other the repulsive potential
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predominates initially, the attractive potential then
predominating as the distance between the particles
decreases.

The sharp rise of ‘the net interaction curve when
the particles are very close is caused by additional
short-range repulsive forces that have not been
taken into account in the previons discussion. These
forces may arise from the contact of points on the
irregular surface of the particles (the Born repulsion)
and, also, from the presence of strongly adsorbed
molecular layers of water on’each particle. These
layers must be desorbed before the particles can
approach to closer distances than the thicknesses.of
these layers. : :

Since the repulsive potential predominates at the
longer distances of separation, coalescence will occur
only if the approaching particles possess sufficient
activation energy to overcome this repulsion batrier,
and pass into the region where the attractive poten-
tial predominates. The height of the energy barrier
in Fig. 5.1 will determine its effectiveness in prevent-

ing the aggregation of dispersed particles. If this’

barrier is reduced, then the stability of the colloidal
dispersion will decrease.

Effect of Electrolytes

-An increase in the concentration of ions in the
dispersion medium has the effect of compressing
the diffuse part of the electrical double layer;
i.e. the thickness, d, of this layer is decreased and
the repulsive potential decays more rapidly. Thus,
the energy barrier that opposes aggregation, de-
creases as the concentration of added electrolyte in-
creases, and finally disappears as indicated by Fig.5.2.
When the barrier ceases to exist, rapid coalescence
of the particles occurs and large aggregates become

* visible in the system.

The degree of compression of the double layer
depends not only on the concentration of added
electrolyte but also on the valency of the ion of
opposite charge to the colloidal particle, This is
known as the Schulze-Hardy rule. Thus, a nega-
tively charged colloid would be coagulated rapidly
by a certain concentration of aluminium chloride in
the dispersion medium but a greater concentration
of barium chloride would be required. since barium
cations are only divalent whereas aluminium cations
are trivalent. In fact, calculations show that the
flocculation value of an electrolyte should be
inversely proportional to the sixth power of the
valency of the ion of opposite charge. Experimental

results show good agreement with these calculations. -

The coagulating effect of electrolytes may be used
to assess the original stability of a colloidal disper-
sion. Thus, the 'greater the concentration of
electrolyte required to produce rapid coagulation,
the greater the stability of the original system.

|
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Fig.5.2 The variation in thickness, d, of the electrical double layer and height of energy barrier 10 coagulation caused
by (a) intermediate, and (5) higher concentrations of elef&trolyte (Sez Fig. 5.1 for key)

Preparation of Colloids
HYDROPHILIC COLLOIDS

As previously staied, the affinity of hydrophilic
colloids for water leads to the spontaneous formation
of a colloidal dispersion when the material is placed
in contact’ with water. For example, acacia will
readily disperse in water, and gelatin will disperse in
hot water. This simple method of dispersion is a
general one for the- formation of lyophitic colloids. -

HYDROPHOBIC COLLOID>

The preparative methods for ‘hydrophobic colloids
may be divided into those methods that involve the
breakdown of larger particles into particles of col-

-~ loidal dimensions (dispersion methods) and those in

which the colloidal particles are formed by aggre-
gation of smaller particles such as molecules
(condensation methods)

The breakdown of coarse material may be effected
by several means.

Colloid Mills. These mills cause the dispersion
of coarse material by shearing in a parrow gap

" between a static cone and a.rapidly rotating cone.

A diagram of a colloid mill is given in'Fig. 5.3.

Electrical Dispersion (Bredig's method). - Certain
metals may be dispersed by the passage of an electric
arc between electrodes: made of the metal and
immersed in the dispersion medium.

Ultrasonic Irradiation. The passage of ultrasonic

waves through a dispersion medium produces
alternating regions of cavitation and compression in -
the medium. The cavities collapse with great force
and cause the breakdown of coarse particles: dis-
persed in the liquid. '
. Peptisatipn. Because the charges necessary for
stabilising colloidal dispersions may originate from
the preferential adsorption of specific ions at the
surface of the particles, a finely divided solid may be
converted into a colloidal dispersion by the addition
of suchions to the dispersion medium. This process
is Kknown as peptisation.

\/Co‘idensation Methods )
-These involve the rapid production of supersaturated

solutions of the colloidal materiat ynder conditions
in which it is deposited in the dispersion medium as
colloidal particles and not as a precipitate: The
supersaturation is' often obtained' by ‘means of a

s

e
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feed

chemical reaction that results in the formation of the
;ollox%z;l material. For example, colloidal sulphur
: hz:y obtained by passing hydrogen sulphide
ou_gh a solum?n of sulphur dioxide, and colloidat
g.rs‘;armous sulphide may be obtained by passing
tr)i,ox?dg:n sulphide through a solution of arsenic
A change in solvent may also cause the producti
of colloidal particles by Zondensation mr‘;thod;:.t lolrfl‘
an alcoholic so{uu'on of a resin (resinous tincture) is
poured slowly into water, a colloidal dispersion of
resin particles may be obtained,

*
Purification of Colloids

DIALYSIS

Colloidal particles are too large to diffuse thr
S O

the pores of certain membrangs such as parchml:i}tl
or cellophane. The smaller particles in true solu-
tion are able to pass through these membranes
Use is made of this difference in diffusibility to
separate micromolecular impurities from colloidal
dlspersxoqs. The process is known as dialysis.

_A colloidal dispersion may become diluted durin
dialysis because ‘water will pass through the memg
brane under the influence of the osmotic pressure of
the colloid. Such dilution may be prevented b
applying to the colloid a pressure that is egual to oi',
greater than its osmotic pressure, This procedure is
referred to as dialysis under pressure,

ELECTRODIALYSIS

An electrical potential may be used to increase the
rate of movement of ionic impurities through adialys-

static surface

rotating surface

L— cooling jacket

product

Fig. 5.3 Cross-section,
through a colloid mill

ing membrane and so provide a more rapid means of
purification. This method is of little use if any of the
Impurities are uncharged and care should be taken
to ensure that the electrical potential does not affect
the stability of the colloid.

ULTRAFILTRATION

Colloidal particles are too small to be retained by
ordinary filter papers. However, filtration through
a dialysing membrane may be carried out, but
because the rate of flow of the liquid dispersion
medium through such membranes is slow it is usual
to carry out the filtration process under the influence
of either positive pressure or vacuum. Since the
sizes of the colloidal particles and the pores in the
membrane are so small, the process is referred to as
ultrafiltration. '

.It is possible to manufacture membranes with
dlﬂ:erem degrees of porosity (see later). The use of a
series of ultrafilters with gradually decreasing pore
sizes allows the particle size of a colloid to be deter-
mined. Conversely, the pore size of an iltrafilter
can be determined by the use of a series of colloidal
dispersions of different particle sizes.

The Properties of Colloids
PARTICLE SIZE

<The particles in a colloidal dispersion fall within the
approximate range~of "1 % 10°%"t5 1 x_10* mm..
The-actual ‘size ' may be detérmined by ultramicro-
scopic measurements, the use of graded ultrafilters,
or the measurement of ‘the rates of sedimentation of

the particles in an 'ultracentrifuge.

DISPERSE

ELECTRICAL PROPERTIES

If an electric current is passed through a colloidal
dispersion contained in a suitable cell, the particles
migrate towards one of the electrodes. This process,
which' is known as electrophoresis, demonstrates
that all the particles in a givco system carry a similar
charge. In addition, the sign of this charge is
indicated by the direction of movement of the
particles. Thus, the particles of negatively charged
colloids, such as kaolin, sulphur, arsenious sulphide,
and metals, will move towards the anode, while the
particles of positively charged colloids, such as
ferric hydroxide and other metal hydroxides, will
move towards the cathode.

Different colloidal materials may possess different
electrophoretic mobilities and the process may
therefore be used as a method of separating mixtures
of colloidal materials. For example, the proteins of
blood plasma may be separated by electrophoresis.

The charge carried by colloidal protein molecules,
and therefore the direction of movement of these
molecules under the influence of an electric current,
will depend on the pH of the dispersion. medium.
This variation in the sign of the charge is explained
by the fact that in alkaline solution the carboxylic
acid groups of the protein molecules will exist as
carboxylate anions, whereas in acid solutions the
amino groups of the molecules will be protonated.
Thus, proteins are negatively charged in alkaline
solutions and positively charged in acid solutions.
At an intermediate pH, known as the iso-electric
point, the protein exists as a zwitterion, which is
electrically neutral, although both groups are
ionised. The solubility of the protein is at a mini-
mum at its iso-electric point and therefore precipita-
tion is facilitated.at this pH.

OPTICAL PROPERTIES

Colloidal particles are too small to be seen under
an ordinary microscope and a colloidal dispersion
appears to be perfectly transparent when viewed
from the front with a light behind it. However, the
colour appears to change if the system is viewed
against a dark background at right angles tu the
incident light, when a turbidity can be seen. Further-
more, if the incident light is restricted to a beam,
then a cone of light, known as the Tyndall cone, is
observed. These effects arise because the incident
light is scattered by the colloidal particles. The
progressively greater scattering effect produced as
the light passes through the system is responsible
for the formation of the Tyndali cone. In addition,
the intensity of the scattered light increases with
decreasing wavelength. The scattered light therefore
has a greater proportion of smaller wavelengths
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than the incident light, while the transmitted light
deficient in these smaller wavelengths. Thesg
changes are responsible for the apparent difference
in colour of the system when viewed by scattered or.
transmitted light. For example, a colloidal disper.“.\u
sion of a white material illuminated by white light
will produce a bluish-white scattered light and &
yellow-brown transmitted light.  ~ '
The light-scattering effect is made use of in the
design of the vitramicroscope, in which a cell cons,
taining the colloid is viewed against a dark back-
ground at right angles to an intense beam of inciden*
light. The particles, which exhibit an erratic move®
ment, appear as bright spots against the dark back-
ground. The motion of the particles is known a
Brownian movement and arises from the bombard”
ment of the particles by the ‘molecules of the
dispersion medium. This effect is useful in helping ty,
counteract the effects of sedimentation and in main-
taining the dispersion of particles in the continuour
medium. N

OSMOTIC PROPERTIES Ny

Osmotic pressure is a colligative property (see p. 15
and therefore depends only .on the ntmber of pax,
ticles present in a dispersion. The particles in a
colloidal system may consist of aggregates of sever?’
molecules, but each of these aggregates acts as Y-
single unit for colligative purposes. The osmotic
pressure exerted by such a system will therefore ¥ \
small. If the colloidal particles consist of singﬁ
large molecules then the osmotic pressure may be
used to calculate the molecular weight of the colloid;,
material. This method is often. used for long-chain
polymers, but a correction may be necessary 17
allow for the Donnan membrane effect, which -
discussed later (see p. 73)

N
Differences in Properties of Hydrophilic
and Hydrophobic Colloids S

Some of the differences in the properties of. the two
types of colloid have already been mentioned in tf
previous sections. These and other differences aN
summarised in Table 5.3.

1t will be observed from Table 5.3 that hydrophi'ﬁ
colloids are much more stable to the presence o
added electrolytes than hydrophobic colloids. Th=
instability of the latter’ type has already beW
explained in terms of the compression of the diffuse ,
part of the electrical double layer in the presence &
additional counter-ions. A similar éffect is insufl-
cient to cause the rapid coalescence of hydrophilic
colloids since these are also stabilised by the affing)
that exists between the colloidal particles and the
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dispersion medium.

2. Stability towards

High concentrations of

P electrolytes. very soluble electrolytes
" are necessary to cause
precipitation.
v 3. Stability towards Stable.
‘prolonged dialysis, '
. 4 Reversibility Reversible.

after precipitation
(i.e. colloidal

dispersion reforms
when precipitated
p material is added
-to fresh dispersion
_medium),
: " 5. Tyndall effect. Weak. Particles are not
) o easily detected by
v ) ultramicroscope.
6. Viscosity.* Usually higher than that

i

N

7. Protective ability
(see later).

i 3

of dispersion medium.

Capable of acting as
protective colloids.

Ac . ‘ ) Table 5.3
omparison of the Properties of Hydrophilic and Hydrophobic Colloids
. l Pro,.verz 1y ' Hydrophilic colloids Hydrophobic colloids
7 « Ease of dispersion Usually occurs Special :
of material in spontaneously. pecie] (reatment necessary.

Relatively low concentrations of
electrolytes will cause
Pprecipitation,

Unstable because ions necessary
for stability are removed.

Irreversible.

Strong. Particles are readily
detected by uitramicroscope.

Similar to that of dispersion
medium,

Incapable of acting as protective
colloids and often require addi-
tion of such a material for
stability.

. . .
Further information on the viscosity of colloidal dispersions is given in Chapter 7.

dispersion medium. Precipitation of h i
colloids therefore involv&sp a reductiog d:gpi;;l‘its:
affinity as well as the removal of any energy barrier
arising from a repulsive potential between the
« Pparticles. Very soluble electrolytes such as ammo-
nhium sulphate will compress the double layer and so

_ femaove an energy barrier. In addition, since the
# lons of such electrolytes are strongly hydrated high
concentrations of such ions will compete so success-
fully for the molecules of the dispersion medium
that the affinity of the latter for the coliidal par-
. txcle§ is rt?duced. These combined effects lead to the
# precipitation of hydrophilic colloids, and the process
is known as *salting out’. Variation in the stabilities

p of different hydrophilic colloids affects the concen-
tration of soluble electrolyte required to produce
their precipitation. The components of a mixture of
.#hydrophilic colloids can therefore be separated by
a process of fractional precipitation, which involves

.

g

the ‘salting out’ of the various components at
d}ﬂ'erer_)t concentrations of electrolyte. This tech-
nique is used in the purification of antitoxins (see

p. 403).

Effects of Mixing Different Colloids

1. MUTUAL PRECIPITATION

This may occur when two hydrophobic colloids with
oppositely. charged particles are mixed, due to the
attractive forces exerted between the particles.

2. COACERVATE FORMATION

When oppositely charged -hydrophilic colloids are

mixed, a layer rich in ‘colloidal -material may
separate. This layer is known as a coacervate.

<

i
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3. SENSITISATION

In the presence of very small amounts of hydrophilic
colloid a hydrophobic colloid may become more
susceptible to precipitation by electrolytes. This
effect, known as sensitisation, is thought to arise
from the adsorption of various parts of each chain-
like hydrophilic colloid onto several hydrophobic
particles. -

4; PROTECTION

The stability: of hydrophobic colloids towards the
precipitating effects of electrolytes is increased by
the presence of hydrophilic colloids in concentra-
tions several times those required for sensitisation.
Hydrophilic colloids used in this way are termed
protective colloids. Their protective action is con-
sidered to arise from their adsorption over the entire
surface of each hydrophobic particle, so that the
latter acquires some hydrophilic properties and is
therefore able to withstand the effects of electrolytes.

The protection afforded to a specific hydrophobic
colloid is often used as an indication of thewrelative
abilities of a series of hydrophilic colloids to act as
protective colloids. For example, the ‘Gold Num-
ber’, introduced by Zsigmondy, is the number of
milligrammes of protective colloid that must be
added to 10 cm® of a standard colloidal suspension
of gold to prevent flocculation on the addition of
1 cm® of a 10 per cent NaCl solution. In the same
way the ‘Congo Red’ number depends on the
flocculation of a standard dispersion of congo red by
a given amount of KCl. Such methods of comparing
the protective abilities of hydrophilic colloids are
influenced by the nature of the hydrophobic colloid.
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The relative abilities as indicated by Gold or Congo
Red numbers may therefore- be different for other
systems.

Pharmaceutical Applications of Colloids

It has been suggested that the efficiency of certain
substances used in pharmaceutical preparations may
be increased if colloidal forms are used, since these
have large surface areas; for example, the adsorp-
tion of toxins from the gastro-intestinal tract by
kaolin, and the rate of neutralisation of excess
acidity in the stomach by aluminium hydroxide may
be increased if these compounds are used in colloidal
forms,

The vse of colloidal iron and colloidal iodine is
said to alter the effects of these compounds, the
former being less astringent than crystalloidal irqn
and the latter less toxic than iodine in aqueous
solution.

In the purification of proteins, use is made of the
changes in solubility of colloidal materials caused by
the presence of electrolytes or changes in pH.

The protective ability of hydrophilic colloids is
used to prevent the coagulation of hydrophobic
particles in the presence of electrolytes. The in-
creased viscosity of a liquid that results from disper-
sion of a hydrophilic colloid is used to retard the
sedimentation of particles in pharmaceutical sus-
pensions; i.e. the hydrophilic colloids are used as
suspending agents.

Blood plasma substitutes are colloidal dispersions
in which the particle size is such that they are retained
in the blood vessels. for an adequate time (e.g.
Dextran Injection BP 1968). -

»

Association Colloids

It has already been mentioned (Chapter 4) that
surface active agents behave as normal compounds
in dilute solutions but at certain reasonably well-
defined concentrations relatively sharp changes
occur in the physical properties of these solutions.
These. changes are attributed to the association of
the amphipathic molecules or ions into aggregates of
colloidal dimensions, that are known as micelles.

Ionic and non-ionic substances that exhibit this
type of behaviour are referred to collectively as
association colloids. Although the older term
‘colloidal electrolyte® is strictly applicable to ail
ionised colloidal materials it is usuaily reserved for
ionic association colloids. Since the early work in
this field was carried out solely on jonic association
colloids the term ‘colloidal electrolyte’ is still some-
times used erroneously as a synonym for ‘association
colloids’.

Critical Micelle Concentration and Micellar
Structure

‘The minimum concentration at which physical prop-
erties of solutions of association colloids show
marked changes is known as the critical micelle
concentration, which is often written in an abbrevi-
ated form as CMC. The formation of micelles was
originally suggested by McBain to™ explain the
apparently anomalous changes in osmotic properties
and electrical conductivity with concentration in
solutions of ionic associated colloids. The conduc-
tivity indicated that a considerable degree of elec-
trolytic dissociation ‘was occurring, in solution,

whereas the osmotic properties indicated that con-

siderable aggregation of ions into single colligative
units was also occurring above the CMC. McBain's
original sugggstion allowed for the existence of two

R
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types of micelle. These types were—

(a) a small, approximately spherical, charged
micelle, which existed in - all concentrations, i.e.
above and below the CMC, and which was largely
responsible for the appreciable electrical conduc-
tivity, and

(b) a large undissociated lamellar micelle, which
only existed above the CMC and was responsible
for the low osmotic properties at such concentra-
tions.

Hartley later suggested that the experimental facts
could be explained on the basis of a single type of
micelle. Hartley’s model, shown in Fig, 5.4, con-
sists of a spherical charged micelle with a radius

Fig. 5.4 The Hartley spherical micelle

approximately equal to the chain length of the
ampbhipathic iog.

- The spherical type of micelle is now accepted as
existing in all solutions of association colloids at and
Just above the CMC. However, in more concen-
trated solutions physical measurements, €.g. X-ray
diffraction, viscosity, light scattering, indicate the
existence of large asymmetric micelles. The re-
arrangement from spherical to larger and more
widely separated asymmetric micelles has been
ascribed to a reaction of the system in an effort to
reduce the intermicellar repulsive forces that arise
from the closer and closer approach of spherical
micelles as the concentration of amphipathic material
increases. Present evidence suggests that different

rqice]lar shapes, e.g. rods, lamellae, are formed in
different systems.

STABILITY AND SIZE OF SPHERICAL
MICELLES

The cohesive force between water molecules is much
stronger than either the attraction between the
lipophilic parts of the surface active agents or the
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attraction between water and the lipophilic chains.
Therefore, the surface active agent tends to be
squeezed out of solution in order to reduce the large
degree of separation of water molecules that would
be caused by the presence of many monomeric
amphipathic molecules. This effect, which tends to
cause a phase separation, is counterbalanced to some
extent by the hydrophilic nature of the polar groups.
In addition, the attractive forces between water
molecules decay very rapidly with distance of
separation since they are inversely proportional to
somewhere between the fourth and seventh power of
the distance (see Appendix). Thus, the work of
separating water molecules by a relatively large
distance on the formation of a micelie is little differ-
ent from that involved in the introduction of an
amphipathic monomer.

The electrical repulsion between adjacent similarly
charged ions tends to disrupt the micelles of an-ionic
surface active agent. In such a case, micelle forma-
tion is therefore dependent on the balance between
this disruptive effect and the constructive ‘squeezing
out of solution® effect. Since the electrical repulsive
effect is absent in non-ionic micelles, various
suggestions have been made regarding the existence
of a factor that would tend to oppose micefle forma-
tion; e.g. cross-sectional arca and solvation of the
hydrophilic group. However, the precise nature of
such a factor is still in doubt. The association of
ionic and non-ionic surface active agents is also
aided by the ‘hydrophobic bonding’ between the
hydrocarbon chains. This type of bonding involves
weak van der Waals forces of attraction, the effect of
which is therefore of less significance than those
mentioned -previously. In addition, an increase in
temperature will have a disruptive effect on the
formation of micelles since their rate of deaggrega-
tion will be increased.

The size of a spherical micelle depends on the
structure of the surface active agent. In the Hartley
model of a micelle the radius is approximately equal
to the length of the hydrocarbon chain. If the
diameter were 10 increase beyond this point then the
unlikely structure would either include a space in
the centre into which the hydrocarbon chains could
not reach, or the presence of some of the ionic
groups between the hydrocarbon chains.

Physical Properties of Solutions of Association
Colloids -

Since micellar structure -and shape influence the
physical properties of solutions it is convenient to
consider separately the properties of dilute solutions
(i.e. up to concentrations just above the CMC,
where the micelles are spherical and concentrated
solutions containing asymmetric micelles. ~

DISPERSE SYSTEMS

DILUTE SOLUTIONS; PHYSICAL PROPERTIES
AND METHODS OF DETERMINING CMC.

Colligative Properties

The association of monomeric ions or molecules into
micelles at the CMC causes a marked decrease in the
colligative properties of solutions of association
colloids. A typical graph of osmotic pressure
against concentration is shown in Fig, 5.5.

!

osmotic pressure

concentration

Fig. 5.5 Variation of the osmotic pressure with con-

N centration of a solution of an association colloid

Osmotic pressure, freezing point and vapour
pressure measurements have been used to determine
CMCs. However, such determinations are not
common since these methods are more tedious and
more difficult than others, and their accuracy is
dependent on the measurement of relatively small
changes in physical properties. In addition, the
depression of freezing point method is limited by the
fact that many surface active agents are too insoluble
at the freezing point of the solvent, and even
measurements that are possible at these tempera-
tures have little relationship to practical applica-
tions.

Surface Properties

The positive adsorption of surface active agents at
the surface of water causes a progressive decrease in
surface tension with increase in concentration until
the CMC is reached. The micelles formed at and
beyond this concentration provide an alternative
means of removing the lipophilic groups from the
aqueous environment, thus causing a decrease in

free energy of the system. In fact, in such systeryN
orientation of further surface active material in the
form of micelles is energetically preferable to it
orientation in the surface. Thus, additional materii.

is used in the production of more micelles, and the
concentrations in the surfacelayer and in try
solution (i.e. as monomeric units) remain approxi-
mately constant beyond the CMC; a graph of
surface tension against concentration levels out &,
this point, as shown in Fig. 5.6. .

A minimum is frequently observed in the surfac-
tension curves, shown by the dotted line in Fig. 5.6v:
Such minima are usually caused by the presence of
surface active impurities in the system. The difficu;
andfor tedious purification procedures are usually”
responsible for the presence of such impurities. The
initial adsorption into the surface layers of thy,
surface active agent and impurity results in the
lowering of the surface tension to a greater degree
than that given by the pure surface active agenty
At the CMC the impurity is leached out of the sur-
face and taken up by the micelies so that the surfac,
tension rises to that of the pure surface active agen
beyond its CMC. .

Surface tension measurements are useful in thy,
determination of CMCs and the accuracy of the
determination is little affected by the actual value of
the CMC (cf. with other methods where the accuracW—r
decreases as the CMC becomes smaller). Because of
the slow attainment of adsorption equilibrium thag
occurs in some systems, static methods of surface
tension measurement (i.e. methods in which the.
surface is not disturbed during measurement) arsy),

i
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Fig. 5.6 Surface tension—concentration curve fora
solution of an association colloid @




often more useful; since changes in surface tension
with time can be followed.

Electrical Conductivity

The effects of micelle formation on the electrical
conductivity of solutions of ionic association colloids
-are shown in Fig. 5.7(i) and (ii). According to
Hartley three factors contribute to these changes.

mclar conductivity (A)

concentration

Fig. 5.1 The effect of micelle formation on the
molar conductivity (A1) of a solution at (i) low, and
(ii) high field strengths

: A

(a) Change in Viscous Drag Effects. The move-
ment of ions towards an electrode is retarded by the
viscous drag exerted on the charged particle by the
solvent. For a spherical particle this resistance is
proportional to the particle radius. Consider,
therefore, the change that occurs in viscous drag
when # spherical ions of radius r associate to form a
single spherical micelle. The radius of the latter is
given by rnt. Thus, the ratio of the viscous drag on
a single micelle to the total drag on # ions is rndfrn =
m~4. However, the total charge carried by the micelle
is the same as that carried by all the separate ions,
assuming that all the micellar ions remain dissoci-
ated. Therefore, the conducting power of the micelle
will be greater than the total conducting power of
the ions by a factor of nf.

(0) Changesin*Braking Effect’ of Gegenions. The
retarding effect of the oppositely charged atmosphere
of gegenions surrounding the micelie is much more
appreciable than that experienced by simple ions.

(¢) Reduction of Net Charge on Micelle. Since
the micellar surface has a high charge density some
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gegenions adhere to the micelle, thus lowering its
net charge. )

Under normal conditions the change in electrical
conductivity with concentration is represented in
Fig. 5.7 (i), since effects (b) and (c) above, which
cause a decrease in the molar conductivity (4) on mi-.
celleformation, outweigh effect (a). However,athigh
field strengths the micelles move so rapidly that the
ionic atmosphere of gegenions cannot reform quickly
enough (Wein effect) and the ‘braking effect’ is
therefore reduced. In addition, fewer gegenions are
attached to the micelle and the net charge on the
latter is increased. Under these conditions, effect (a)
predominates and the molar conductivity (4) shows
an increase on micelle formation as shown at (ii) in
Fig. 5.7.

Solubility; the Krafft Point

At low temperatures the solubilities of surface
active agents show a small increase with rising
temperature until a particuldr temperature is reached
when sufficient material is present in solution to
allow the formation of micelles. Beyond this
temperature, which is known as the Krafft Point,
.there is a rapid increase in solubility. This behaviour
is explained by the fact that the micelles are more
soluble than the monomers. The concentration in
solution at the Krafft Point is the CMC at the Krafft
temperature. The usefulness of this behaviour in the
determination of CMCs is limited by the fact that it
is difficult to calculate from the results the CMC at
other temperatures.

Light Scattering

The scattering of light by solutions of surface
active agents is increased by the aggregation of
molecules into micelles. The slopes of graphs of
amount of light scattered yersus concentration there-
fore show an abrupt increase at the CMC. In
addition to the CMC determination this method
allows the aggregation number, i.e. the number of
monomers per micelle, to be calculated, and pro-
vides information on the shape of the micelle.

Solubilisation

The property of surface active agents to cause an
increase in the solubility of organic compounds in
aqueous systems is called solubilisation. This
property is observed only at and above the CMC,
thus indicating that the micelles are involved in the
phenomenon. In general, the increased solubility cf
the solubilised material- (solubilisate) can be ex-
plained in terms of partition between the aqueous

Yy

(b)

}

(c)

Fig. 5.8 Solu_bilisgtion within niic_elles: (a) non-polar hydrocarbon (b) polar molecule adsorbed at nﬁcelle—water inter-
face (c) amphipathic molecules orientated in palisade layer (d) polar molecules orientated between polyoxyethylene
chains of a non-ionic surface active agent '

phase and the hydrocarbon interior of the micelles
or by adsorption at the micellar surface. Thus, it
is believed that non-polar hydrocarbons are taken
into solution in the interior of the micelles, and polar
water soluble compounds such as sugar and glycerol
are adsorbed at the micelle/water interface, as shown
at (a) and (b) respectively in Fig. 5.8. Conipounds
with amphipathic character, -such as octanol and
phenols, are believed to become orientated in the
palisade layer in a similar manner to the surface
active agent, i.e. with their polar groups directed
towards the aqueous phase and their lipophilic
groups inside the micelle, as shown at (¢) in Fig.
5.8. A possible additional mechanism for the effect
of non-ionic micelles on the solubility of certain
compounds, e.g. phenol, involves inclusion of these
compounds between the long hydrophilic polyoxy-
ethylenechains, as shown at (d) in Fig. 5.8.

CMCs may be determined by solubilisation
measurements preferably using a solid dyestuff that
is virtyally insoluble in water. The amount of
dyestuff in solution remains reasonably constant
until the CMC of the surface active agent is reached,
and then increases rapidly. Dycs arc commonly used
in such determinations because of the ease of analysis

~qf the solutions by optical methods. The disad-
vantages of this method include the Jong periods of
stirring necessary to ensure that equilibrium condi-
tions have been reached, and the fact that the
CMC:s are affected by the presence of the solybilisate
so that the observed values are consequently lower
than those obtained by other methods.

Other Methods of Determining CMCs

Refractive index, diffusion rate, viscosity, density,
u.v. and i.r. spectrophotometric measurements may
also be used in-the determination ‘'of CMCs. In
addition, a mcthod based on the changes in absorp-

tion spectra of various compounds on their adsorp-
tion by micelles is frequently ‘used (dye absorption
method). Pinacoyl chloride and rhodamine G may
be used for anionic surface active agents, eosin
and fluorescein for cationics, and pinacoyl chloride
or iodine for non-ionics. This method suffers from
the disadvantage that the CMC may be affected by
the presence of the additive.

FACTORS AFFECTING CRITICAL MICELLE
CONCENTRATIONS

A. Molecular Structure of the Surface Active
Agent

L.. The hydrocarbon chain

(a) Chain Length. An increase. in the hydro-
carbon chain length causes a logarithmic decrease
in the CMC at constant temperature as shown by
Eqn (5.1)

logC =4 — Bm (CRY)

where C is the CMC, m is the number of carbon
atoms in the chain, and 4 and B are constants for a
homologous series of compounds, ’

(b) Branched Hydrocarbon Chains. Branching of
a hydrocarbon chain causes an increase in CMC
since the decrease in frec energy arising from the
aggregation of branched chain molecules is less than
that obtained with linear molecules with the same
number of carbon atoms.

(c) Unsaturation. The CMC is increased by
about three to four times by the presence of one
double bond when compared with the value for the
analogous saturated compound.
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2. The hydrophilic group

(@) Type of Hydrophilic Group. The value of the

constant A in Eqn (5.1) varies with the type of hydro-
philic group common to each homologous series.
However, the effect of different ionic groups on the
CMC is small, provided complete ionic dissociation
occurs, because the amount of work necessary to
overcome the electrical repulsion between ions of the
same charge is similar.
) Since the effects of electrical repulsion are absent
in non-ionic surface active agents aggregation is
facilitated and the CMCs are much lower than those
of ionic surface active agents.

(b) Number of Hydrophilic Groups. The electrical
repulsive force between adjacent ions in a micelle
Increases as the number of ‘jonic groups increases.
In addition, an increase in the number of any type
of hydrophilic group increases the solubility of the
surface active agent. Both these effects will lead to
an increase in the CMC.

(c) Pos:in’on of Hydrophilic Group. The CMC
tends to increase as the polar group is moved from
the terminal position towards the middle of the
hydrocarbon chain.

B. Effect of Additives
1. Simple electrolytes

The CMC decreases on addition of salts. The most
important factors qoncerned in the overall effect are
the concentration and number of charges on the
ions of opposite charge (gegenions) to that carried
by the micelle. The effect of these factors is given by
Eqn (5.2), where C and C are the CMC and

InC=-K.hn C; + constant (5.2)

total gegenion concentration, respectively, and K
is a constant with a value of approximately 0-4 to
0-6. For surface active agents with two ionic groups,
Eqn (5.2) becomes

InC = —2K .In C; + constant (5.3)
2. Other Surface Active Agents

The CMCs of mixtures of surface active agents
appear to vary between. the limiting values of the
Irighest and lowest CMCs -of the individual com-

- ponents,

3. Alcohols

The C{ Cs are decreased by the addition of alcohols.
The marked effect of alcohols probably arises from

their high selective adsorptivity at the micellar
surface and penetration into the palisade layer. The
overall effect is dependent on the concentration of
the alcohol, the length-of its hydrocarbon chain,
and the length of the hydrocarbon chain of the
surface active agent. In alcohols with shorter chain
lengths than the surface active agent the effect is
given quantitatively by Eqn (5.4)

In (—dC/dC,)), = —069m + 1-1m, + constant
4

where, C and Q are the CMC and the alcohol
concentration, respectively, and m and m, are the
number of carbon atoms in the surface active agent
and alcohol respectively.

4. Hydrocarbons

Solubilisation of hydrocarbons causes an increase
in micellar size, which results in an increase in the
radius of curvature of the micellar surface. This
increase in curvature may cause a slight separation
of adjacent jons and, therefore, a decreasc in the
repulsive forces, .In addition, the presence of the
solubilised hydrocarbon may allow a greater decrease
in the surface free energy of the lipophilic part of the
surface active agent on micellisation. Consequently,
micelle formation is facilitated and the CMC
decreases.

Pharmaceutical Applications and Medical
Importance of Surface Active Agents

Some of the more general applications of surface
active agents, e.g. as emulsifying agents, detergents,
wetting agents, etc., have already been mentioned in
Chapter 4. The type of application of a particular
compound is usually indicated by the balance
between its hydrophilic and lipophilic properties.
A numerical value (HLB value) can be assigned to
this balance from a knowledge of the structural
formula of the compound. Thus a detergent and a
wfo emulsifying agent would normally possess HLB
values of 13-16 and 3-6 respectively. The following
list is intended to give more specific examples of the
applications and implications of these compounds
in pharmacy and related fields.

A. PHYSIOLOGICAL EFFECTS OF
SURFACE ACTIVE AGENTS

1. On Micro-organisms

Many surface active agents, especially the quaternary
ammonium compounds, have useful antibacterial

¢
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properties, and preparations containing these com-
pounds are widely used; e.g. disinfectants for
instruments and skin, antibacterial creams, and
throat lozenges.

This activity of surface active agents is thought to
arise from their adsorption at the cell surface, with
consequent change in the permeability of the cell
membrane and eventual death’ through -loss of
essential substances from the cell.

2. On Removal of Bronchial Mucus from the
Respiratory Tract

In various acute and chronic infections of the
respiratory tract such as bronchitis, asthma and
tuberculosis, there is an increase in the amount and
viscosity of bronchial mucus. Under certain con-
ditions the mucus tends to dry out and form hard
patches which prevent ciliary movéement. The
inhalation of surface active agents as sprays or mists
by aerosol therapy has been shown to be useful in
the treatment of these conditions. The action of the
surface active agents is probably connected with
their ability to promote wetting and, therefore,
softening of the hardened mucus, thus facilitating
its removal.

3. On Human Skin

It is well known that repeated contact between the
skin and certain detergent solutions may cause
disorders ranging from mild irritation and ‘dry skin’
to blisters and pustules. These disorders usually
arise from a combination of various effects such as
defatting of the skin, change in pH of the skin
surface, increased swelling of the skin, and adsorp-
tion onto the skin of the surface active agent.
These effects may facilitate the onset of infection.

B. THE USE OF SURFACE ACTIVE AGENTS IN
PHARMACEUTICAL FORMULATION

4. As Solubilising Agents

(a) Disinfectant Solutions. The apparent water
soubility of phenolic compounds such as Creso!
BP and Chloroxylenol BP is increased in the
presence of an alkali soap. This fact is made use of
in the formulation of Lysol BP and Solution of
Chloroxylencl BP.

The disinfectant properties of the phenolic com-
pounds are’also increased in the presence of these
soaps, probably because the surface active agent
alters the permeability of the cell embranes of the

micro-organisms. "However, it must be borne in

mind that the presence of an excessive amount of

-competition for the latter between the mioelles ‘and

surface active agent may reduce the activity ‘of
given concentration of phenol since there will be a™

the surface of the micro-organism (see p. 338).

(b) Vitamin Preparations. Many people find that -
oil-soluble vitamins are unpleasant to take in thes.
form of fish liver oils or as concentrated solutions in’
oils. This problem may be overcome by the use of’
oil-in-water emulsions or aqueous solutions of™
solubilised vitamins. The solubilised systems do not
suffer from the instabilities of emulsified prepara-.
tions. In addition, it has been found that vitamins,
such as vitamin A, are more resistant to oxidation in
solubilised systems than in emulsions or oilys,
solutions.

(¢) ‘Examples of Other Solubilised Systems. Sur-™-
face active agents have been used to increase the
water solubility of phenobarbitone, volatile oils,:’
chloroform, iodine, hormones, dyes, and sulphon-
amides.

3

N
2. As Wetting Agents and Deflocculating Agents

The dispersion of hydrophobic powders in aqueoust,
vehicles is difficult since such powders tend either to
float on the water surface or to form large floccules.
In the latter case the apparent viscosity of the™
preparation is increased and homogeneity, even
after prolonged shaking, may not bé attained. Suchg,
properties are often troublesome and may, for
example, hinder the pourability of a suspension, the ..
spreading of a lotion, or the withdrawal of thexw
correct dose from an injectable suspension. These
problems associated with dispersion may be ~ver- -
come by the use of a surface active agent which is ™’
adsorbed at the solid/liquid interface in such a
manner as to increase the affinity of the particles for
the surrounding medium and reduce the inter-
particle attractive forces. These effects are discussed
more fully in Chapter 7. v

3. As Flocculating Agents %\ ;

A controlled amount -of flocculation is often desir-
able in the formulation of suspensions .in order to
obtain the required rheological properties and N
optimum stability. The aggregation of dispersed
particles into floccules may be brought about by the
use of a suitable surface active agent. This effect is
also discussed more fully in Chapter 7. S
4. As Emulsifying Agents

Synthetic and naturally occurring surface active &
materials are widely used as emulsifying agents. An

W

&
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account of the compournds commonly used, !ogéther

with the mechanism of their action, is given later in
this chapter. : o

5. As Additives to Ointment and Suppository Bases
The inclusion of surface active agents into the fatty

bases used for ointments and suppositories may
cause the following effects. - L

(a) The rate of release of active medicament from
these preparations may be accelerated or retarded.
The exact mechanisms responsible for these effects
have not been clarified. However, contributory
effects to an accelerated release rate are thought to
include the absorption of water by the base from its
aqueous environment and the formation of an
emulsion at the base/environment interface, Such
emulsification would increase the interfacial area
and therefore allow a more rapid exchange of
medicament between the two phases. A retardation

PHARMACY

in a release rate may occur if an increase in the
hydrophilic character of a base, brought about by
“the inclusion of a surface active agent, has an
adverse effect on the raie of partition of the medica-
ment between the base and its aqueous surroundings.

" (b) The capacity of the base to take up aqueous
liquids may be improved. There are three official
ointments that will take up appreciable amounts of
water to form oil-in-water emulsions; i.e. Emulsj-
fying Ointment BP, Cetomacrogol Emulsifying
Ointment BPC, and. Cetrimide Emulsifying Oint-
ment BPC. Such water-miscibile cintments are useful
where either miscibility with skin secretions or
subsequent removal of the ointment by washing is
required.

Many of the commercially available suppository
bases contain varying amounts of surface active
agents such as giycerol monostearate plus traces of
soaps, so that a range of bases having different
emulsifying properties and release rates is available.

Gels
In certain concentrations dispersions _of lyophilic .. 3—each component is continuous throughout the

colloids form semi-solid masses, particularly when
_the solubility of the colloidal material s reduced by.
Change ifi temperaiure, -THese senii-solids are known
as gels. "The setting of solutions of gelatin and agar
on cooling are weil-known examples of gel forma-
tion. Other methods for the production of gels arg
availa_lbigjég__thcse include: (a) focculation. of.
Tyophilic colloids by _salfs ipitating diguids,
(&)_evaporation of certain colloidal solutions (c.g.

apor
collodion, which_is a solution of nitrocellylose_in + c.g. by

alcohiol and etie forms a’mitroccllulose pel when.
the “solvents~are " i¢moved by, cvaperation), (c)
chemical reactions that Icad (o a change in shape of

the lyophilic molecules (e.g, the denaturution of.

system.

These criteria_are fulfilled by gelatin, agar, and
bentonite gels, in which the fluid component is
aqueous, and by soft parsffin, in which the fluid
component is an organic liquid.

Xeragels
Many gels shrink if the fluid com onent is removed;-

F evaporatton orfreeze-drying. The
solid., m‘% will swell and reform.the get-o
WitRTresh Taid Component, is termed_a . xerogel.
GeRitiin

¢éels,
starch prai

albumen on heating involves SOMe-tGncoling.of. the-
protein molecules and a gel structure results), and
(d)swelling of a dry colloid (xcrogel) when placed in
contact with a suitable. liquid(e.g. -starch_granules.
added to water).

The .term gel represents a physical state with
properties intermediate between those of solids and
liquids. - However, it is often wrongly used to
describe any fluid system that exhibits some degree
of rigidity. It is therefore recommended that the
term should be restricted .to those systems that
satisfy the following criteria, which are similar to
those suggested by Hermans (1949):

\/l./they are coherent colloidal systems of at least
two components (the gelling agent and a fluid
component);

27 they exhibit mechanical properties characteristic
of the solid state; -

The Structure of Gels

The rigidity ofa gel arises from the presence of a
network formed by the interlinking of particles of
the gelling agent. The nature of the particles and the
type of force that is responsible for the linkages
determines the structure of the network and the
properties of the gel.

The individugl particles of a hydrophilic colloid
may consist of either spherical or anisometric
aggregates of small molecules, or single macro-
molecules. Possible arrangements of such particles
in a gel network are shown in Fig. 5.9. In linear
macromolecules the network is comprised of en-
tangled molecules, the points of contact between
which may either be relatively small or consist of
several molecules aligned in a crystalline order, as
shown in Fig. 5.9(c) and (d), respectively.
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(a)

{(b)

A

Fig. 5.9 Arrangemens ot particles in gel
structure .

The cross-linking of macromolecules by primary

/ valency bonds provides a further mechanisin for
the formation of a gel network. . This ‘)ehlawour is
exhibited by silicic acid gel, which consists of a
three-dimensional network of Si—O bonds.

The forces of attraction responsible for the
linkages between gelling agent particles may range
from strong primary valencies, as in silicic acid gels,
to weakér hydrogen bonds and van def Waals
forces. The weaker nature of these latter forces.is
indicated by the fact that a slight increase in tempera-
ture-often causes liqueraction of a gel, Systems that
extibit tHiS" type of transition, such. as- agar and
gelatihjc_lé,..am_t.ermwi.mermal gels._ In gxddltxgn,
thig fransition from gel state to a colloidat dispersion
may in some cases be brought about by mechanical
agitation. Systems, such as bentonite and alumin-
jum hydroxide gels, that exhibit this type of transi-
tion are termed thixotropic gels.

7
/

The Properties of Gels

1. SWELLING

If a xerogel is placed in contact with.a liquid-that-
: ‘solvates it then an appreciable amount.of the.liquid
“TSToftén taken up_and. the volume:of the.Xerogel
m?egs;s. “This 1s referred to as swel}mg, and th.e
p'r'é;ure that develops if the xerogel is confined is
known as the swelling pressure.

The degree of swelling depends on the number of
linkages between individual molecules of the gelling
agent and on the strength of these linkages. For ex-
ample, in a protein xerogel, swelling is at a minimym
at the iso-electric point of the protein because the

(c)

(d)

intermolecular linkages are strongest at this point
and, therefore, offer more resistance to'swc.llm'g.
In addition, the presence of ions in the swelling liquid
influences the degree of swelling of protein xerogels.
Sulphate ions, for example, increas; the resistance
to swelling by forming additional linkages, known
as salt bridges, between the ‘pn.)teu? molecules,
whereas the peptising effects of iodide ions produce
an increased swelling. ]

If the gel network consists of primary valency
bonds, as in silicic acid gel, the strength of these
bonds is sufficient to prevent the occurrence of
swelling and only relatively small ~-mounts of liquids
are taken up by such systems.

2. SYNERESIS
Gels will often contracﬂontaneogs}y and_exude.

some of the fluid medium. This effect is known as
Syneresis and the degree to which it occurs usually
“decreases as the concentration of gelling agent
increases. The occurrence of _sy,neresis.,mdncam
that the original gel was_ thermodynamically. un--
stable. Although syneresis occurs spontaneously it
méy take place extremely slowly so that the absénce
of separation of fluid component shoq]d not be
taken as an indication that the gel is thermo-
dynamically stable.

yBlood cl())’t is a common example.of a system that
exhibits syneresis. )

3. AGEING
Colloidal systems usually exhibit slow spontaneous

aggregation. This is referred to as igeing. In gels,
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addition . adsorption of vapours, In This process may be de
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‘stmct_t'xf_é;“‘"i'.c_:. the precipit‘a ,t,éliss?_ot;::t.ga.vea penodg'c.. Equation (5.6) does no£ apply to non-spheri

pattein thioughous s gel. Such patt:rI; :.;trlgthgnc- particles because the frictional force that gp;g::sl
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ry with the orientation of the

where dm is the amount of solute diffusing in time

s. RHEOLOGICAL PROPERTIES

6. CHEMICAL REACTIONS 1IN GELS

where r is the radius of the spherical particle, 7 is

Yeferrad to- : !
sil:errr eghtr% :12 é@!tshzgtanrgesgﬁgs} The ;,JIrecipitation of particles.-
! rom the reaction of ' iffusi
potassium chromate and o : > on 0 The rates of diffus i
R comm o cxample 1(1) ; tstlxlx‘s/e: nitrate in gelatin gel  are greater than th:;g (())ft'-sgz‘ill(l)indlgecule_s oo, AL
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off r allstones iscosi i
ers a further example (Jirgensons, 1958). ;};;;Ii;stc)l(flttg, il?c{s)et:e tn‘_ledlum, Fan G s no)tl
ystems.

- of this electrolyte does not affect the diffusion of the

DISPERSE SYSTEMS

The difference in the rates of diffusion of smalland  flow of liquid through the gel will tend to displa
large particles tends to cause the separation of the gegenions; i.e. the latter are mobile. The effect
charged colloidal particles from their surrounding  of gegenion mobility is particularly noticeable when
atmospheres of gegenions. This effect gives rise toa  diffusion of an electrolyte through ge! occurs. The
poteatial difference that resists further separation electrolyte ions that possess a similar charge to the ,‘
and may cause an acceleration or a retardation in mobile gegenions of the gel are able to enter the
the diffusion rate of the colloidal particle depending  pores easily-and the mobile gegenions are displaced
on the conditions of the experiment, The effect can  along the pores. However, the charged framework "
be suppressed by the addition of sufficient simple of, the gel will tend to prevent the entry of the other
electrolyte (e.g. KC1), which provides an excess of electrolyte ions since they both carry charges with
gegenions throughout the liquid medium and so the same sign. This effect gives rise to a selective
prevents the development of potential gradients. permeability of the gel for either positive or negative
However, it is necessary to ensure that the diffusion ions. For example, gelatin gel is selectively cations,

permeable in alkaline media since the gel network
colloidal material. This is usually achieved by then possesses fixed negative charges. Conversely,
following the diffusion of coiloid across a boundary ~ when the network becomes positively charged as in
on both sides of which the concentration of simple acid media, the gel is selectively anion permeable.
electrolyte is the same. These effects also apply to the permeability of

membranes; further information is given on page ™

(b) The Effects Associated with the Presence of a 73.
Gel Network S
. e . Other Effects. Adsorption of a diffusing solute
Sieve_Effects. The rates of diffusion of small  ,h¢67the walls of the pores will retard the rate of

diffusion. If a mixture of solutes is passing through"\\‘
the gel then any difference in their affinities for the
adsorption sites on the walls may lead to a type of

chromatographic separation.
A solute may become distributed between the.

molecules and ions through gels are virtually the same
as their rates of diffusion in simple solution. How-
ever, as the size of the diffusing particles becomes
comparable with the pore diameter of the gel net-
work diffusion is retarded considerably and ceases- -
when the particles are larger than the widest poresin - petyork phase of a gel and the liquid phase thats:
the gel. This is known as the sieve action of the gel  fyis he pores. Diffusion through a gel may therefore
and it may be regarded as a normal filtration proceed by diffusion in solution through the network
process. . . . itself. ’ A

The sieve effect of a gel is determined by the  Ajpough the viscosity of the medium in which
average pore diameter. This, in turn, is affected by giysion is occurring will influence the rate og,
(a) the concentration of gelling agent (an increase in gigysjon it should be remembered that in diffusion
this concentration usually results in a decrease in the gels it is usually the viscosity of the fiquid coms
pore diameter), and (b) by the age of the gel and the  1oneng in the pores that is important in this respectiyy
conditions under which it has been stored, because 14t the overall viscosity of the gel.
an aged gel is usually denser than a freshly prepared
one, and the ageing process may be accelerated by o S
conditions that cause loss of the liquid component. Application of Gels

A further. consequence of the porous nature of | Lo5AGE FORMS -
the medium through which diffusion is occurring ) o N
arises from the fact that the area over which diffusion ~ Glycogelatin gels are frequently used as.a basis for
can take place is not the total surface area of the gel medicated pastilles.. They are also used in thig;
but only the combined surface area of the pores. “formulation of some suppositories, e.g. Glycerin
suppositories BP (1968). .

Gelatin gels are employed in the preparation ofy
hard and soft capsules that may be used to mask the

unpleasant tastes of solids and liquids. &

Electrical Effects. An electrical double layer,
similar to that which surrounds a colloidal particle,
will exist at the interface between the walls of the
pores in a gel and the liquid that fills these pores. If
the capillary walls possess fixed negative charges
then the diffuse part of the electrical double layer
that is associated with these walls will contain an
excess of positive gegenions. However, the diffuse
layers extend into the liquid that fills the pores, and

2. MICROBIOLOGICAL MEDIA

Agar and gelatin gels are used as solid media for the
culture of micro-organisms (p. 317). The diff_usxor.-\,
of antibiotics, antiseptics, vitamins, and enzymed
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ti--gh solid culture media ; in mj
g s used in microb
logical assays of these materizls. Such diffusi
produces zones of ejther reterded or ephang
growth on seeded agar plates depending on t

activity of the diffusing -substances
: > e - The facto
Involved in this type of assay for antiseptics havr:

been investigated b
y Cooper and Woodman (1946
These workers detefinined T 1e diffusion é&éﬁiciént)s-

of Crystal Violet and penicillin throtigh apar
employing™an’ equation,

.In through agar gels_by.
~Eqn (5.7 tﬁﬁghad beer)ll

i0- Eqn (5.7 may then be applied. In addition
(e)g .(5.7) was.derived for the cgfe of linear diﬁusio;w Egg
: 1S ot strictly applicable to the radia] diffusion that
¢ occurs in most cup plate assay techniques. How-
ever, tffe error involved is small if the cups are of
large dlamffter. A consideration of the'theoretical
;Supr?f]ts oé' dlff,usiofn assays is given by Cooper (1963)
er details of thi iven :
in thes bt 0.5 ;;I'IS type of assay are given later

given previously by Eversole and Doughty (1935)

for the diffusion of neu
water, ifA;hc_jni;ial concentration of

tral molecules through pure

c ic a solution -is
mo and the concentratign at'd distance x from the

3. GeL FILTRATION

This is a technique for the separation of solutes of

~ juricti 16 pel ] i i
junction of the-ge_l‘.aﬁd:s_glunou'after"a‘tin}e—t is different molecular sizes. It is based on the fact that
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A graph of x? against 2 is usully plotted, and the
]thenf cgiculated from Eqn il

alue of x*/1 obtained from the ‘solut; ining - the s
This equation applies to the ough 2 columatrn,
olecules only and must be
sion of charged particles to

diffusion coeicient i3
(5.7) by inserting the v,
slope of such a graph,
diffusion of neutral m
alr'nendcd for the diffu
allow for the influence of tential i

However, the presence of suﬁiciefr):: simple egI:clS"s{] ttsé
prevents the development of such gradients, a)rlxd

Dialysing

g}?:a:?::!;znes thlz;t are used in dialysis and ujtra-
usually derivatives of Tul

el 1 cellulose (e.g.

acitate, nitrocellulose) and may be classed
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Fig.5.10 The structure of dialysing membranes
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small molecules are able to penetrate in

works of gels whereas larger xgt:f)lecules aréou:xl;ilgii)
do sa. E_eE consisting of cross-lihkﬁd.pﬁlysa@_rj_dc/
¢hains “aré Conimonily “lised, ¢.8. Sephadex (Phar.
[nacia), and chrofia r?aﬁhfg mhnlqum~
ploved in the sEﬁ}'fr'a“ﬁ' roc}ss. For example, a

€ mixed solutes is
through a column packed with gel particle);azs::g
solvent.. The largest solute molecules pass between
thc'parucles and through the column at a reiativel
rapid rate, whereas the rate of passage of the sma]lezf
solute molecules is reduced by their penetration into
the pores of the gel particles,

Membranes

as xerogels. The structure of these materials may be
regarded as a microporous network of macro-
molecules, as mdicated_by Fig. 5.10, which shows

Preparation of Membranes

Suitable membranes should prevent
colloidal material but aljow ragid diﬂ'usti}c]; zsfcsiﬁsestf
and small molecules. They are usually prepared b
¢€vaporation of layers of a solution of the membranz
material in a.volatile solvent (e.g. ether, acetone)
The solution is cast on to either a rotatinyg thimble-
shap}?d mould or a flat surface, Several layers are
applied and each is aflowed to €vaporate under
controlled conditions of humidity and temperature
;i)rc;s;'ghthe next one is added. The membrane is
o inszﬂuzl;g.ened by immersiom in a liquid in which it
If the original solvent is non-volatile the membrane

material may be deposited i
such as filter paper. P @ fim i & support
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Pemeability of Membranes

The peﬁncability or permeability coefficient (P) of

a membrane is given by Eqn’(5.8)
Q _PAAc

¢ A
: a 5.8

where Q is the amount of material that passes
through a membrane of area A4 and thickness d
under the influence of a concentration difference Ac

in time 1. '

FACTORS AFFECTING PERMEABILITY

Since the structure of a membrane resembles that of
a gel the factors that affect the permeability of
membranes are similar to those that affect the rate
of diffusion of substances through gels (p. 70).

Pore Size

This is important in detérmining the contribution
of the sieve effect to the permeability ofsa membrane.
The average pore size may be determined by the
rate of penetration.of water through the membrane,
or by the filtration of standardised colloidal par-
ticles of varying sizes. For example, colloidal gold
particles, the size of which had been previously
determined in the electron microscope, were used by
Zsigmondy. It is also useful to know the degree of
uniformity of pore size. This is often expressed as
the ratio of the maximum pore size, which is deter-
mined by measuring the minimum pressure required
to produce a stream of air bubbles through the
membrane, to the average pore diameter, which is
determined from the rate of flow of water as indi-
cated previously. .

Satisfactory membranes should possess pores that
fall within a narrow range of sizes. Preparative
methods therefore attempt to produce membranes
of different grades with reproducible characteristics.
This involves careful control of all factors that may
influence pore size during the preparation of mem-
branes. For example, the temperature and humidity
under which evaporation of the volatile solvent is
carried out are controlled since the final pore size
depends on the extent of drying; the shorter the
drying time the greater the pore size. In addition,
solvent mixtures containing gelifying liquids as well
as normal solvents are used to preserve the regularity
of a gel during the hardening process. These liquids
cause swelling of the gel material as opposed to
complete solution. They are not removed by the
evaporation but dissolve out of the membrane into

the hardening liquid, thus preserving the porosity of
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the initial gel in the final membrane. If only solvent
liquids are used the resulting membranes are very
<ompact and relatively impermeable.

The pore size may also be affected by various
treatments after the membranes are formed. For
example, stretching by means of hydrostatic pres-
sure, partial digestion by cellulose enzymes or treat-
ment with zinc chloride solution will all increase the
permeability of cellophane membranes, while
longitudinal stretching or acetylation cause a
decrease in permeability (Craig and Konisberg,
1961). .

Electrical Effects

(a) Charges on Memuranes. _These will influence
the permeability of membranes to anions and cations
in the same way as they affect diffusion through gels.
Thus, a membrane such as collodion, which posses-
ses fixed anions and mobile cations, will be selectively
permeable to cations, since these are able to displace
the original cations through the pores, anions being
repelled by the negatively charged membrane
material.  Conversely, a membrane with fixed
cations and mobile anions will be selectively perme-
able to anions. The separation of charge that results
from such selectivity produces a difference in
electrical potential between the opposite sides of the
membrane.

(b) The Donnan Membrane Effect. The diffusion
of small ions thtough a membrane will be affected
by the presence of a charged macromolecule that is
unable to penetrate the membrane because of its
size. This is known as the Donnan membrane effect
and it may be explained by considering a system
consisting of a solution of sodium chloride separated
by a membrane from another solution containing a
charged macromolecule (R™) and its gegenion (Na¥).
If the initial concentration of sodium chloride is ¢,
and that of the macromolecule is ¢, the system may
be represented diagrammatically as

Na* + CI” ; Na* + R~

Initial conen.
G € iC Ca

In dilute solutions the product of the concentrations
of the diffusible ions (i.e. Nat and CI7) will be equal
on both sides of the membrane when equilibrium is
established. The condition of electroneutrality must
also apply; i.e. the concentrations of positively and
negatively charged ions on each side of the mem-
brane must balance. If the amount of sodium
chloride that has diffused through the membrane
when equilibrium has been established is x then the
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system may be represented as
Nat + CI-
Equilibrium
conen.  (¢; —x) (¢ —x) | +2) o x
J.oat equilibrium (¢; — XNy — x) = (cy + x)x

. 6f = 20x + 2% = cpx + 2?

Nat +R- +CI-

o =cpx + 2%
= x(c;, + 2¢;)
X = L‘|2

(eg + 2¢y)

¢ (e + 2¢p)
(5.9)
] represents the fraction of sodium
chloride that has diffused through the membrane
when equilibrium has been established, It can be
seen that this fraction is influenced by the concen-

In Eqn (5.9) x/e,
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tration of the non-diffusible ion R—. If the unequal
distribution of diffusible electrolyte that occurs in
the presence of a charged macromolecule is not taken
into account then detérmination of the osmotic
pressure exerted by the macromolecule will be
incorrect. However, if the concentration of diffusible
electrolyte is relatively high then the denominator
on the right-hand side of Eqgn (5.9) is approximately
equal to 2¢; (i.e. ¢, may be ignored). The equation
then reduces to x/c, =}, indicating that the simple
electrolyte is-equally distributed on both sides of the
membrane and that the Donnan effect is negligible
in such cases.

Solubility Effects. Substances may pass through
membranes by diffusion in solution through the

membrane material itself. This process involves

an initial partition of the substance between the
original solvent and the membrane material. It may
be of importance when an aqueous solution of an
organic solute is in contact with a membrane with
marked lipoidal properties (see Chapter 6).

Acrosols

Aeroso]s are colloidal dispersions of liquids or solids
In gases. In general, mists and fogs possess liquid
disperse phases, while smokes, fumes, and dusts are
dispersions of solid particles in gases.

Stability

Fogs- and smokes appear to be very stable when
compared with the aqueous dispersions of colloidal
particles discussed in the preceding section. How-
ever, the concentration of particles in the latter is
usually of the order of 1010 mm™3, whereas the
concentration of particles in fogs and smokes is
much lower (about 103 mm™3), Aqueous dispersions
of similar low concentrations would be even more
stable than the fogs and smokes, since the particles
in the latter are not stabilised to any appreciable
extent by electrical charges, which may arise from

collisiqns _between  the particles and naturally
occurring jons in air,

Preparation

In common with other colloidal dispersions aerosols
may be prepared by either dispersion or condensa-
tion methods. The latter type involves the initial
production of supersaturated vapour of the material
that is to be dispersed. This may be achieved by
supercooling the vapour. The supersaturation
eventually leads to the formulation of nuclei, which
grow into particles of colloidal dimensions,

The preparation of aerosols by dispersion methods
is of greater interest in pharmacy and may be
achieved by the use of pressurised containers. For
example, the pressure inside these containers may be
produced by a liquefied gas, which is known as the
propellant, If a solution or a suspension of active
Ingredients is contained in the liquid propellant or
in a mixture of this liquid and an additional solvent
then when the valve on the container is opened the
vapour pressure of the propellant forces the mixture
out of the container. The large expansion of the
propellant at room temperature and atmospberic
pressure produces a dispersion of the active ingredi-
entsinair. Although the particles in such dispersions
are usually larger than those in colloidal systems,
the term aerosols is still generally applied to them.

Various types of product can be obtained by the
use of different propellants, valves, and solvents.
These products range from*aerosols to sprays, which
contain larger liquid particles, and to foams and
semi-soiid products such as toothpaste. A review of
tie various aspects of pressurised containers used
for these "different products is given by Sciarra
(1970).

Applications and Advantages in Pharmacy

The advantages obtained from the'use of pressurised
containers, such as those used for the production of
aerosols, are common to all the types of product
that may be presented in this way; e.g. foams,

hd 2
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sprays, and semi-solids. These advantages include—

(a) ease of use, L . .
(b) protection from contamxna’non \mtl:n forelgn
materials, since the product is sealed inside the

container (this is particularly important in the

preservation of sterility), . .

{¢) protection from the effects of air and moxsturx:(i

(d) regulation of dosage by the use of a mete
valve (although such metering is no more
accurate than oral dosage forms it is an advan-
tage when used for topical preparations),

‘(e) economic usage of dosage form, when, i"or
example, metered valves are used for expensive
topical preparations which may otherwise be
formulated as ointments, creams or lonon.s.
The usage of these latter dosage forms will
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depend on the nser’s awtude to economy and
often involves some loss of the product on an
applicator. :

. S
The use of aerosols as a dosage form is particularly
important in the administration of drugsdyl.a the
iratory system or nasal passages. In addition tc..
& eﬁe?t,s,ys‘;':tenﬁc effects may be obtained if the
drug is absorbed into the bloodstream from thr\
lungs. . :
u{ll‘gcfpiml preparations are also well suited fox:
presentation as aerosols or sprays. The rritation of
a sore wound caused by the rubbing in of an oint-
ment or cream. is avoided, and the cooling effect of
aerosols containing liquefied gases may be advany,

tageous. *

- Suspensions

Stability

reviously stated, coarse 'suspensions are less
xbﬁa than Zolloidal dispersions since the larger
particles in the former settle more rapidly under the
influence of gravity. Nevertheless, it is possible to
obtain suspensions of relatively coarse particles that
will remain as dispersions for considerable periods.
The factors that determine the rate of sedimenta-
tion are indicated by Stokes’s law (Eqn 5.10)

d¥ps — p)g
U=————

(5.10)
189

where, u is the average velocity of sedimentatiqn of
the particles, 4 is the %nean di{ameter 9f the particles,
pg is the density of the solid particles, p Is the
density of the fluid phase, # is the viscosity of the
fluid phase, and.g is the acceleration due to gravity.
Stokes’s law was derived for dilute suspensions of
rigid uniform spheres settling at a velocity which
produced no turbulence in the fluid medium. Under
such conditions the particles do not interfere with
h other; i.e. free settling occurs.
mEquation (5.10) is not applicable to the. more
concentrated suspensions usually encountered in
pharmaceutical practice, since the particles in these
suspensions are rarely spherical and their concentra-
tions are high enough to interfere with the sedi-
mentation of individual particles; ie. hindered
settling occurs. However, the factors indicated by
Eqn (5.10) are still important, and an increase in
the mean particle size or in the difference between
the densities of the solid and liquid phases will
produce a faster rate of sedimentation, while an
increase in the viscosity of the liquid medium will
decrease the sedimentation rate.

FLOCCULATED AND DEFLOCCULATED

SUSPENSIONS
i .
Aggregation of particles will also lead-to a more

rapid rate of sedimentation because the size of the
sedimenting units is increased. As pointed ous,
previously, the existence of a positive free energy
associated with the interface between solid particles
and liquid medium will mean that the dispersion is
unstable from a thermodynamic point of view.
Aggregation of the particles will tend to occu;F .
spontaneously in order to reduce this interfaci
free energy. However, the rate of .eoalescence of
particies will depend on the combined effects oy,
repulsive and attractive: forces that exist between

- approaching particles in a similar manner to the ;
effects that were discussed in relation to the stabilityw:
of colloidal dispersions. Thus, the overlapping of
electrical double layers that occurs when two par
ticles approach each other gives rise to a repulsive
force and the attractive force arises from the van de;
Waals interactions between all the atoms in onéy

icle and all those of the other. .

Paf:lcooarse suspensions of lyophobic materials th«?m %
size of the dispersed particles introduces an eﬂ'elcl:
that is not apparent in colloidal dispersions. The
van der Waals attractive force falls off with dlstancqw
more slowly than the repulsive force so that although
the latter is greater than the attractive force at som} \
distances of separation, and thus gives rise tO gy
repulsion barrier, ‘the van der Waals forces may
again predominate at larger distances and produce ai\)?
secondary minimum in the net interaction enerEy
curve for the approach of two partigles. Since t e_.v
total attractive force is approximately proportionak;
to the size of the dispersed particles, it follows that

A
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arising from the combined effects of repulsive and
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coarse particles than for those of colloidal dimen-
sions. This difference between coarse and colioidal
dlspersxo_ns is illustrated by a comparison of Fig.
5.11, which represents the variation in net potential
for' the approach of coarse particles, with Fig. 5.1
which relates to colloidal systems, when it will bé
seen that no secondary minimum is evident in the
latter figure.

-The existence of two minima in the net potential
energy curve “for the interaction between coarse
particles allows two types of coagulation to occur in
these'_. systems. If approaching particles possess
suﬂ‘icxept eénergy to overcome the repulsion barrier
they will come into very close contact in the deep
primary minimum. In order to reseparate they will
need \tp acquire even more energy since the barrier
to redispersion is represented by the difference in
levels of the primary minimum and the repulsion
.barrler.mammum. Since this barrier to redispersion
is relatively great, separation of ‘particles coagulated
in this manner does not occur easily.

The second type of coagulation may arise from
the trapping ©of an approaching particle in the
secondary minimum. Since this minimum s
shallow and the particles remain separated by a thin
film qf Ilquid, the resulting coagulation is more
reversible and the aggregated Pparticles are easily
redispersed by mechanical agitation. Although the
DLVO theory (p. 54) predicts that » secondary

minimum will exist for all lyophobic dispersions it
may be too shallow to have any significant effect
since the influence of gravity on coarse particles ma);

~

attractive forces between two approaching coarse
particles

be greater than the attractive force exerted between
particles. Inaddition, the shape of the particles may
be important; for example, as the particles become
more elongated the effect of the sccondary minimum
becomes  significant in relation to gf’avitational
forces.

If aggregation of the particles in a suspension does
occur then the system is said to be flocculated. The
nature of the flocs will be determined by the closeness
of contact of the individual particles. Aggregation
in the primary minimum will produce rather com-
pact flocs, and an increase in the proportion of
aggregations in the secondary minimum will increase
the fluffy nature or porosity of the flocs.

If the barrier to repulsion is sufficient to prevent
aggregation in the primary minimum and the effect
of the secondary minimum is insignificant then the
particles will remain as individual units and the
system is said to be deflocculated. Solvation effects
will also help to maintain the dispersion of individual
particles and any lyophilic properties of the surface
of the particles, e.g. caused by the adsorption of
surface active agents, will tend to produce a defloc-
culated suspension.

The Sedimentation: Bel) of Flocculated
and Deflocculated Suspensions '

It has already been pointed out that the formation
of aggregates will cause an increase in the rate of
sedimentation of particles since the sizz of the
sedimenting units is increased. Thus, a flocculated
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suspension will show a more rapid sedimentation
rate than a deflocculated system. The rate of

sedimentation in a flocculated system is often re-

ferred to as subsidence and it depends not only on
the size of the aggregates or flocs but also on their
porosity, since the liquid medium flows through, as
well as around, them as they fall.

In addition to their different sedimentation rates
there is a difference in the nature of the sediment
that is formed by the two types of suspension. Ina
flocculated suspension the loose structure of the
rapidly sedimenting flocs tends to be preserved in
the sediment, which therefore contains an appreci-
able amount of entrapped liquid. The volume of
the final sediment is therefore relatively large and the
sediment is easily redispersed by agitation. It should
be noted that the sedimentation volume of a floc-
culated suspension may show small decreases on
storage due to the compaction of underlying flocs
by the material resting upon them in the sediment.

In a deflocculated suspension the repulsive forces
between individual particles allow the particles to
slip past each other in a sediment. This property,
together with the slow rate of sedimentation, which
prevents the entrapping of liquid medium, allows
the formation of a compact sediment; i.e. one with
a small volume. This type of sediment is usually
difficult to redisperse by agitation and is often
referred to as a cake.

Pharmaceutical suspensions usually contain a
reasonable distribution of particle sizes. In such
systems the largest particles will sediment first and
the smaller ones will fall slowly through the super-
natant liquid. This is particularly noticeable in
deflocculated suspensions where the particles retain
their individual identities and the supernatant liquid
often remains cloudy because of the presence of the
smallest particles when the majority of the sediment
has already formed. However, in a completely
flocculated suspension even the smallest particles are
involved in floc formation so that they do not
remain in the supernatant, which is therefore not
cloudy (Michaels and Bolger, 1964).

Figure 5.12 illustrates the difference in appearance
of flocculated and deflocculated suspensions after
various periods of standing in an undisturbed
condition.

Rheological Properties of Suspensions

These properties are discussed in more detail in
Chapter 7, where it will be seen that flocculated
suspensions tend to exhibit plastic or pseudoplastic
behaviour while deflocculated systems tend to be
dilatant. This means that the apparent viscosity of
flocculated suspensions is relatively high when the

applied shearing stress is low but it decreases as the
applied stress increases. In fact, if plastic behaviour
is exhibited then the system behaves like a solid up
to a particular shearing stress, which is known as the
yield value, and no flow occurs in the system until
this value is exceeded. Conversely, the apparent
viscosity of deflocculated suspensions is low at low
shearing stresses and increases as the applied stress
increases. One of the important consequences’ of
this difference in behaviour is that deflocculated
suspensions are easy to pour, whereas flocculated
ones are not, since the shearing stresses involved in
pouring are relatively low. However, dilatant sus-
pensions are often troublesome, and attention to
this type of system should be paid in milling opera-
tions because the high speed involved in some of
these operations may cause such an increase in
viscosity that the mill may sieze up. It should be
reiterated that this paragraph gives only a brief
indication of the differences in the rheological
properties of flocculated and deflocculated suspen-
sions, and Chapter 7 should be consulted for
explanations of these and other properties.

Pharmaceutical Applications of Suspensions

A pharmaceutical suspension consists of a dispersion
of finely divided insoluble material suspended in a
liquid medium, Most suspensions are prepared and
stored in their final form until required for use.
In other cases, where unwanted effects may be
caused by prolonged contact between the solid
particles and the liquid dispersion medium, the
suspension is prepared Immediately before use and
is acceptable for only a limited period thereafter.
For example, Ampicillin Mixture BPC (1968) is a
suspension of ampicillin or ampicillin trihydrate in a
suitable flavoured aqueous vehicle. However, the
antibiotic is susceptible to hydrolysis and the
activity of an aqueous suspension -gradually de-
creases. The BPC therefore directs that the mixture
should be freshly prepared by dispersing the dry
mixed ingredients in Purified Water, stored in a cool
place, and used within one week of preparation.

The major applications of suspensions in phar-
macy can be conveniently divided into the following
groups. :

(@) Preparations for Oral Administration

A suspeasion provides a convenient means of
administering an insoluble nrug, especially where
difficulty may be encountered in swallowing solid
dosage forms such as tablets or capsules. Solids
such as kaolin, magnesium carbonate, calcium
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carbonate, and magnesium trisiiicate are often admin-
istered for their adsorptive or antacid properties in
the treatment of gastric disorders, The effectiveness
of these substances is influenced by the surface areas
of the solids and ‘administration as fine powders in
;hr:a f:)onnbeof S};s];;ansions allows a large surface
" available i i i
the gastrie carlab .e immediately for contact with
_ Insoluble derivatives are often used to reduce the
unpleasant taste of the active form of drugs and the

small volume

form.ulatiop of these’ insoluble compounds in sus-
pensions is common. For example, insoluble
chioramphenicol palmitate is used in Chloram-
phenicol Mixture BPC (1968) to reduce the bitter
taste of the free base.

(8) Suspensions for Injection

Such preparations are of particular importance in
the field of depot therapy. The various types of
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product and ‘the problems associated with their
formulation are discussed by Gunn and Carter
(1965).

(c) Suspensions for External Use

Preparations of this type that are pourable are
usually referred to as lotions (e.g. calamine lotion)
and those that possess semi-solid characteristics are
termed pastes (e.g. zinc and salicylic acid paste and
magnesium sulphate paste).

The physico-chemical problems associated with

the formulation of pharmaceutical suspensiod
concerned with the contro! of sedimentation be
four and rheological properties, both of which &
influenced by the degree of flocculation in a p-~
ticular system. In addition, the sedimentan. .
behaviour is influenced by the rheological properties
of the liquid continuous phase. Because of | ;
interdependence of properties relevant “to the
formulation of pharmaceutical suspensions, the
problems associated with this type of formulas, i
are discussed in the section concerned with the

rheology of suspensions (Chapter 7).
. N

Emulsions

An emulsion is a dispersion of a liquid as globules
in another liquid that is immiscible with the first.
The diameters of the globules usually vary between
about 0-1 x 10~3 to 100 x 10-*mm. One of the
liquids is usually water and the other is an oil. Two
types of emulsion are possible; i.e. oil-in-water
{o/w) and water-in-oil (w/o) and examples of both
types are frequently encountered in pharmaceutical
and cosmetic preparations. A third cQmponent is
required to stabilise the emulsion because a simple
dispersion of oil in water (or water in oil) obtained
by vigorous shaking of the two liquids is unstable
and coalescence of the globules and eventual
separation into two phases occurs rapidly. This
additional component is termed the emulsifying
agent, emulgent, or emulsifier.

Emulsifying Agents

Various types of agent are used as indicated by the
following list.

1. SYNTHETIC SURFACE ACTIVE AGENTS

A classification of these has already been given in
Chapter 4, This type of agent is the most common
in modern emulsion technology and many comi-
mercial products are available. Surface active
agents may be used singly or in combination with
other surface active agents for the purpose of
stabilising an emulsion. For wjo emulsions the
balance between the hydrophilic and lipophilic
properties of the emulsifier should be such as to give
an HLB value in the range 3 to 6 (see p. 66) and
for an ofw emulsion the HLB value of the emulsifier
should be in the range 8 to 13. For a particular
emulsion the required HLB value of the emulsifier
may be calculated more precisely and many surface
active agents have been synthesised to satisfy the
requirements of specific systems.

2. MACROMOLECULAR EMULSIFYING AGEN\’}".S

The majority of these agents produce ofw emulsic -
In addition, many of them are obtained from natuxal
sources and therefore may vary in quality.

(@) Gums

Acacia is the most common gum used in phariy. -
ceutical preparations. It is particularly useful for
emulsions prepared with a mortar and pestle,
vided that the correct proportions of oil, water, abtd
gum are employed in the preparation of a so-called
primary emulsion that may then be diluted « ..
more aqueous phase. These proportions depend on
the nature of the oil phase and more information ~an
the preparation of emulsions by this means is gisw.
by Gunn and Carter {1965).

Tragacanth gum is often included in emu’y -
formulations but is not a very efficient agent wittn
used alone. It is usually used as an additional agent
in emulsions containing acacia as the main emg
fier,

S
(b) Carbohydrates and Derivatives
Starch is a poor emulsifying agent but is sometir,
used in the preparation of enemas containing oiis.
Cellulose derivatives such as methylcellulose and
sodium carboxymethylcellulose, and soluble saltsy.
alginic acid are often used. :
. |y
(¢) Proteins .
Certain proteins such as gelatin and casein &
occasionally used in pharmaceutical emulsions.
3. FINELY DIVIDED SOLIDS

Solid particles that are wetted by oils and water TSy
be adsorbed around the globules in an emulsion, aDU

|

)
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provide stability against coalescence. Examples of
sohd_emulsifying agents used in pharmacy include
a!ummium hydroxide and bentonite, both of which
yield o/w emulsions.

Determination of Emulsion Type

Several tests are available to distinguish between
plw and w/o emulsions. The most common of these
involve: (a) miscibility tests with oil or water—the
emulsion will only be miscible with liquids that are
rmiscible with its continuous phase; (b) conductivity
measurements—systems with aqueous continuous
phases will readily conduct electricity whereas
systems with oily continuous phases will not; and
(¢) staining tests—the oil is stained by the incorpora-
tion of a dye that does not partition into the dqueous
phase.and facilitates microscopic examination of the
emulsion and determination of its type. Details of
these tests are given by Gunn and Carter (1965).

Types of Instability in Emulsions

A stable emulsion may be defined as a system in
whlcl_l the globules retain their initial character and
remain uniformly distributed throughout the con-

tinuous phase. Various types of deviation from this
ideal behaviour are common,

1. BREAKING OR CRACKING

This involves coalescence of the dispersed globules
and produces eventual separation of the emulsion
Into two phases. It will oceur if the barriers to
coalescence are indficient or if they are weakened

by some means. Some of the factors that cause
breaking are—

(fz) Thg addition of a substance that is incom-
pa.tlble with the emulsifier may destroy its emulsi-
fying ability, e.g.

(i) Tl)e effect of large anions on cationic emulsi-
.. fying agents,
(ii) The effect of magnesium and calcium ions in
hard water on the alkali soaps.
(iii) Thle effect of phenolic substances on cetomacro-
gol.

It should be noted that a stable emulsion must not
be taken as conclusive evidence of the absence of
Incompatibility between an emulsifying agent and
other ingredients. Satisfactory tests on the particular
activities of these other ingredients should be
carried out on new formulations,

Incompatibilities between an emulsifying agent
and another ingredient may produce a compound
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that stabilises the opposite type of ‘emulsion to the
initial emulsifier so that phase reversal or phase
inversion. occurs, For example, the addition of
sufficient calcium chloride to an ofw emulsion
stabilised by a sodium soap causes phase inversion,
and the resulting w/o emulsion is stabilised by the
calcium soap that is formed by reaction between the
original emulsifier and the added calcium chloride.

(6) An increase in temperature will increase the
number of collisions between globules that are
effective in overcoming the barriers to coalescence.

This effect is made use of in accelerated tests on the

stability of emulsions:

(c) An increase in temperature may coagulate
certain types of macromolecular emulsifying agent
(e.g. proteins). Such adverse effects of high tem-
perature must be taken into account if temperature
is used in accelerated testing as 2 means of increasing
the rate of coalescence.

) Freezing of the aqueous phase will produce ice
crystals that may exert unusual pressures on the oil
globules. In addition, dissolved salts will concen-
tratc in the remaining unfrozen water and may
affect electrical barriers to coalescence.

(e) Attempts to incorporate excessive amounts of
disperse phase may cause breaking of an emulsion
or phase inversion. ‘It can be shown that uniform
spheres arranged in the closest packing will occupy
74 per cent of the total volume irrespective of their
size. Although it is possible to obtain more concen-
trated emulsions than this, because of the non-
uniform sizes of the globules, there is a critical point
at which the emulsion will break.

2. CREAMING

This involves the concentration of dispersed globules
in either the upper or lower layers of the emulsion.
It is caused by the influence of gravity on the
globules, since they usually have a different density
from that of the continuous phase. If the globules
have a lower density they will tend to concentrate
in the upper layers of the system. This is common
in dilute ofw emulsions; the cream on milk is a
familiar example. Globules will settle. to the lower
layers if they have a greater density than the con-
tinuous phase. This is common in dilute w/o
emulsions. )
In-creaming, the dispersed globules retain their
identities and do not coalesce as they do in breaking.
Furthermore, a uniform dispersion of globules can
be re-obtained by shaking the system. Creaming is
not therefore such a serious instability as breaking,
since redispersion by shaking cannot be brought

-about in breaking. However, creaming is undesir-

able froni a pharmaceutical point of view because

a creamed emulsion is inelegant in appearance,
provides the possibility of inaccurate dosage, and
increases the likelihood of coalescence, since the
globules are closer together in -the cream.

To prevent or delay creaming it is necessary to
understand the factors that influence the rate at
which it occurs. These factors are similar to those
involved in the sedimentation rates of coarse sus-
pensions and are indicated by Stok.es",law (Eqn
5.10). A consideration of this equation waiil show
that the rate of creaming will be decreased by (@) a
reduction in the mean globule diameter, (b) a
decrease in the difference in the densities gf the two
phases, and (c) an increase in the viscosity of the
continuous phase. Cenversely, it will be increased
by centrifugation which ingreascs t}!e value of g in
the equation, and by an increase in temperature,
which will decrease the viscosity of thé continuous
phase. ) )

The main factors utilised in reducing the rate of
creaming in pharmaceutical emulsions are—

(a) reduction in mean globule diamcter—this is
usually achicved by using an cfficient horno&emser;

(b) increase in viscosity of the continuou phase
by using thickening agents; for example tragacanth
and methylcellulose for ofw emulsions and soft
‘paraffin for wjo emulsions; o

(c) storage at low temperz}tures.—frc(‘m}g the
aqueous phase should be avondcd. since thls. may
cause breaking of the emulsion. This method is less
attractive to manufacturers as a sole means of
ensuring adequate stability because .it introduces a
stability factor that passes out of their control when
the product is sold. .

Although creaming is prevented altogether b_y
equalisation of the densities of the two phases tfns
method is little used in pharmaceutical practice
since it usually involves the addition of supstances
that are unacc'cptablc in medicinal picparations.

3. FLOCCULATION OR COAGULATION

This involves globules aggregating in!o foose masses
within the emulsion. The globules do not coalesce
and may be redispersed by shaking. Thus, ﬁoccu!z.x-
tion is less serious than breaking. However, as is
emphasised later, flocculation must precede coal-
escence in the overall process of breaking, and factors
that prevent or retard flocculation will therefore
increase the stability of emulsions.

Assessment of Stability

Approximate assessments of the relative‘ stabilities
of ‘a series of emulsions may be gbtameq from
estimations of the degree of separatioh of the dis-
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perse phase as a distinct layer, or from the degree of
creaming. These methods are suitable only for
unstable emulsions that exhibit rapid breaking or
creaming, »nd difficulties may arise in measuring the
degree of scparation accurately.

More precise assessments are obtained from
changes in the distribution of globule sizes in an
emulsion with\ time. Microscopy provides the
simplest way of determining a globuie size distri-
bution but this method is very tedious since large
numbers of globules must be measured. Several
other methods, which have been reviewed by
Sherman (1968), are available. ) o

The single determination of a globu]e.sxze distri-
bution, such as that shown in Fig. 5.13, is not suffi-
cient for the purposes of assessing stability because
stability is not related to the initial globule size in an
emulsion. The changes in the shapes of such curves
on ageing of the emulsion must be consndgrcd.
Instability arising from coalescence results in a
decrease in the total number of globules and an
increase in the size of the remainder, hence the
maximum in the distribution curves moves tow_ards
the right in Fig. 5.13 and, also, decrf:ases in height.
Stability can therefore be assessed in terms of the
rate at which such changes occur. )

It is possible to observe changes that arise from
flocculation, i.e. decrease in the number of smg.le
globules, and from coalescence, i..e, t_he decrease in
total number of globules. The kmeuc.s of floccula-
tion and coalescence have been investigated by van
den Tempel (1953) and reviews of these an.d other
studies are given by Becher (1965) and Kitchener

and Mussellwhite (1968).

i
frequency

globule size.

Fig. 5.13  Globule size distribution in an emulsion
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Theories of Stability of Emulsions

Several theories attempt to explain the stability of
emulsions. Some of the earliest suggestions con-
sidered that the reduction in interfacial tension
between the oil and water, caused by adsorption of
the emulsifying agent at the interface, was the main
stabilising factor. However, although a reduction in
this interfacial tension will facilitate the formation of
a disperse system, if the tension still possesses a
finite value, coalescence and breaking will lead to a
decrease in the total free energy associated with the
oil-water interface. The Bibliography should be
consulted for reviews of these and other previous
suggestions since the present discussion will be
. limited to modern theories.

It has already been pointed out that breaking is
the most serious instability of emulsions since it is
not reversed by shaking. However, it should be
noted that the actual coalescence of globules must
be preceded by their aggregation or flocculation. In
other words, breaking is a two-stage process that
involves flocculation followed by coalescence. In
any process that involves two consecutive stages, the
overall reaction rate is determined by the slower of
the two. In breaking emulsions the rate determining
stage may therefore be flocculation or coalescence,
and whichever is responsible is determined by the
properties of the particular emulsion, For example,
in a very dilute emulsion the slow rate of flocculation
between the low number of globules will tend to be
the rate determining stage. In such a case the actual
stability of the emulsion will be markedly influenced
b‘y those factors that determine the rate of floccula-
tion. In mofe concentrated emulsions the rate of
flocculation is increased, when the coalescence stage
may become the rate determining process for
breaking of an emulsion. The kinetics of floccula-
tion and coalescence have been investigated by van
den Tempel (1953) for systems in which flocculation
or coalescence were the rate determining stages and,
also, for systems where flocculation and coalescence
occurred at similar rates,

FACTORS INFLUENCING THE
FLOCCULATION OF GLOBULES -

e,

1. Electrical Double Layer Effects

The DLVO theory of the stability of Iyophobic
colioids (p. 54) may be used to explain the stabili-
sation of emulsions against flocculation. '
The amphipathic nature of surface active agents
caus¢s them to become adsorbed at an oil-water
interface in a particular manner; ie. with their
hydrophilic groups projecting into the aqueous

phase and their lipophilic groups projecting into the
oily phase. Such adsorption often increases the
density of charges around dispersed globules. This
is particularly obvious in the case of ionic surface
active agents adsorbed.at the interface between an
oil globule and a surrounding aqueous phase, as
shown by Fig. 5.14.

O|w Emuisions. 'The presence ‘of charges on the
surface of dispersed oil globules will create an
electrical double layer around each globule. Over-
lapping of these double layers givesrise to a repulsion,
which opposes the van der Waals force of attraction
between approaching globules. The variation in net
energy of interaction with distance of separation of
the globules is shown in Fig. 5.15. Thus, if the
potential energy ‘barrier is high enough, colliding
globules will not make contact but will bounce
apart, and the emulsion will be stable except for the
creaming effects. If the approaching globules are
able to overcome the energy barrier they will pass
into the primary minimum, where they are held by
strong attractive forces. In this position the globules
will be separated only by very small distances and
their stability will be determined by the resistance
to rupture of the interfacial films of adsorbed
emulsifying agent.

In ofw emulsions, flocculation may also occur in
the secondary minimum shown in Fig. 5.15. The
attractive forces in this position are relatively weak
and the globules are separated by a layer of con-
tinuous phase. These aggregates are easily separated
by mechanical agitation.

For the repulsive energy. barrier to be efficient in
preventing globwles from passing into the primary
minimum it is necessary for the charge density on
each globule to be appreciable. This fact implies
that an ionised emulsifying agent should form a
relatively close packed film around the globules.
Such a film is referred to as a.'condensed film.
However, close packing of similarly charged amphi-
pathic ions in aninterfacial film will be hindered by
the repulsive forces between the similar charges.
Thus, a lipophilic hydrocarbon chain of sufficient
length must be present in the molecules of the
emulsifying agent to promote their adsorption and
produce a condensed film. This effect is ilustrated
by a comparison of the emulsion stabilising abilities
of potassium stearate (C,;Hy, COOK) and potassium
laurate (C,;Hy; COOK). The longer hydrocarbon
chain in the former soap promotes adsorption at the
oil-water interface because of its greater hydrophobic
character, and the electrostatic barrier is sufficient
to provide a good degree of stability to an emulsion.
The adsorption of- potassium laurate at the oil-
water interface is less than that of the stearate since

the hydrocarhon chain is shorter. The amount of
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The term ‘complex film’ suggests that the com-
ponents interact to form some type of ;molecular
complex, which is strongly adsorbed at the oil-water
interface. However, it has been suggested (Der-
vichian, 1958) that the marked changes in the prop-
erties of the interface that occur when so-called
complex formation takes place may be explained on
the basis of the various arrangements of the packed
molecules in the adsorbed layer.

Wio Emulsions. Although the ionisation of
substances in oils is weak because of the low
dielectric constant of these liquids, a small degree of
ionisation may occur. Electrical double layers may
therefore be associated with water globules dis-
persed in an oily continuous phase. However, the
diffuse part of such double layers is thick and the
repulsion energy therefore decreases much more
slowly with increasing distance between globules
than in ofw emulsions. It has been shown that the
potential energy barriers to flocculation that arise
from overlapping of electrical double layers are
lower in w/o than in o/w emulsions and, further-
more, no secondary minimum is apparent in the net
potential energy curves (Sherman, 1963). Floccula-
tion therefore occurs more easily in wfo systems, and
flocculated globules are separated only by the small
distances associated with primary minima. In
fiddition, the attraction between flocculated globules
is strong.

It has been suggested by Schulman and Cockbain
(1940) that if the ijonic character of an interfacial
film is low agd its rigidity is high, e.g. unionised
solid condensed films, then w/o emulsions will tend
to be formed. ‘

2. Solvation Effects

It has often been suggested that the effects of hydro-
philic groups of adsorbed emulsifier on water
molecules in the surrounding aqueous phase give
rise to thick solvation sheaths which aid in pre-
venting flocculation. However, although Derjaguin
(1964) still advocates this hypothesis, it is more
generally believed that solvation effects are of short
range and do not contribute to the stability of
emulsions against flocculation (Kitchener and
Mussellwhite, 1968). )

3. Steric Effects

The hydrophilic groups of many non-ionic emulsi-
fying agents consist of extended polyethylene oxide
chains.  Oil globules carrying adsorbed molecules
of this type behave as though they are coated with a
thick layer of concentrated solution of a hydrophilic
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colloid, which may prevent close approach of tht
oil globules. In addition, the very long hydrocarbor
chains of some emulsifying agents may prevent the
close approach of water globules dispersed in an oil
phase so that the distances of separation are too
great for the attractive van der Waals forces to be
effective.

FACTORS INFLUENCING THE COALESCENCE
OF GLOBULES /

It is considered that the process of coalesvence of
stabilised globules can itself be divided into two
stages. The first stage, which involves the drainage
of the films of liquid from between the adjacent
globules, is followed by rupture of the interfacial
films around the globules.

1. Surface Active Agents

The close 'approach of two globules causes mutual
distortion of their spherical shapes. In globules
stabilised by surface active agents this- distortion
produces a flattening of the approaching surfaces
as the liquid layer that separates them becomes
thinner. Since a change from a sphere to any other
shape must involve an increase in surface area, it
follows that thinning of the liquid lamella between
the globules is resisted by surface tension forces.
The presence of surface active agent provides addi-
tional effects that oppose unequal thinning of the
liquid layer. These surface effects delay the drainage
time of the liquid from between the ‘globules. When
the lamella between the globules reaches a critical
dimension, rupture may occur and the globules will
coalesce. Mechanical disturbance of the system
will increase the likelihood of rupture. If the inter-
facial films are reasonably stable, drainage may
proceed further until the globules are separated by
a bimolecular layer of surfuce active agent containing
a small amount of liquid. The resistance to coales-
cence then depends on the stability of such a layer.

2. Macromolecular Emulsifying Agents

These possess many hydrophilic and lipophilic
groups and are, therefore, strongly adsorbed at the
oil-water interface. In fact, the adsorption is often
irreversible. High degrees of emulsion stability can
be achieved with these agents since the interfacial
films possess mechanical properties that are able to
withstand collisions and prevent coalescence. The
majority of these agents stabilise ofw emulsions.

3. Finely Divided Solids
The particles of such solids will be adsorbed at an
oil-water interface if they possess a suitable balance
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(a) - (b)

oil

Fig.5.16 The effect of angle of contact (6)

between solid particles and water on ad-
sorption of particles at the oil-water inter-
face o
(a) 0 > =/2 radians; particle is mainly in
the oil phase and will tend to stabilise wjo . - - . . - -
emulsions .

(b) 0 < n/2 radians; particle is mainly in ~ -+ - - - - -

the aqueous phase and will tend to stabilise = -~ -~ - - -

o/w emulsions

between their hydrophilic and lipophilic propac;ties.
The relative wettabilities of the particles by 6il and
water will determine their position at the interfacg,
as shown by Fig. 5.16. Since the interfacial area is
at a minimum when tke bulk of each particle is in
the continuous phase, then the type of emulsion that
is stabilised is also influenced by the relative hydro-
philic and lipophilic properties of the particle.& i

Although spherical particles are illustrated in ]_:lg.b
5.16, anisometric particles are the most elfﬁ.cler}t
emulsion stabilisers. The mechanism of stability is
considered to be concerned with the prevention of
thinning of liquid lameliae between globules
(Kitchener and Mussellwhite, 1968).

The Preparation of Emulsions

The small-scale methods of preparing emulsions. are
considéred by Gunn and Carter (1945). Van.ous
types of machine are used for large scale production.
These machines may be classified into the following

groups.

1. MIXERS, WHISKS OR CHURNS

These involve agitating the ingredients qf an emul-
sion by beaters. The beaters and containing vessel
should be designed to provide a continuous move-
ment in all parts of the liquid. Tn some cases the
container may be fitted with a jacket so that heating
or cooling effects may be applied.

2. COLLOID MILLS

As the name suggests these mills (see Fig. 5.3) are
capable of producing colloidal dispersions. These
machines are suitable for preparing emulsions and,
unlike the mixers in the previcus group, they are
capable of continuous production.

3. HOMOGENISERS

These may be operated continuously and are based
on the principle that the large globules in a coarse

emulsion are broken into smaller globules by passage
under pressure through a narrow orifice. Figure
5:17 illustrates the operation of a homogenising
valve,

4. ULTRASONIC EMULSIFIERS

If a liquid is subjected to ultrasonic vibr:cxtions,

alternate regions of compression and rarefactloq are

produced in it. Cavities are formed in the regions

of rarefaction and, later, these collapse with great

farce which produces emulsification. The required

frequency of vibration may be produced electncally,\
but simple mechanical methods may be used, in

which the vibration is produced in a thin met?l blad'e

when a jet of the liquid mixture impinges on it. This i
latter effect is employed in the Rapisonic Homo-
geniser (Ultrasonics Ltd). Circulation of.a coarse
emulsion from a reservoir past the vibrating blade
into a receiver is involved and further circulation
may be applied until an emulsion with tht? desired
globule size distribution is obtained. More informa-
tion on this machine and its method of use is given
by Myers and Goodman (1954).

Pharmaceutical Applications of Emulsions

O/w emulsions are convenient preparations-for the
oral administration of unpalatable oils or oily
solutions of drugs with unpleasant tastes. However,
their use in this manner has been decrea§ed by
introducing preparations in which the oils are
solubilised within micelles, since these systems are
not subject to the physical instabilities of emulsions.
In addition, the stability of solubilised rpatena] is
often greater than when jt is included in the oil
globules of emulsions. -
O/w emulsions are also used as a dosage form for
the intravenous administration of oils and fats with
high calorie contents to patients wito cannot ingest
food by other means. The globules in these emul-
sions should be similar in size to chylomicrons.
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I%— gep adjustable by screw

to limit jet opening

floating valve

liquid flow at
high pressure

Emulsions of both types (i.e. o/w and wjo) are
::f: exltensnvely in pharmaceutical preparali(/)nl for
e rna; huse and in cosmetic preparations. The
fae ors that shoyld be taken into account in formu-
ating these products are considered by Gunn and
Cl:;rGter (1965), Pernarowski '(1970), and Becher
( 5): The rh.eologica] properties of emulsions are
a particularly important aspect of the formulation

~

liquid globules broken
up by impact with wall

liquid ejected at
high velocity

Fig. 5.17 Homogenising valve

- of these systems. The factors that influence these
properties are discussed in Chapter 7. '
The uge of foams in many cosmetic preparations
and some pharmaceutical preparations provides an
expanding field for the applications of emulsion
technology since many of these products are emulsi-
fied systems (p. 87).

Foams

A foam is a coarse dispersion of a gas in liquid,

which is present as thin sheets or lamellae between ,

the gas bubbles,

Stability of Foams

l.?“s’ is determined by-the rate of drainage of the
quid from the foam, which leads to a decrease in
the strength of the lamellae. When the iamellae
fupture, the liquid contained in them breaks into
d-ops that have a lower total surface than the original
film and, consequently, the free energy of the system
is decreased. /A foam is therefore unstable from a
therrpodynamnc point of view. However, although
the Jifetimes of foams containing pure li,quids ;Ed

gases are very low, the presence of sujtable stabilising
agents (foaming agents) can provide almost indefinite
stability. Many stabilising agents are available, the
most important types of which are the proteins,
insoluble powders, and synthetic surface active
agents that are adsorbed at the liquid-gas interface.
‘The drainage rates of liquids from lamellae is
reduced by increases in the surface ard bulk vis-
cosities of the liquids. In addition, these increases
also protect the.liquid films against disturbances
arising from mechanical and thermal effects. Such
changes are particularly important in foam stabili-
sation, since foaming agents that produce marked
Increases in the surface viscosity yield foams with
hlgl} stabilities, whereas those that do not, produce
rapidly draining foams of low stability.

|
|
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The thinning of lamellae is also opposed by the
adsorption of ionic foaming agents at the opposite
faces of the liquid films. Excessive drainage from
such lamellae would bring the similarly charged
surfaces closer together. In addition, the increasing
concentration of gegenions that builds up in the
liquid films tends to oppose drainage by exerting a
high osmotic pressure. ’

The presence of surface active agents also opposes
the unequal thinning of liquid films that may, for
example, be caused by mechanical shock. This
effect arises from the transient change in distribution
of the surface active agent that occurs when a film
is stretched. It causes the adsorbed monolayer to
spread into the extended region of the interface and
so prevents an increase in the interfacial free energy.

Foams are often troublesome, and knowledge of
the action of substances that cause their destruction
(foam breakers or antifoams) is therefore useful.
These substances (e.g. ether, n-octanol, silicones)
are usually adsorbed at the liquid-gas interface and
produce regions of lower surface tension. Extension
of the interface in these regions allows further
thinning of the lamellae to occur until they eventu-
ally rupture,

Preparation of Foams

Foams are usually prepared by shaking the liquid
and gas together in the presence of the foaming
agent, or by bubbling the gas through a solution of
the foaming agent.

The use of pressurised containers for the presenta-
tion of foams is of particular interest in pharmacy.
The general advantages of this type of container have
already been listed (p. 74). Systems used in this
type of preparation include:

(a) emulsions containing the liquefied propellant,
water, and active ingredients. When the valve
on the container is opened the vapour pressure
of the propellant forces the emulsion out of the
container through a nozzle. At atmospheric
pressure and room temperature the emulsified
propellant reverts to a vapour and so produces a
foam;

(b) emulsified products used in conjunction with
soluble compressed gases such as carbon dioxide.
This type of system is usually shaken before use
in order to disperse some of the gas throughout
the liquid concentrate. When the valve is
opened, emulsion plus entrapped gas is forced
out of the container by the pressure of the com-
pressed gas inside. The liberation of entrapped
gas whips fhe concentrated emulsion into a
foam.

SYSTEMS

Pharmaceutical Applications of Foams

Variation of the ingredients used in the emulsified _
systems that are presented in pressurised containen
allows the formulation of aqueous or non-aqueous
foams that are either suable or rapidly breaking., 7~
has been suggested that various types of producy
would be useful for topical preparations, rectal and
vaginal medication and for burn dressings. o
A further application of foams is encountered in
the preparation of the absorbable haemostats
Human Fibrin Foam and Gelatin Sponge (p. 425,
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- Kinetics

INVESTIGATIONS on the rates at which changes occur
in a particular system and the factors that influence
such rates are known as kKinetic studies. They are
useful in providing information that (a) gives an
insight into the mechanism of the change involved,
and (b) allows prediction of the degree of ‘change
that will occur after a given time has elapsed.

In general, the theories and laws of chemical
kinetics are well proven and provide.a sound basis
for the application of such studies to pharmaceutical
problems that involve chemical reactions; e.g. the
decomposition of medicinal compounds., However,
kinetic studies of the processes involved in the
absorption of drugs into, their distribution within,
and removal from living organisms are more recent.
The theoretical basis of drug Kkinetics is therefore

‘CHEMICAL

EXTENT OF REACTION

Consider the formation of a compound B from the
reaction between two molecules of a compound A4;
e.g. a dimerisation. This reaction may be described
by Eqn (6.1). o

24 =B 6.1)
The extent to which this réaction has proceeded may
be defined in terms of the change in either the amount
of product B or the amount of reactant A.

The change in the amount -of B is the difference
between the amount of B produced (np) and the
amount of B present at the starting point (ng,).
(The starting point is usually the beginning of the
reaction where ngo =0.) Thus, the extent of
reaction (%) defined in terms of the change in
amount of substance B is given by Eqn (6.2).

E=ng—ngo 6.2)

The change in the amount of A is the difference
between the amount present at the starting point
(n4,0) and the amount that remains (n,4). However,
two molecules of A4 are involved in the balanced
Eqn (6.1 and the extent of reaction (&) defined in
terms of the change in the amount of reactant A is

often less well-founded than that of chemical
kinetics— Nevertheless, the application of knowledge
derived—from these studies allows a more rational
approach to be made towards the synthesis .of
medicinal compounds with particular activities and
to the effects of formulation on these activities. In
addition, the increasing amount of information that
is becoming available will increase the application of
these studies in pharmacy. ’

This chapter attempts to indicate the ‘more
important applications of kinetic studies in pharm-
acy. Those concerned with chemical reactions will
be discussed initially and followed by those con-
cerned with the behaviour of drugs in living organ-
isms.

KINETICS

given by Eqn (6.3).

_N40— N4y
f=g— '
It is obvious from Eqn (6.1) that Eqns (6.2) and
(6.3) will give the same value of £ 1t is therefore
convenient to write a general equation for the
definition of extent of reaction. This is represented
by Eqn (6.4), )

g="x— nx.
*x .
where 11y and nx 4 are the actual and initial amounts

6.3)

6.4)

of a substance X that is involved in a reacticn as a |

reactant or a product. vy is called the stoichiometric
number of X and it indicates the number of mole-
cules (or atoms, or radicals, or ions) of X that are
involved in the balanced equation, which describes
the reaction under consideration. When X is a
product the difference (nx — Ny is positive
because the amount of product increases as the
reaction proceeds; (ie. nx > nyx.q). However, if
X is a reactant, (ny — ny o) is negative because the
amount of X will decrease as reaction proceeds;
(ie. ny <nyg). Tiis variation in the sign of
(nx — ny.o) is overcome by using the convention
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that the stoichiometric number vy is positive for a
product and negative for a reactant, so that the right-
hand side of Eqn (6.49) is always positive,

It can be seen from Eqn (6.4) that the dimension
of extent of reaction, &, will be amount of substance
and, therefore, the units of & will be the same as
those of ., for which the basic SI unit is the mole.

The change in extent of reaction (d¢) with in-
creusing change in amount of substance Y (dny)
may be expressed by Eqn (6.5), where vx is defined
as before. ’

Rate of Reaction ()

This may be defined as the rate of increasé of the
ggte)nt of reaction (i.e. d&/dr) as js shown by Eqn
.6).

& = dgfds 6.6)

The dimensions of £ will be amount of substance per
unit time and its basic' SI unit will be moles per

second (mol s1).. From Eqns (6.5) and (6.6) it can
be seen that

6.7)

where duy /dr may be called the rate of formation of
Xif X is a product, or the rate of disappearance of
X if X is a reactant,

Equations (6.6) and (6.7) are general ones for the
definition of rate of reaction and they are independ-
ent of the conditions under which 2 reaction is
cartied out. Fore example, they are valid for re-
actions in which the volume varjes with time or
where the reaction occurs in more than one phase.

When discussing chemical kinetics it is convenient
to divide reactions .into two classes; homogeneous
and heterogeneous reactions, The former occur in
one phase, e.g. in solution, while the latter occur at
the interface between two phases, e.g. at solid-gas
or solid-liquid interfaces,

HOMCGENEOUS REACT IONS

These reactions are usually classified on the basis of

" the effect of the concentration of reactants on the

rates of increase in concentration of products or
decrease in concentration of reactants, To convert
Eqn (6.7) to concentration terms it js necessary to
divide by the volume, ¥V, of the homogenéous
system, when Eqn (6.8) is obtained,

1 df_ 1 dny

var Ty ar 6.8)

If the volume, V, of the phase does not vary with

PHARMACY

time during the reaction then Eqn (6.8) may be
written in the form of Eqn (6.9),
1dé
vdr vy dr
However, the term ny/V represents the concentra-
tion of substance .Y and may be replaced by a single
term; e.g. cy or [X], and Eqn (6.9) may be rewritten

6.9)

(6.10)

Xf X'is a product the rate at which-its concentration
increases is represented by the symbol vy and is
equal to the term dex/dt in Eqn (6.10). If X is a
feactant, then vy represents its rate of disappear-
ance, given by vy = —dcy/dr. The minus sign is
necessary in this latter case because the concentra-
tion of a reactant decreases with time. Thus, the
term ~dcy/dt is positive because de 'x is negative.

Order of Reaction

Experiments show that the rates of change in the
concentrations of products or reactants usually
depend on the concentrations of the reactants. This
dependence is indicated by Eqn (6.11),

v [MPIBP or v =k[APBP  (6.11)

where [4] and [B] are the concentrations of reactants
A and B respectively, a and b are some powers of
these concentrations, and k is a proportionality
constant known as the rate constant of the reaction
at a particular temperature. * ‘

Classification of reactions may be achieved by
divigion into various orders, where the order of a
reaction is'given by the sum of the powers of the
concentration terms involved in equations, such as
that represented by Eqn (6.11). For example, in
this particular case the order of reaction is given by
(a + b). In fact, this represents the overall order of
the reaction. It is also possible to refer to the order
of a reaction with respect to a particular reactant.
Thus, the above reaction is of order a with respect
to A, and of order 5 with respect to B.

Homogeneous reactions are usually interpreted in
terms of simple orders of reaction, which are dis-
cussed below,

(@) First Order Reactions *

The rate of change in the concentrations of products
and reactants in this type of reaction is proportional
to the first power of the concentration (cy) of a
single reactant (X) and is independent of the

P The rate of formation of a product Y is therefore

KINETI

- )
i tration

i ¢ may be either to the second power of the concen
‘concentration of any other substance that may single reactant, or to the first powers of the concen!

resent. t

i ce
iven by Eqn (6.12) and the rate of disappearan
glf reactz.nt X is given by Eqn (6.13)

are illustrated by the following Eqns (6.17) and _
(6.18), -which refer to the rate of decrease in the,
concentration of reactant X—

Cs

rations of two reactants. These two possibilities

vy =E°I_Y =kex ©12 o vy = —dexldt = KUY @17
dex 613 @ vx = —dexfdt = k[X] (6.18).
T &= kex . where the rates of concentration change are depend*

is the rate constant. o
Wl;?‘r:hl; concentration of reactant X at the begmnmg
of a reaction when time = 0 is denoted by a, aréd
the amount that has reacted after time ¢ is denot
by x, then the amount of X that remains at this l;me
is given by (a — x). Equation (6.13) may therefore
be rewritten in the form shown By Eqn (6.14)

de dex _ _kar (6.14)
—d—f=k(a—x) or —=

in the
here —dc x/dt represents the rate of decrease in
::Vonoentratign of .X. Integration of Eqn (6.14)
between the time limits of 0 and ¢ gives

(a—2) d‘-'x ='—k~rdt
J; a—x o

In(a—~x)—Ina=—kt
Converting from natural logarithms gives

kt
log (@ —x) —loga = ~ 5303
or
kt
log (@ — x) =loga — 3303 (6.15)

i tative of a
It can be seen that Eqn (6.15) is represen e
linear relation (i.e. y ='¢ + mx) and the. vag:blgs
are (@ — x) and ¢, If the first order law is obeyed,
then a graph of log(a — x) versus ¢ will gfvo: :
straight line with a slope of —k/2-303 and an inte

tt=0ofloga. _
cc}';}hz rate constax%t k may therefore be calculated

Iso be
the slope of such a graph. It may also
gl?gined by sﬁ)stitution of experimerital values6 llnst)o
Eqn (6.16) which is a rearranged form of Eqn (6.15).
2303102 (6.16)
a-—x
i i for a first
be seen that the d:mepsnon of k A
(x)trdc;'nreaction is reciprocal lm}e and the basic SI
unit is the :eciprocal second (s71).

k=

; .
by Second Order Reactions
The rate of change in the concentrations of proquct?
and reactants in this type of reaction is proportiona

ent on the concentrations of reactants X and Yt" or
X only. In the first type of second order reac ior,

i tration of*'
iven above the rate of decrease in concen
§leactant Y will be equal to that of X (ie. vy = v xh
If the concentrations of reactants X and Y at nnﬁ\
t =0 are given by a and b respectively, and te;.
concentration of each substance that has react d .
after time 1 is equal to x, then the concentrations ox
X and Y that remain after this time are given b)\'
(a — x) and (b — x) respectively. Equation (6.17_\\: ’
may therefore be rewritten as
~E k-G -n, 61
t

; f decrease in th
here —dx/dt represents the rate of dec o

‘c’;l:entra!ion opr (or Y). Integration of Eqn

(6.19) yields Eqn (6.20) .

bla — x)

2-:303 (6.20)
kt = ——5log -7 s
(a—b) alb — x) >
where k is the rate constant. .
Rearrangement of Eqn (6.20) yields L
a—x (a-— bkt o a 621
log 7 = 7305+ %8 ;

and if the second order law is obez);c;d, th.ens :1 E::?\
left-hand side of Eqn (6: again ~
:tt;ot\?lfi produce a straight line with a slope equal l;\;\/
(a — b)k[2-303, and an interceptat? = 0 of log (a/b).
When the initial concentrations of reactants S
and Y are equal (i.e. a = b) or when the Se::or:) :
ower of a single reactant determines the rate of
Eoncentration change, then the integrated form gy
the rate equation is given by Eqn (6.22)

kt = —— 6
~ aa - x)
Rearrangement of Eqn (6.22) yields &
1 1 6™
—— — -~ =kt ™
(@a—x) a “9
h ~€

i o1 hen a graph ~
the second law is obeyed th )
?7((31 l—t x)eagainst time should produce a stralgs\)

Y
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line with a.slope of & and an intercept of 1/a at
t=0.

It can be shown from the previous equations that
ﬂ}e rate constant for a second order reaction has the
dimensions of time™! concentration™ and the SI
unit is m® mol~* s,

(¢) Pseudo First Order Reactions

¥f a large excess of one of the reactants in a second
order reaction is present throughout the reaction,
then its concentration remains virtually constant
and ‘the rate of concentration change follows the
first order law. Hydrolysis reactions in dilyte
aqueous solution are common examples of this type
of reaction, which is known as a pseudo first order
reaction.

However, it should be borne in mind that a
decrease in the concentration of water, e.g. caused
by a change in the composition of the solvent, may
lead to a reaction that follows second order kinetics.

(d) Reactions of Third and Higher Orders

The rates of change in concentrations in this type of
reaction are proportional to three concentration
terms.' prever, such reactions are rare and their
analysis is complex. Reactions of even higher
orders are unlikely to occur.

(¢) Zero Order Reactions

The rates of change in the concentrations of re-
actants and products in reactions of this type are
d_ependent on some factor other than the concentra-
tion of a reactant. They include photochemical
reactions that depend on the absorption of light and
hetefogen’eous reactions that depend on the area of
the interface at which reaction occurs (p. 94, 96).

:rhe rate of_ change in concentration of a reactant
X is constant in a zero order reaction as indicated by
Eqn (6.24), where k is the rate constant, which has
the same dimensions as vy; ie mols™,

(6.24)

If the amount of X that reacts in time ¢ is denoted by
x then the integrated form of the equation. for a
zero order reaction is given by

x =kt , (6.25)

Half-life (rp)

The half-life of a reaction is the time required for the
concentration of a reactant to decrease to half its
ongm_al value; i.e. when x = a/2 in the previous
equations. The expressions of half-life in terms
of the rate constant (k) for the disappearance of
reactant are shown in Table 6.1 for simple orders of
reaction. It can be seen from these expressions that
half-life can be defined.in terms of Eqn (6.26) for
the simple orders given in Table 6.1.

1
o avD

(6.26)

The half-life of a reaction provides a convenient
means of expressing the rate of concentration change
of a reactant and is particularly useful because the
time taken for complete reaction is theoretically
infinite except in zero order reactions.

Methods of Determining the Order of a Reaction ‘
1. Graphical Method

A straight line is obtained when the data from
kinetic experiments are plotted in the form that is
relevant to the order of a particular reaction. The

Table 6.1
Summary of Information on Reactions of Simple Orders
_ - P
Ord Integrated rate Half-life e g12ph
rder equation equation * Ordinate Abscissa Slope  Intercept

Zero = =

x =kt =5 x t k 0
First lop G _ Kt 0693 ' : k

a—m~zm =% 8@~ ! ~730 8¢

Second x 1 1
(a = b) a(a—-x)=k’ t*=37c a—x ! k }1

KINETICS -

ordinates and abscissae of graphs for simple orders
are summarised in Table 6.1, together with the
values of the slopes and intercepts of these graphs.

2. Substitution Method

The order of a reaction is indicated by the particular
integrated rate equation that gives a constant value
of k for data obtained from a kinetic experiment.
The integrated equations are given in Table 6.1 for
simple orders of reaction.

3. Half-life Method

Consider a reaction in which the initial concentra-
tion of the redctant is @, and the concentration at a
later time i$ a,. These concentrations may be
regarded as the starting points of two separate
reactions, and the corresponding half-lives may be
represented by 3 and fy, respectively, From
Eqn (6.26) it is possible to write that

thi) € ;Fﬁ ~
and .

1
ha X a;n—l)

(n—1}

L _ 9% .
—~1
L af® !

iy a,
MY _ (p — 1) log =
log Fw (n — 1) log X

ne= log (tjniltye) +1

= 6.2
) log (aylay) ©2D

COMPLEX REACTIONS

Many -reactions involve several stages and the
kineticsof the overall reaction cannot be expressed
in terms of simple orders of reaction. However, it
is often possible to determine the order of the separ-
ate stages. The following types of complex reaction
are encountered frequently and examples of each
type are given by Martin ef al. (1969) and Saunders

(1966).

1. Simultaneous Reactions

These involve the production of two or more prod-
ucts from the samé reactant by different reactions,
which proceed at different rates. They may be

93

represented diagrarmmatically.as:-

p , .

Substitution reactions into aromatic nuclei are
examples of this type of complex reaction; e.g. the
simultaneous formation of 1- and 4-nitrophenols
during the nitration of phenol.

2. Consecutive Reactions
These may be represented diagrammatically as
ki kg
© A—>B—C

and each stage proceeds at a particular rate. The
overall rate will be determined by the rate of the

slowest stage.

3. Chain Reactions

These reactions usually proceed at slow rates under
normal conditions but these rates are increased,
often very markedly, by the presence of substances
that are able to produce free radicals. (A free radical
is an electrically uncharged atom or group of atoms
with an unpaired electron and is highly Teactive.)
Polymerisation and oxidation of unsaturated organic
compounds are important examples of reactions that
involve a chain mechanism. :

4. Reversible Reactions _
These are reactions in which the reaction products
react to produce the original reactants. They may
be represented diagrammatically as

k1

A—B

kg

where the arrows indicate that the opposing reac-

tions are proceeding simultanegusly.
The rate of increase in concentration of 4V  4) 1S

given by Eqn (6.28)
vy = ‘dl';é = —kycy +kep (628

where ¢ 4 and ¢ are the concentrations of substances
Aand B, and k, and k, are the rate constants for the
forward and reverse reactions, respectively. In the
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initial stages of reaction the concentration of 4 will
be large while that of B will be small. The product
kycy will therefore be greater than kycp and the
concentration of A will decrease and that of B will
increase. Eventually k¢, will equal kycp, and an
equilibrium will be established where dc qldt =
deg/d = 0. If the initial concentration of A is
denoted by ¢4 4, and the concentrations of 4 and B
at equilibrium are ¢4, and cp, respectively, then

€B.e = €4,0 ~ C4d.e

and
B _ka
e kK
€40~ Cqe _ Ky
= ==K 6.29
Cae r, (6.29)

where X, which is known as the equilibrium con-
stant, is the ratio of the forward reaction rate
constant to the reverse reaction rate constant. Its
dlmf:nsions will depend on the number of concen-
tration terms.in the numerator and denominator
respectively of Eqn (6.29), and if it is not a dimen-
sionless number, i.e. if the concentration terms do
not cancel completely, its units will depend on those
in which the remaining terms are expressed.

All chemical reactions probably come to some
equilibrium if sufficient time is allowed, provided
the products are not removed from the system.
However, in many cases reaction may be regarded
as being irreversible for practical purposes, since the
rate constant for the reverse reaction is very small,
The higher the value of X the cioser the forward
reaction approaches completion.

HETEROGENEOUS REACTIONS

As previously stated these reactions occur at the
interface between two phases. Although the rates
of these reactions may be defined by the general
E_qns. (6.6) and (6.7) the interpretation of their
kinetics in terms of simple models such as first and
second order laws is prevented by the influence of
other factors on the rates of concentration change of
products and, reactants. For example, the arca
of the interface and the porosity of the solid phase
are particularly important in controlling these rates.

Ion Exchange

The exchange of ions between a_solid phase and a
solution is one of the most important examples of
heterogeneous reactions. These reactions involve an
exchange between mobile ions associated with a
solid and similarly charged ions in a solution and

PHARMACY
they may be illustrated by the following equations—
RSOGH -+ NaCl=2 RSO;Na + HCl  (6.30)

In this equation, RSQOzH represents an insoluble
material which produces fixed anions (RSO;™) and
mobile cations (H*) on ionisation. The mobile
cations are exchangeable with other cations (e.g.
Na') as shown in the above equation. The insoluble
RSO;H is therefore.termed a cation exchanger.

RN(CHZ),0H + NaCl = RN(CHy),Cl + NaOH
(6.31)

This equation represents the exchange of mobile
OH~ ions by CI~ and the insoluble material
RN(CHj,),0H, which contains fixed cations, is
termed an anion exchanger.

The materials (RSO;H and RN(CHjy);0H) in-
volved in the above reactions are typical examples of
organic ion exchange resins, where R represents a
resin, which usually consists of polymeric chains of
styrene that are cross-linked by divinyl benzene, as
shown in Fig. 6.1. An increase in the proportion of
divinyl benzene increases the degree of cross-linking
and therefore decreases the porosity and increases
the rigidity of these resins. .

The jon exchange groups (e.g. —SOzH and
—N(CHj,);O0H) are introduced by chemical reaction
between the hydrocarbon polymer and suitable
reagents, The nature of the jon exchange group
shat is introduced will-determine the type of ions
that can be exchanged and provides a means of
classifying ion exchange resins into the following
groups. -

{(a) Strong Cation Exchangers

These contain strongly acidic groups such as
—SO;H, and the mobile H* ions are capable of
exchanging with the cations of salts of strong acids.
For example, Eqn (6.30) illustrates the exchange of
sodium ions from a solution of sodium chloride.
The opposing arrows in this equation indicate that
the exchange process is reversible and an equilibrium
is therefore obtained. The reversibility also indi-
cates that the original acid form of the ion exchange
resin (i.e. RSO;H) can be regenerated from the
sodium form by washing with dilute hydrochloric
or sulphuric acid.

(b) Strong Anion Exchangers

These contain quaternary ammonium groups
attached to the hydrocarbon resin, and the mobile
OH~ ions of the hydroxides of these resins are
capable of exchanging with the anions of salts of

KINETICS

—— CH — CH_—— CH -—01{2’-—

.

- CH —— CHr CH— CH'2-—-—- CH —

Py

Fig. 6.1 Structure of a styrene—divinydl”ben-
zene resin

strong bases. Equation (6.31) illustrates the ex-
change of chloride ions from a solution of sodlpm
chloride, and the reversibility of this equation
indicates that the original ion exchange resin can be
regenerated by treatment with dilute NaOH.

(¢) Weak Cation Exchangers

These contain weaker acidic groups than the sul-
phonated strong cation exchangers. For example,
carboxylic acid groups may be introduced into the
resin structure. This type of resin is only capable of
exchanging hydrogen for the cations of weak acids
and its efficiency decreases as the pH of the solution
decreases because the ionisation of the weakly
acidic ——~COOH groups is.depressed at low pH.

(d) Weak Anion Exchangers

These usually contairi amine groups and the dis-
appearance of anions from the solution in contact
with such exchangers may be explained on the basis
of an acid adsorption mechanism, i.e.

RNH, + HX = RNH X
or by the following exchange mechanism
RNH, + H;0 & RNH;+ + OH~
x~
RNH X + OB~

APPLICATIONS OF ION EXCHANGERS
1. Demineralisation of Water

This is the most important use of ion exchange. It
involves the removal of cations and anions from

2

(A

impurities in water and their replacement by hydr
gen and hydroxyl ions respectively. The exchange
reactions may be carried out in two separate stages-
the first involves passage of the water throughy,
column packed with beads of a cation exchanger;
the second involves a similar treatment with 7 |
anion exchanger. Each resin can be regenerat‘él%
easily when necessary. However, it is also possible
to carry out the exchange reaction in-a sing,
process, which involves the use of a mixed bed of
cation and anion exchangers. The different resips
must then be separated before regeneration of eay),
can be carried out. Separation is achieved by forcing
water into the bottom of the column, when .
lighter anion exchanger beads rise above the catioli

. exchanger beads.

This method of water purification is cheaper thy , -
distillation and for many purposes the product is
superior to distilled water. .

Although considerable evidence indicates th):
certain ion exchange resins wili remove pyrogens
from water the BP does not allow the use of ¢ .
mineralised water as Water for Injections (Gunn aﬁ‘@r’
Carter, 1965). »

Sy

(a) Yonic impurities can be removed from solutiokyy
of non-electrolytes such as glycerol, ethanol, and
sugars. Similarimpurities can also be removed frog .
solutions of macromolecules such as proteins. Wy
(b) The collection and purification of ionic com-
pounds of pharmaceutical importance may Iy, -
achieved by using ion exchange techniques; for
example, streptomycin is-a cation, and carboxyli~
acid cation exchange resin may be used in its colle Nk
tion and purification. The efficiency. of the process
is usually increased by the use of resins that adsox;g\'\‘v,;

2. Other Purification Processes

O

. ‘ = . .a*w\“_
Y

PR



A

N

~

96 TUTORIAL

streptomycin selectively (Nachod _and Schubert, ;
1956).  Similar resins are slso used for récoveringv
and purifying neomycin, other antibiotics, and some
vitamins. :

) (c) Concentration of radioactive salts from waste
liquids into ion exchange regins is useful in decop-
faminating such liquids and aids disposal of the
radioactive material. e : .

3. Analytical Processes

(q) Ton Exchange C/rromalography. Solutes with
different acidic or basic strengths can be separated by
chromatographic techniques using columns packed.
with beads of jon exchangers,

(&) Other Analytical Uses. * Ton exchangers may

" be used as collectors for ions present in dilutions that
are too low for accurate determination. They may
also be used to remove interfering ‘ions - before
analytical procedures are carried out. '

4. Formulation of Prolonged Release Dosage Forms

The exchange of jonic forms of drugs held by resins
with ions present in body fluids is a relatively slow
process and the rate of exchange can be controlled
by variation in the properties of the resin. Such a
mechanism is therefore used in formulating dosage
forms that are intended to release the drug into the
body over a prolonged period, .. - . -

5. Medical Uses

(@) As Antacids. The removal of acid by weak
anton-exchangers is achieved without causing’ side
effects such as constipation or diarrhoea that often
result after treatment with.tonventional antacids. -

(6) As Laxatives and ani-obe:ity ‘Agents, The
marked swelling of weakly crosslinked ion exchange
resins allows them to act as bulk laxatives, Such
resins ave also used as anti-obesity agents because

on swelling they create a feeling of fullness in the
Ppatient, ) .

(¢) Control of Salt Intake. A low salt intake by
the body .is required in the treatment of various
ocdemas ' and hypertensive’ conditions. Cation
excpangers allow the use of more salt in the diet of
patients suffering from these disorders and the diet
can therefore be made more palatable .than those
that have no or low. salt contents .

The potassium level in the blood can also be
regulated by cation exchange resins, when necessary,

PHARMACY

: in .disorders where the kidneys do not function
properly. :

: :FAC'I‘ ORS INFLUENCING RATE OF

CHEMICAL REACTIONS

1. cATALYSsIS

The rate of change in the concentrations of products
and reactants in a chemical réaction may be altered
by the presence of a catalyst. The latter takes part
in the reaction by forming an intermediate complex

which subsequently decomposes into the products
and regenerated catalyst.

Catalysts may dissolve in the reaction medium.

and so result in what is termed homogeneous

catalysis, or they may remain as solids, when the

reactants are adsorbed on to their surfaces. This
latter . process is referred to as heterogeneous

catalysis. .

Homogeneous catalysis includes the effect of pH
on the hydrolysis of many compounds, For example,
the rate of decrease in concentration of sucrose in
acid solution that results from hydrolysis is approxi-
mately proportional to the concentration of hydro-
gen ions. This effect of pH is important in the
stabilisation -of many pharmaceutical preparations
since an optimum pH for maximum stability of an
active ingredient often exists. For example, Injection
of Ergometrine BP (1968) is adjusted to pH 3 by the
addition of maleic acid. In addition, the containers
used for many cfficial preparations must comply
with a test for the limit of alkalinity (see Gunn and
Carter, 1965). .

Chemisorption is now accepted as being necessary
in the process of heterogencous catalysis. The
strong adsorption of reactants at active sites on the
surfaces of catalysts produces a lccal concentration
of reactants in a particular orientation. In addition,
the bonds within the chemisorbed molecules are
weakened. All these factors will affect the rate of
reaction. Heterogeneous catalysts are often used in
hydrogenation reactions and these catalysts include
pailadium, platinum, and nickel.

. Since heterogeneous catalysis occurs at the surface
of a solid catalyst it is influenced by the surface area
of the solid and by the presence of other compounds,
which may also be adsorbed strongly, and so poison
the surface. . '

Enzymes are usually regarded as heterogeneous
catalysts although they are often soluble in water.
However, adsorption “of the substrate on to the
enzyme macromolecules is involved ih the catalysed
reaction. The first. stage of the reaction may be
considered to be the: formation of a complex, ES,
between the enzyme, E, and substrate, S, and this
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is followed by decomposition of the complex into.
products plus enzyme. This series of stages may be
represented by Eqn (6.32), which shows that the
first stage is reversible but the second is not.

E+5 == ES — E + products (6.32)
k1 4

The kinetics of such reactions catalysed by en-
zymes is interpreted by the Michaclis-Me_men.theory
that is named after the original workers in this field.
This theory is based on the fact that.tl}e second
stage in Eqn (6.32) is the rate determining stage,
since it is much slower than the first. The changes in
concentrations of substrate and products are there-
fore dependent on the concentration of the complex
ES, since this. determines the rate of the second
stage. However, the concentration of the complex
cannot be measured and must thereforg be defined
in other terms that are measurable. This treatment
leads to the Michaelis-Menten Eqn (6.33), which
expresses the rate of decomposition of the substrate
(—ds/dr) in terms of the stxbstra_te concentration S
at any time, a constant, V, whgcl} is equal to the
maximum rate that is possible (ie. \\{hen all the
enzyme is involved -in complex formaflon),_and a
constant, K., that is known as the Mlchaehs con-
stant. In fact this constant is the ratio of the rate
constant for the reverse reaction in the first stage of
Eqn (6.32) to the rate constant for the forward

reaction in the same stage (i.e. Ky, = k_y/ky).
ds K.,vS (633)
A TR Wy

Equation (6.33) does not permit easy determina-
tion of the constants K,, and V, and various forms
of it have been suggested to facilitate such deter-
mination. For example, the Linewea\.rer-Blfrk
equation, Eqn (6.34), indicates that a straight line
will be obtained if 1/v is plotted against 1/S.

1 K,1 1 : 634
2=vsty
is line i he
The slope of this line is equal to K,/V and t
interoep?i{t 1/S = 0 is equal to 1/¥ so that these
constants can be determined.

2. TEMPERATURE

The effect of temperature on a ra-te constant, k,

is indicated by the Arrhenius equation, Eqn (6.35)
k = Ze EIRT )

or 1

E
logk =logZ = 53532 7

where Z is a constant that is terméd the frequency

(6 35)

factor, E is the energy of activation, R is the gas

constant, and T is the thermodynamic temperature,

Different interpretations of the constant Z are
given by the collision theory and the transition state
theory of reaction rates. In addition, there is a
slight difference in the interpretation of the constant
E, and the student is recommended to read accounts
of these theories given in the books listed at the end
of this chapter. o

It can be seen from Eqn (6.35) that a straight line
will be obtained from a graph of log & agaiast 1/T
as shown in Fig. 6.2. The constants £ and Z may
be determined from the slope and intercept of this
line, which are equal to —E/2-303_R anf] logZ,
respectively. It should be borne in mind that
temperature is decreasing when 1/T is increasing so
that the higher temperatures lie towards the left-hand
side of the horizontal axis of the graph.

3. LIGHT

Light energy may be absorbed by celftain molecules,
which then become sufficiently actlvated_ fo.r par-
ticipation in a reaction. Only frequepcres in _!he
visible and ultra-violet regions can provide sufficient
encrgy to cause photochcmica.l reactions. S_mce the
energy for activation is provided bx light in these
reactions the rates of the latter are.mdependem of
temperature. However, it is often difficult to separ-
ate photochemical reactions f;om thermal reactions,

7

Intercept = log 2

Sl()pe = -EL’Z. 303R

log k

1/T

Fig. 6.2 'Graph showing plot‘ofv the Arvhenius
2quation
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since thermal . effects may: (a) be involved in the
subsequent chain of reactions that often follows a
photochemical reaction, or (5) arise from ihe
heating effect produced by the increase in kinetic
energy of molecules that have collided with others

that have absorbed some light energy.

.

4. SOLVENT - T

The effects of solvents:on 'th_e rate constants of

chemical reactions are complex.: Their influence on
the ability of solutes . to : dissociate -into ions is
particularly important in reactions that involve
these ions.’ e

Stability Testing

Pharmaceutical compounds and preparations often
exhibit chemical or physical instabilities. The
deterioration that results from sich instabilities may
lead to: : :

(4) a reduced activity of the compound or prepara-
# tion,
(b) the formation of toxic reaction products, or
() the. formation of an inelegant or unusable
product, e.g. a broken emulsion.

In addition, microbial contamination may be
unacceptable or lead to deterioration.

Stability testing is therefore carried out to ensure
that deterioration does not exceed an acceptable
level in order to; '

(a) ensure the safety of the patient, :

(6) maintain the activity of the preduct, and

(¢) maintain sales, because a deteriorated product
is either unusable or a poor advertisement,

The common causes of chemical instability in
pharmaceutical materials involve hydrolysis or
oxidation,

Hydrolysis

This is particularly important in systems containing
water, e.g. solutions, suspensions, and emuisions.
It is also important in the deterioration of ingredi-
ents contained in solid dosage forms, since water
may enter as vapour from the atmosphere or as
water of crystallisation in other ingredients.

The following list gives some examples of chemical
instabilities that result from hydrolysis.

1. Penicillin and Derivatives

These are particularly susceptible to hydrolysis and
the reaction is often catalysed by the enzyme peni-
cillinase. The antibiotic activity decreases on
hydrolysis and contact between penicillin prepara-
tions and moisture should therefore be avoided
whenever possible.  Liquid ‘dosage forms (e.g.
syrups and suspensions) are prepared immediately
before use by adding water to the drvingredients.and
unused liquid should be discarded after a relatively
short period (e.g. 1 to 2 weeks) if stored at room

temperature. Dry preparations may be stored for
considerably longer. periods; €.g. 2 to 3 years at
room temperature for crystalline ‘sodium benzyl-
penicillin if the moisture content is kept below 0-5
per cent (Johnson, 1967).;

2. Aspirin e

Hydrolysis of this acid to a mixture of acetic and
salicylic acids occurs readily and the powdered drug
should therefore be protected against atmospheric
water vapour. ‘In fact, as Johnson (1967) has pointed
out, if aspirin were introduced at the present time as
a new drug it would probably be regarded as
unsuitable because of its marked instability.

3. Alkaloids

Solanaceous alkaloids that. contain ester linkages
are susceptible to hydrolysis. It is usually assumed
that if hydrolysis of the alkaloid occurs in aqueous
solution then it is likely to occur in the crude drug
if the moisture content increases. Drying the crude
drugs excessively may produce a hygroscopic
material, which is undesirable, so that an optimum
level of drying is usually aimed at.

Other examples of instabilities that arise from
hydrolysis are given by Macek (1970), Garrett
(1967) and. Johnson (1967). In_addition, Johnson
discusses the physical deterioration that may be
caused by moisture, : )

" METHODS OF PROTECTION AGAINST
HYDROLYSIS

The obvious method of protection is to prevent
contact between the material and water. This
method is mainly concerned with protecting the
dry material ‘against water vapour and therefore
involves: control of atmospheric humidity during
preparation, purification, and packing, and satis-
factory design of the final container so that adequate
protection against the entry of water vapour from
the atmosphere is provided. Extra protection is also
acnieved by including porous envelopes containing
desiccants in the containers.

“~Prevention of contact is impossible in liquid

“ dosage forms that contain water. The method of

protection is therefore concerned with reducing the
rate of hydrolysis in the system. Since many
hydrolytic reactions are catalysed by acids and bases,
one method of achieving a reduction in the rate of
decomposition is by adjusting the pH to an optimum
level at which the catalytic effect is at a minimum.

It has also been shown that the formation of
molecular complexes between the hydrolysable sub-
stance and a second component may inhibit hydrol-
ysis. For example, Higuchi and Lachman (1955)

“have found that benzocaine is protected against

hydrolysis by complexation with caffeine.

Since hydrolysis is a solvolytic reaction the rate
at which it causes decomposition is affected by the
solubility of the hydrolysable substance. A decrease
in solubility caused by a change in pH, or the use of
insoluble derivatives, will therefore provide means
of reducing the decomposition; for example,
insoluble chlorothiazide is stable in neutral aqueous
suspension but the soluble sodium salt that is formed
in alkaline solution is readily Hydrolysed. .

Oxidation

Oxidation and reduction involve the loss and gain
of electrons, respectively. Many oxidation reactions
result from the presence of atmospheric oxygen but
the required loss of electrons may sometimes occur
even when oxygen is absent; e.g. in reactions
between oxidising and reducing agents. However,
the decomposition of medicinal compounds usually
involves molecular oxygen. Such oxidations are
usually termed autoxidations bec?nse‘ they occur
spontaneously under normal conditions, and often
involve free radicals. The latter, which contain one
or more unpaired electrons, are particularly reactive
and the products of their reactions are often free
radicals themselves, hence chain reactions are
initiated and proceed until the remaining free radicals
are destroyed or rendered less active,

AUTOXIDATION OF UNSATURATED
FATS AND OILS
This type of decomposition may be used to illustrate
the mechanism of autoxidation and the methods of
obtaining protection against its effects. The decom-
posed products usually develop objectionable
odours and tastes and are said to be rancid.

The mechanism of a chain reaction may be
considered in terms of the following stages.

(@) Chain Initiation
The presence of unsaturated C=C linkages has an
activating effect on adjacent —CH,— groups in 2
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hydrocarbon chain. The reaction between moleculy
oxygen and an unsaturated hydrocarbon is con-¥
sidered to involve the abstraction of a hydrogen free
radical (H) from an activated methylene group and;™°
results in the formation of a hydrocarbon free radical.
This reaction is illustrazed by the following equation, -
in which the free radica!s are indicated by a dot over.:
their chemical formulae.

—CH—CH—CH,— -4 _CH=CH—CH— *

Chain initiation may also occur from the ready,
dissociation of so-called initiators (e.g. benzoyl
peroxide) into free radicals or from the effects of
heat, light or ionising radiation on some ingredients:
of an oil, e.g. (i) dissociation of a peroxide (R =
hydrocarbon group) .

R.OOH - RO + OH

A

and (if) photo-oxidation of a ketone (R and R’ ="
hydrocarbon groups)
R.CO.R’ -RCO + R’

Ny,

(b) Chain Propagation Ve
The free radicals produced in the previous stage are.
involved in further reactions that yield other free"-
radicals. Peroxides are formed as intermediates,
but the concentration of these compounds eventually.:
decreases when their rate of decomposition exceeds
their rate of production. The use of peroxide' values
as an indication of the extent of an autoxidatiorh*
process may therefore be misleading. The reactions
involved in the propagation stage can be summansed\ .
as follows: N

R + 0, RO, These reactions &,
RO, + RH —~ROOH + R increase the

hydroperoxide| rate of peroxide .

formation \b5

ROOH —RO + OH
2ROOH — RO + RO; + H,0
ROOH - non-radicz] products

These reactions&“’;;
increase the

rate of peroxide
disappearance.

(¢) Chain Termination i\))’

(i) Self Terminatiom. This involves rez}ctlon
between two.free radicals and the production ot;\;‘
inactive (i.e. non-free radical) products. N\

(ii) Chain Breaking Termination This mvolves/‘\
reaction between free radicals and compounc_ism;
that are known as chain inhibitors and results in

Y
Y
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the formation of st . ‘ A Trcs. . g
unreactive free radica]se'l b:g and comparatively purpose in many injections Lo ) . ¢ 3_”“,{',KFNF.{\[CSF e . 101~
. e A(Xenaline BP), (g Injection of They;sndt!;’def'ph:nolic@y%eﬁeoo?dammmino com- - ‘Considération of : .+
+ IH- -RH + i ntioxidants that are effective agaj . pounds, the former ;type, being in icommon,use dn " il e e . co
; hain . oXygen are ¢ '€ against atmospheric harmaceutical . preparations; e.g. butyl ;hydrox N : S
in‘f:xi;"tnor ’ fi stable auggxidatriz:ft?hgsgdczo provide p rotection against Euisole (BHA),ngrrgihydiogi;a;iaxgtic acxg'il(;l\ll yDG LV (g).-;lg:nzten‘uca.l structure Ofthe deoo’mpos ing sub-’
. . ~ free radical chain initiat; mpounds may influence the and gallic acid esters ‘such.as propylandsn-butyl. - (5) the ‘chemic P '
Autoxidatio ; fation or propagation stages SICIS, SUC. A5 -PIOPYLANGLD-DULYL. - (B) the ‘chemical ‘structure(s) of the produict(s) -
ns may be followed b . this provid, . ges, or both, and gallates, L : Y product(s) ‘of
amount of Oxygen taken up dur?n oy Mmeasuring the provides a basis for their classinication, © T e --.sfdecomposm?g, R et s
A Tesults of such a measurement are%l?ureacno'?‘ The  (a) Chain nitiation Suppressors Two or more different antioxidants jay be more ~ (©) the properties of other  ingredients;  possible-
6.3 which shows that three s strated in Fig. (i g ] 7 effective than would be expected on th basis'of their Impurities'and container material, .
’ defined in the reactjon Thee};iarate Stages may be violet.v“:j et .Stabd,ser‘s. These . absorb ultra. individual activities. This"is, known.as synergism, () 'the storage conditions, " - o e
v AB, corresponds to an induction oo C°C S1AEES out for e 2tion and dispose of the energy with- and in general the best mixtures ‘are those that. (©) the appearance and odour of the decomposed
little oxygen is used and the lé;""",P?f iod, in which salic <l>rmmg free radicals. They include phenyl contain an initiation suppressor and & propagation ‘preparation, and -
P C;,ccurs. This is followed by pr :r": g';:tldtlo; Cfeacu'on @D Hy, dry‘,;;i;'}gez‘gydmxybenzoPhenone. suppressor. Hawever, the characteristics "of the (a knt:l\svledg° of the behaviour of similar com-
the oxygen ion, where b esiropers, These i ires e PO e pounds.
beging o oceur g ceocs APKIY untiltrmination  IYSIOPErORide (0 form nonfre radical prod. Sorage condiibus, iy indiots moro. preds v
v slowly (beyond ¢, & of uptake decreases PhOS'pho r:?; aredmamly organic compounds of combinations; for example, if prolonged exposure ,More information is obtainable from a series of
The kinetics of the overaly precludes any v Phur and ftheir toxicity to light is expected then an,ultra-violet. stabiliser tests such as that outlined below.
By the effects of heat and Jigp P L 2T affected iy any wide use in pharmacy. plus a propagation suppressor should be used, T
i’ crease the rate of ayto, 3 ight, both of which in .elt'al Deactivators. These form complexes The effectiveness of antioxidants may be deter- " Solution of drug sealed in ampoul
fatty material, ang by ?Aeaglr(e)gén?é thre nature of the c“:ttaly;?:;l;; Wh.:;?h daere then unavailable  for mined from their effects on the oxygen uptake of the: & [ potes
and salt of certain metals 16 _Pperoxide decomposition, i tected ” ‘oh the Tate of ‘veroxide '
of hydrg’ Z\;hlc_l:j probablycatalyse the deCOmposmon Clqde citric acid, ethylenecﬁan;ilr?: tetT hey - Fmt s suAbsua_te_o; on ?f lzate of perox_lde : ’ |
peroxides, acid (EDTA) and & pyd ne tetra-acetic ormation. An increase in the induction period- Series A Series B
‘ must be taken in tlwiryu;':xgqumoime. Care should be qbtamed with an initiation suppressor and} - Contains 0, above Contains N, above
W METHODS oF PROTECTION complex may be even more ﬂ_eca}xse. the metal a decreqée in t‘he subsequgnt'rate of reactjon should " golution in ampoules solution in ar-npoulas
OXIDATION AGAINST in . tore effective in catalys- be obtained with a propagation suppressor. 1. Ex t
‘ mgta;l)eroxxde dccomposmon than the original N : ' 1i Etose ° Al Bl
7 z:fltequcing agents are often used to provide protect] (b) Pr . ~ ' Other Types of Chemical Decomposition 2 ngat A2 B2
nglir:ft atmospheric oxygen and oxidisifg aece K:n' opegation Suppressors Reaction between various ingredients of a formula: 3, -Store in
o - metabisulphite js commonly used fo§ t"hS- These combine with free radicals to produce stab, tion may be responsible for a loss in activity or other-'  dark A3 B3
- t 1S products; ie. they act as chain terminating a;; t]se undesirable change. Examples of incompatibilities™ ]
p ' o that may arise in extemporaneous preparations are - .
! . ' ’ given by Gunn and Cartér (1965). Reactions ~ Results : .
Amount of 0 occurring in new formulations or arising from the - (4) Decomposition in all cases indicates hydrolysis.
7 5 s absorbed leakage of substances from container materials-are (b)) Decomposition in all of series A but not in series
D : ; less easy to predict. , ot . B indicates oxidation. :
h ‘ Isomerisation of a compound to a less active . (¢) Decomposition in Al but not A3 indicates a
4 ke structure may occur, espetially in’ optically active hotochemical reaction.
2.0 compounds, where the optical activity may be lost  (4) Decomposition in A2 and B2 but not in Al,
p, o= Peroxide during the racemisation which is accompanied by a A3, Bl and B3 indicates a thermal decomposi-
£ of . decrease in pharmacological activity. tion.
8 [e) concentration
1 PR Determination of the Cause of Decomposition Similar series of tests may be carried out at different
z The route of a particular decomposition and there-  pH'’s to indicate the effect of hydrogen and hydroxyl
; X o fore the factors that cause it may be indicated froma  ion concentrations on decompositions.
i/ o =5 Yy pos
s 2 Accelerated Stability Testing
7 = Instabilities in modern formulations are often  initial formulations of the same product—this is
detectable only after considerable stora riods of use in selecting the best formulation from a
Yy £C pel g th
. under normal conditions. To reduce the time series of possible choices;
7 required to obtain information, various tests that 2. the prediction of shelf-tife, which Is the time a
A involve storage of the products under conditions - product will remain satisfactory when stored
4 - ; that accelerate decomposition have been introduced. under expected or directed storage conditions;
' - iz. 6.3 The rates of oxygen ab . The objectives of such accelerated tests may be and
i time Pperoxide formation in an au(pi.';fﬁf,ﬂ“ and defined as . 3. the provision of a rapid means of quality control,
i ' - which ensures that no unexpected change has
1. the rapid detection of deterioration in different occurred in the stored product.
uf
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All these objectives are based on obtainin. a
rapid rate of decomposition :by applying to gthen;)(r)cr:-3
duct a storage condition that places a higher stress or
challgr}ge to it when compared with normal storage
conditions. However, the use of this basic method
depend§ on the particular objective required. For ex-
ample, in the first objective the best formulation from
a series of possible choices is the one that exhibits
the least amount of decomposition in a given time
under the influence of a reasonably high stress. The
results of such a test are illustrated in Fig. 6.4(»).

The second objective is achieved by using the
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results obtained from an accelerated test to predict
the amount of decomposition in a product after a
longe_r period of storage under normal conditions.
This is illustrated in Fig. 6.4(b) where the amount of
decomposition X obtained after the short time ¢, is
used to predict the value of Y after time 1,

The use of accelerated tests in achieving the third
objective is illustrated by Fig. 6.4(c) which shows that
a single measurement taken after a given time f
shop!d fall below an acceptable limit of decom-
position for a product subjected to the challenge

involved in the test.
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Common High Stresses or Challenges

(a) Temperature

An increase in temperature causes an increase in
the rate of chemical reactions. The products are. -
therefore stored at temperatures greater than room
temperature. The nature of the product often
determines the range covered in the accclerated test.
Samples are removed at various time intervals and
the extent of decomposition is determined by analy-
sis. Sensitive analytical methods should be used in
all stability tests of this nature since small changes
may be detected after very short storage periods.
The effects caused by high temperatures should not
be confused with those that arise from the effect of

T

Arthenius equation, Eqn (6.35), which indicates the’
effect of temperature on the rate constant; k. of a -
chemical reaction. Figure 6.2 (see p. 97) shows that

a ‘graph of log k versus the reciprocal of thermo- |~
dynamic temperature; 1/T, is a straight line. If the
slope of this line is determined from the results of -
accelerated tests at high temperatures it is possible to -

“determine the value of the rate constant at other

temperatures. (¢.g. normal room temperature) by -
extrapolation. Substitution of this value of & into
the appropriate order of reaction (ie. the rate
equation that applies to the reaction involved in the ,
particular decomposition) allows the amount of
decomposition after a given time to be calculated.
As pointed out, this approach involves a knowledge \,
of the order of the reaction involved and preliminary

F : low humidity. -Such confusion is possible because v
& (i’:‘:u:atmn ! the rela't'ﬁetyhumidity inside a h?gh temperature  experiments such as those outlined on p. 92 are
o st stable) 5 storage cabinet will be lower than that in the room. therefore necessary to determine this order. N
- (a) e X This low humidity causes loss of moisture, which Several difficulties and limitations are involved in
3 bt (b) High may lead to apparent increases in the concentration this aspect of accelerated stability testing. First, as N
2, 4 | 8 stress of ingredients. If these concentration changes are in all accelerated tests, there is the possibility that
S Formulation 2 I | not allowed for in subsequent analyses decomposi- the application of high stresses may cause reactions- .
Q g I tion may be unsuspected. A that would not take place under the lower stresses ;..
< © 1 N associated with normal storage conditions. Sec-
o . ondly, the uncertain conditions defined by the term .
% N : &) Humidity ‘non¥:al storage conditions’ introduces 3' difficulty N
» ° | Storage of the product in atmospheres of high when attempting to forecast the shelf-life -of a
g - 1 humidity will accelerate decompositions that result product. Unless the storage conditions aré defined \\
e . g ) from hydrolysis. Marked acceleration will be precisely on the container, then allowance should be
<E Formulation 3 ° obtained if the ‘naked’ product (i.e. not enclosed in  made for variations in the conditions likely to be ..
. {most stabl e) E ! Y a container) is subjected to these tests, which usually encountered under normal storage. Attempts to \y'
! Low stress indicate the minimum-humidity tolerated by the allow for such a contingency often involve accepting
product without undue decomposition, and are the shortest shelf-life for the range of conditions .
Time 1 ! therefore useful in determining the degree of pro- likely to be encountered. The climate of the country A
Time t t tection that should be afforded by a container. in which a product is to be marketed is particularly
L 2 important in defining this range. .
(©) Light Decompositions in formulated products . often ™
o proceed via a complex reaction series and may in- ..
] A source of artificial light is used to accelerate the volve simultaneous, consecutive, or.chain reactions, Ny
by (e) effects of sunlight or sky light. The source should . because the formulated products themselves. are
= P emit a similar distribution of radiant energy to that complex systems. In addition, the order of a reac~,
o . gzgep tab}: . limit of in sunlight because photochemical reactions involve tion Fr,naysc);;f‘ange after a certain time. Predictions of M/
g ecomposition after the absorption of light of -definite wavelengths. the extent of decomposition at future times are-then
b time t under high Daylight fluorescent lamps provide a satisfactory impracticable and prolonged tests under normal ¢
o stress source, and banks of such lamps may be used to storage conditions must be carried out.
© X accelerate the effects of light. However, although In spite of these difficulties the application of \
% i these lamps do not have a marked heating effect the accelerated testing to pharmaceutical products is v
| use of glass plates to reduce such an effect-is recom-  often useful, and predicted shelf-lives are sufficiently
b= . mended, otherwise it is difficult to separate the accurate. Statistical methods of designing such tests &
2 I accelerated decomposition caused by light from that  have therefore been reported, which allow the selec-
[ | caused by increased temperatures. tion of the number of replicates, sampling times and _
= | ! other factors involved in the tests to-be made on a
i The Predictit/m of Shelf-life logical basis for attaining the required degree of )
Id o . accuracy without wasting time on. unnecessary &\
Time Fig. 6.4 The various aspects of acceler- This s the second of the objectives that were listed experimentation (Tootill, 1961; Jones and Grim- W
ated stability testing previously and it is based on the application of the shaw, 1963). :
&
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KINETICS OF DRUG
The purpose of administering a drug to a patient is
to produce a particular response. This response is
achieved when enough of the drug is concentrated at
a certain site in the body.. The number of molecules
of the active form of the drug that. reach the site
where they can exert their effect (locus of action or
receptor site) and-thé rate at which these molecules
arrive there depend on several factors. Some of
these factors will be generally applicable but others
will be determined by the route of administration of
the drug and the properties of the dosage form.

Systemically Active Drugs . o
These are drugs that after absorption into the body
are carried to their site of action by the blood.
Figure 6.5 illustrates some of the /n vivo processes
that are involved in the transport of such drugs after
administration as various dosage forms. It should
be realised that all drugs except those injected intra-
venously must be transported across some type of

TRANSPORT IN VIVO

body membrane before they can enter the plasma,
Transport into other tissues, or excretion, again
_involves passage through membranes, The various
body membranes constitute the major barriers to the
- movement of drugs in vivo and it is therefore neces-
sary to consider the general structure of such
membranes and the various mechanisms involved in
the transport of substances across them. :

STRUCTURE OF THE CELL MEMBRANE

Although a variety of membranes exist in the body
(e.g. cytoplasmic membrane surrounding a single
cell, sheets of tissue several cells in thickness around
certain organs) the same transport mechanisms are
involved in all cases. It is therefofe useful to con-
sider the structure of a cell membrane and show how
" this structure is penetrated by different substances.
* A cell membrane is regarded as having two layers
of lipid molecules orientated with their polar groups
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the concentration of a systemically active drug at its receptor site

facing outwards, as shown in Fig. 6.6. Thesg mole-
cules include lecithin, sphingomyelin, oepl.u_lhn. and
cholesterol. The bimolecular layer is stabilised by a
layer of unfolded protein molecules, which cover
each side. This type of structure therefore cousti-
tutes a iipid barrier which separates the aqueous
intra- and extra-cellular liquids. The thickness of
the membrane is about 75 X 10~?mm, and t_he
structure is perforated by water-filled pores, which
usually have an effective radius of the order of
4 x 10-7mm. However, in certain specra!xsed
membranes this pore size may be about 10 times
larger (e.g. in glomeruli of the kidney).

Mechanisms of Drug Transport Across Cell
Membranes :

1. PASSIVE DIFFUSION THROUGH

LIPID BARRIERS

This is a common mechanism that is involved in the
transport of drugs in rivo. Much of the work in
this field has been reviewed by Brodie (1964).

The process of passive diffusion through a lipid
barrier initially involves partition of a drug between
the aqueous phase on one side of the membrane
and the lipid phase that constitutes the membrane.
This stage is followed by diffusion across the mem-
brane and a second partitioi, between the lipid phase
and the aqueous liquid on the other side of the
membrane. The overall rate of transport will there-
fore be affected by factors that influence these
consecutive processes, which are iilustrated in Fig.
6.7, where the k values refer to the rate constants of
the individual processes. In any reaction that
involves consecytive stages, the overall rate of
transfer is determined by the rate of transfer in
the slowest stage. However, the relative rates of the
three stages shown in Fig. 6.7 will depend on' the
nature of the drug molecules; for example, a mole-
cule that is more soluble in water than in the lipid
phase will be taken into the latter phase at a slow
rate only but will be released rapidly at the other side
after it has diffused across the membrane, hence
process (1) in Fig. 6.7 will be the rate-determining

e o e
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stage. Conversely, a substance that is more soluble
in the lipid phase than in water will enter the lipid
stage rapidly but will be released with difficulty at
the other side, hence process (3) will now be.the
rate-determining stage. In compounds with inter-
mediate partition coefficients, the diffusion process
(2) may become the limiting stage, when the rate of
transfer will be indicated by Fick’s law (Eqn 5.5).
However, the thinness of the membrane is low
enough for this diffusion process to be relatively
rapid, when the partition processes may often be the
rate-determining stages, as mentioned above. It
should be pointed out that the diffusion stage is
almost always the rate-determining process in many
in vitro models that have been used to represent drug
transport by this mechanism because the thickness
of the organic solvent layer that is used in place of a
lipid membrane creates a long diffusion pathway.

It has been assumed in the previous discussion
that the drug exists in aqueous solution as a single
species with a definite partition coefficient for distri-
bution between water and the lipid phase of the
membrane. However, most drugs are yeak elec-
trolytes and exist in aqueous solution as a mixture
of ionised and unionised forms. The latter are much
more soluble in the lipid phase than the water
soluble ions so that body membranes tend to be
preferentially permeable to unionised forms of drug
molecules. In other words, the rate constant &, in
Fig. 6.7 is extreniely fow for ions but is much more
appreciable for the corresponding unionised mole-
cules.

pK. Values

The fraction of drug that is idnised in solution is
given by the dissociation constant of the drug.
Such dissociation constants are conveniently ex-
pressed in terms of pK, values for both acidic and
‘basic drugs.

The equilibrium between unionised molecules of
an acidic drug (HA) and the ions produced by
dissociati )n may be represented by Eqn (6.36)

HA=H" + A~ (6.36)

The dissociation constant K, of this drug is therefore
defined by Eqn (6.37), where the square brackets
represent concentration terms of the species enclosed
within them.’ B
_ [HAT]
B Ty
Taking logarithms of both sides of Eqn (6.37) yields
fog K, = log [H*] + log [A™] — log [HA]

and the signs in this equation may be reversed to give

(6.37)

Eqn (6.38) _

—log K, = —log [H*] —log [A"] + log [HA)
(6.38%

The symbol pK, is used to represent the nepative
logarithm of the acid dissociation constant K, ir-
the same way that pH is used to represent the nega-*’’
tive logarithm of the hydrogen ion concentration
[H*], and Eqn (6.38) may therefore be rewritten a;,
Eqn (6.39)

pK, = pH + log [HA] — log [A"] (6.3‘)\‘

or
[HA] )
= pH — ¥

pK, = pH +log A (6.40,

Thus, a general equation, Eqn (6.41), that is

applicable to any acidic drug with one ionisable:

group may be written, where ¢, and ¢; represent the

concentrations of the unionised and ionised species.

respectively. This equation is known as the Hender-t
son-Hasselbalch equation.

PK, = PH + log ¥ (641
i

The protonation of a basic drug (B) mayl by,
represented by the equilibrium shown in Eqn (6.42)

B + Ht = BH* &
The acid dissociation constant, K,, of the protonated
base is therefore expressed by Eqn (6.43). \\
[H*}{B]
= 6.43)
b %

Taking negative logarithms yields Eqn (6.44)
—log K, = —log [H¥] — log [B] + log [BH] &,
(6.44)

or g
. [BH*] Al
pK, = pH + log—m—

The Henderson-Hasselbalch equatien for any wealdl!
base with one ionisable group may therefore be
written as shown by Eqn (6.45) @,
¢
K, =pH +log2 (6.45).
pPXa =T g u S
where ¢; and c, refer to the concentrations of the
protonated and unionised species, respectively. \\)

The Influence of pK, Values on the Transport of
Drugs Across Biological Membranes, Because they
jonised forms of acidic and basic drugs have low .
lipid:water partition coefficients compared to thgi\
coefficients for the corresponding unionised mole™
cules, lipid membranes are preferentially permeabl«z

W
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to ‘the Jatter species, Thus, an increase in the
fraction of a drug that is unionised will increase the
rate of transport of the drug across alipid membrane.
Hc:wevir, th; Henderson-Hasselbalch equation indi-
cates -that “the ratio of unionised:ionised forms concentrations of a partly ioni i
(cu2c;) of a given drug will depend on the.pH of the aqueous phases will flso Zliffe:-].lseghg r;gtic;? Itihe:?‘
:;(zdrur;m end the pK, value of the drug For these concentrations (ie. R = ¢ /e, where ¢ and c
mple, . are the total concentrations of the drug in the two
. (D the pK, value of aspirin, which is 2 weak acid, aqueous. phases, respectively) may be calculated
is about 3-5, and if the pH of the gastric.contents is  from Eqn (6.46), for an acidic drug, and from Eqn
2:0 then from Eqn (6.41) (6.47) for a basic drug. n

(pH;-pK,)
For an acidic drug R = a_1+10" %
e 1+ 107577
so :hlat ltihe' ;-atio of the concentration of unionised (6.46)
acetylsalicytlic aci i ion is gi
2 37 | icyclic acid to acetylsalicylate anion is given e 1+ 100Fa—vED

For a basi =t
r a basic drug R - 10®PKa Dl

across a membrane its concentration is the same on
both sides of the membrane. However, if the pHs
of the aqueous phases on either side of the membrane
are different (e.g. pH, and pH,) then the total

., -
‘ log;“-‘;=p.Ka ~pH =35-~20=15

Cyicy = z{ntilog 15 = 31-62:1

(i) the pH of plasma is 7-4 so that the ratio of 64D
unionised :ionised aspirin in this medium is given by ~Equations (6.46) and (6.47) can.also be used to
calculate an unknown pH if all the other factors are

¢
log i =pK, —pH =35 — 74 = -39 known, or an unknown pK, if all the other factors

are known.
and ‘
e Table 6.2
¢yi¢; = antilog —3-9 = antilog 1 Equilibrium Concentration Ratios of Various
=1-259 x 10~4:1 Drugs between Gastric or Intestinal Contents

(pH 2 or §, respectively) and Plasma (pH 7)

(iii) the pK, of the weakly acidic drug sulpha-
pyridine is about 8-0 and if the pH of the intestinal Type of
contents is 5-0 then the ratio of unionised:ionised drug

drug is given by Clntcstinnltcplnsma

Ceastric *Cplasma

. Strongly
log=t 2 pK, — pH =80 ~ 50 = 3- acidic
By, TPRaTP 0 (PKy =3) 141070, 100 1 41021 + 108
and ' Weakly
¢y'cy = antilog 3-0 = 10%1 acidic :
. (PK, =8) 1 +107%:1 4107 1 41073 1
(iv) the pK, of the basic drug amidopyrine is 50, PRa =8) (L1
and in the stomach the ratio of ionised:unionised Strongly )
drug is shown from Eqn (6.45) to be given by basic
) (pK, =8) 14101410 1 +10%:1+10
log L= pK, — pH =50 ~ 20 = 30 Weakly
u basic
and (PK, =5) 1+10%1 410 1 +41:1+1072

¢icy = antilog 3-0 = 10%:1

while in the intestine the ratio is given by Table 6.2 shows the equilibrium concentration

: ’ ratios of acidic and basic compounds with a range
of pK, values between gastric or intestinal contents
and plasma. (The pHs of these fluids have been
taken as a whole number for the convenience of
calculation.) -From this table it can. be seen that
for an acidic drug the €azri0 Cplasma ratio is lower
than the Cipeestinal Cplasma TaLIO; i€, a greater
proportion of the drug is absorbed into the plasma

c; .
log—= =50-50=0
C“
and
¢picy = antilog0 = 1:1

Equilibrium  Concentration Ratios. When an
unionised drug attains an equilibrium distribution

A
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from the stomach than from the intestine. The
reverse is true for basic drugs. It should be pointed
out that the figures given in Table 6.2 are theoretical
ones based on the assumption that an equilibrium is
established. However, such an equilibrium is rarely
obtained in vivo because ihe concentrations of ‘drug
on either side of the membrane will be affected by
other factors; e.g. flow of blood, dilution of gastric
contents.

2. DIFFUSION THROUGH PORES
IN LIPID BARRIER

The pores in cell membranes are filled with water,
and substances may therefore be transported through
the pores by diffusion in aqueous solution. The rate
of such transport may be affected by the movement
of water under the influence of osmosis. In addition,
the movement of ions through these pores will be
affected by the presence of static charges on the walls
of the pores; e.g. small anions may pass through
positively charged pores whereas cations may be
hindered by electrostatic repulsion (p. 73). The
size of pores in membranes is the main factor that
affects transport of substances by this mechanism;
i.e. a filtration process is involved. The pore size in
cell membranes is usually about 4 x 10~ mm, and
since the radius of most drug molecules is greater
than this the entry of drugs into individual cells by
this mechanism is of little importance. However,
certain body membranes consist of sheets of epi-
thelial cells, and the pores between these cells may
be as large as 4 x 107 mm; e.g. in the glomeruli
of the kidney and in the epithelium of capillaries.
The importance of the filtration mechanism of drug
transport is therefore greater in such membrancs.

3. SPECIAL TRANSPORT SYSTEMS

Some naturally occurring substances are too large
to pass through the pores in cell membranes and too
tipid insoluble to be transported by diffusion through
the lipid barrier; (e.g. large ions and large mono-
saccharides). It is therefore supposed that the ready
movement of such substances across cell membranes
is brought about by special mechanisms which
involve compounds that act as carriers for the trans-
ported substances. Tt is suggested that an ion or
molecule forms a complex with the carrier at one
surface of the membrane, and the complex moves
across the membrane. After liberation of the sub-
strate (1.e. the transported substance) at the other
side, the cycle is completed by the return of the
uncomplexed carrier to its initial position.

If the substrate is' moved across a membrane in the
opposite direction to a concentration gradient, then

energy must be expended in the transference, which
is then referred to as an active transport process.
This type of transport is inhibited by compounds
that interfere with the cellular reactions' that préﬁde'
the required energy for the process. - ¥ -

The rates of transference in all special systems that
involve carrier molecules will depend on the available
number of these molecules, and a maximum rate
will be obtained when ali the carrier molecules are
being used. It is therefore possible to saturate this
type of transport mechanism -with an excess “of
substrate molecules. Furthermore, although carrier
molecules usually show some degree of specificity
for a particular substrate, other compounds that
possess a similar structure to the normal substrate
may compete for the available carrier molecules and,
therefore, prevent the. transport of the normal
substrate.

4. PINOCYTOSIS

1t is considered that small particles such as micro-
organisms may be engulfed by macrophages that
have migrated through the epithelial lining of: the
gastro-intestinal tract. The engulfed particles are
transported across this membrane, when the macro-
phages migrate back again into the lymphoidal
tissue. This process appears to be more significant
at sites in the body where lymphoidal tissue and
mucosal epithelium are close together; e.g. the
tonsil and pharynx.

The first three transport mechanisms that have
been discussed above are involved to some. extent
in the passage of drugs across all biological mem-
branes. Their relative importance depends on the
structure of the particular membrane. In certain
cases it is -usual to refer to specialised membranes
or barriers in the body (e.g. the blood-brain barrier).
Such barriers consist of membranes with structures
that differ from that of the simple cell membrane or
contain specific- carriers for the transport of par-
ticular compounds.

The Binding of Drugs in vivo

In Fig. 6.5 it is shown that a drug is bound in a
reversible manner in various parts of the body. The
nature of the binding material may vary but, in
general, the bound drug is unable to pass through
cell membranes because of the size and nature of the
complex in which it is involved.

i

PROTEIN BINDING

The majority of drugs show some form of reversible
binding with proteins. Several sites on the protein
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molecules may be involved and the stability of the
- drug-protein complex will determine its influence
©on the activity of the drug, . C

. The formation of a complex, DP, by interaction
of a drug, D, with a protein, P, may be represented
by Eqn (6.48) where ky and &, are the rate constants
for the forward and reverse reactions. .

: k
“ - D+p ,T‘_ DP (6.48)
. * N 2

The amount of drtig held in the complex form DP
will depend on the concentrations of the drug and
protein ([D] and [P], respectively), on the number
of binding sites per protein molecule, n, and the
affinity of the drug for the binding sites. This latter
affinity may be represented by the association con-
stant K for the reaction expressed in Eqn (6.48);
.(i.e. K = &/k,). Goldstein (1949) has shown that
if equilibrium is established then the fraction of total
?Grl;gg)that is bound to a protein is given by Eqn

[Bound drug] __ 1
[Total drug] '—1 1 D]
Knt#l * [P

(6.49)

It can be seen from this equation that the fraction of
bound drug increases as K, n and P increase and
decreases as D increages,
~ Albumin is the commonest protein involved in
the binding of drugs in plasma, although the «-
globulins sometimes show a specificity for particular
drugs.” However, the binding capacity of the latter
1s relatively 18w compared.with that of albumin.
. The binding of drugs to proteins gives rise to
zzflous effects, some examples ‘of which are given
ow. : :

1. Protein bound drugs are unable to penetrate
Mmembranes and therefore cannot reach the sites
where excretion or biotransformation to other com.
pounds occurs, Since the binding to proteins is a
reversible interaction, the bound drug acts as a
reservoir which releases unbound drug to replace
that lost from the system by excretion or biotrans-
formation. This effect is important in maintaining
the concentration of unbound drug af a given Jevel
and, therefore, in prolonging the duration of action
of the drug. For examiple, the different degrees of
protein binding that oceur with sulphonamides
enable these drugs to be divided irito long and short
acting types; e.g, strongly bound drugs, such as
sulphamethoxydiazine, exhibit a prolonged activity
compared with those, such as sulphathiazole, which
are only weakly bound to proteins. This effect is
also responsible for the more prolonged action of
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hydroxocobalamin compared with that of cyano-
cobalamin, : ’

2. Protein binding may influence the solubility of “§

drugs in the plasma; e.g. the solubility of dicoumarol
«in plasma is much greater than it is in physiological
saline solutions (Gourle , 1967).
3. The response to a drugis caused by the build-
< up of a particular concentration of the drug at its
site of action. Its total concentration in the plasma
(i.e. bound + unbound drug) is, however, often
used as an estimate of the amount of drug required
to produce a particular response because it is much
easier to determine this concentration, This pro-
cedure is often inaccurate since the different degrees
of binding to proteins -in the plasma and tissue
proteins at thesite of action may lead to an unequal
distribution of the drug between the plasma and the
particular tissue; for example, the strong binding of
chlorpromazine to the lipoproteins in brain tissue
produces-a total concentration of this drug in the
brain that is approximately fifty times greater than
its total concentration in the plasma (Gourley, 1967).

4. Different substances may compete for the same
binding sites on proteins. Such competition may
lead to a variety of effects. For example, (a) the
displacement of antibiotics from protein binding
may be advantageous since a higher concentration
of free drug is available to exert the required
activity; (b} the displacement of protein bound
anticoagulants may produce a high concentration
of free drug and may therefore fead to excessive
bleeding; (¢) the acidic binding sites on albumin in
premature babies are usually saturated with bifj-
rubin, because the concentration of albumin is
relatively low. The increase in free_bilirubin that
‘results when the bound form is displaced by acidic
drugs such as salicylates and sulphonamides may
cause brain damage (Gourley, 1967).

5. The response produced by a drug is caused by
interaction between the drug and a receptor site,
This interaction is similar to protein binding except
that the latter type of binding involves relatively
non-specific interactions while the drug-receptor
interaction is very specific. However, substances
with a similar structure to naturally occurring com-
pounds may compete for a particula - receptor site
and so prevent a normal response; e.g. atropine
iuhibits the effect of acetylcholine by competing for
the receptor sites on the cholinergic nerve endings.

BINDING TO OTHER TISSUE CONSTITUENTS

Interaction between the constituents of other tissues -

and drugs may lead to effects similar to those caused
by binding to proteins. For example, very lipid
soluble drugs (e.g. thiopentone) may accumulate in
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the body fat and tetracyclines may accumulate in
hard tissues such as teeth, although the nature of
the latter interaction is unknown.

Blood Concentrations

The concentration of a drug in the plasma is often
related to the level of activity of the drug. It. can be
seen from Fig! 6.5 that the blood concentration wx]l
be -affected mainly by the rate at which drug is
absorbed into the plasma and by the rate at which
the drug is eliminated by excretion or biotransforma-
tion. In addition, the distribution of drug between
the plasma and other tissues will affect the blqod
concentration. Measurement of the concentration
of a drug in the blood at various times after ad-
ministration of a singie dose produces results that
can usually be represented by a curve similar to that
shown in Fig. 6.8.
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Fig. 6.8 The change in blood concentration of a
systemically-active drug after -administration of &

single dose

The indiyidual points on such a curve represent
the difference between the amount of drug that has
entered the plasma and the amount that has been
eliminated in a given time. The shape of the curve
indicates the rate of change in blood concentration
fde/dr). which can be expressed-in terms of Eqn

(6.50), where dA/dr and dEjds are the rates of ety 5
into and elimination from the plasma respectively.
@ = d*A - 95 (6.5\0)
The initial part, 4B, of the curve in Fig. 6%
indicates that the rate of absorption exceeds the rate
of elimination, and this part of the curve is depende _
on the nature of the dosage form and the route Gi
administration. Obviously, in intravenous injec-
tions this part is absent and the maximum bloe,
concentration is obtained immediately. The effects
of other routes of administration and dosage form«
that were included in Fig. 6.5 will be discussed latd
The latter part, BD, of the curve lngxqate§ thqt
absorption is ceasing and the rate of elimination |
now greater, and the smooth section of th.xs part,
i.e. CD, may be extrapolated backwards to.‘mdlca”te
the apparent concentrations at. s_hort'er times, | ;
shown by the dotted line. The elimination curve DC
and its extrapolation can often be expressed by the
first order kinetics, the linear form of which is giviy

by Eqn (6.51)

kt
log C =log Cy — 7303 (6.55-
where C is the concentration of drug in the l.Jlooe(;\&
at time f, C, is the hypothetical concentration oi
drug when ¢ =0, and k is the rate constant f?{
elimination of drug from the blood. Thus, a plot .
log C versus ¢ yields a straight line with a slope of
=k/2:303, and an intercept equal to log C; if t}{\:
disappearance of drug follows first order kinetics, -

BIOLOGICAL HALF-LIFE i

The rate of disappearance of a drug. from body

fluids such as blood is =ften expressed convenient.y

in terms of its biological half-life, 14, whnph is th'?

time taken for its concentration in the fluid to fa

to half its initial value, assuming that the disappeai:

ance follows first order kinetics. This value is related

to the rate constant-k in Eqn (6.51), as shown b&“} ‘

Eqn. (6.52)
Tk N

The half-life can also be determined from inspecnor& N

of graphs (see above).

0693 -
6.5.! N
6.5%§

ey
EFFeCT OF DOSAGE FORM AND ROUTE &\‘y
OF ADMINISTRATION ON THE BLOOD .

L3,
CONCENTRATIONS OF DRUGS . Q\D)f

The rapidity with which maximum blood concen-

tration of a drug is attained is affected markedly b‘ém
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the route of administration. In addition, the propor-
tion of the actual dose administered that is absorbed
into the plasma is also affected. In general, in drugs
administered as solutions, these differences are
dependent on the number and the nature of the
membranes across which the drug must be trans-
ported before it reaches the plasma. Thus, a drug
that is administered intravenously is not subject to
any initial transport processes so that the maximurn
blood concentration is obtained immediately and the
complete dose enters the plasma. This route of
administration therefore offers the greatest degree of
control of blood concentrations.

Absorption of drugs into the plasma after their
administration as intramuscular or subcutaneous
Injections involves trafisport across membrane
barriers. Such absorption is usually more rapid in
Intramuscular injections than with subcutaneous
ones because the skeletal muscles have a better blood
supply than subcutaneous tissue. In general both
routes provide rapid absorptiori and involve little
loss of drug, so that doses required to achieve a
certain blood concentration are less than those in
orally. administered solutions. It should be borne
in mind that the nature of specific drugs may alter
these general observations. For example, the bind-
ing of phenylbutazone to tissue proteins after
intramuscular injection reduces its absorption into
the plasma to a considerably siower rate than
that obtained after oral administration (Gourley,
1967).

The absorption of dissolved drugs from the
stomach and intestine is dependent on the rates at
which they ave transported across the membrane
lining the gastro-intestinal tract. The particular
influence of pH on this transport process has aiready
been discussed. The rate of absorption is also
affected by the contents of the stomach and intestine
and by ibe rate at which the stomach empties and -
fills. Rapid emptying will decrease absorption of a
drug that is absorbed mainly from the stomach and
cnhance absorption of a drug that is absorbed
readily from the intestine. Since the above effects
vary tremendously between individuals, and - even
in the same individual under different conditions,
the control of blood concentrations of orally ad-
ministered drugs is difficult. Similar effects also
apply to the absorption of drugs administered
rectally as suppositories or retention enemas, poor
control of blood concentrations again resulting.

The above discussion indicates that parenteral
administration, particularly intravénous injection,
provides the most rapid attainment of maximum
blood concentration and allows the most satisfactory
control over this concentration. However, the
advantages and disadvantages of particular routes of

PHARMACY

administration must also be taken into account, as
indicated by the examples in the following list.

(a) Injections are much less acceptable than oral
preparations for -self-administration by the patient
because of: (i) the inconvenience in administration,
(ii) the possibility of sensitisation, (iii) the pOssibility
of discornfort, and (iv) the need for sterility of
syringes etc. P

(b) Inactivation of drugs by digestive enzymes or
by the acid pH in the stomach may -preclude oral
administration. Parenteral or rectal administration
may be used to overcome these effects.

(c) Difficulties in swallowing may prevent the use
of oral administration.

When drugs are administered in dosage forms
other than solutions the rate of release of drug from
a dosage form as a solute in aqueous solution may
be more important than its rate of transport acrpss
membranes in determining the rate of\appearance
in the plasma. In oral dosage forms in which the
drug is present as a solid (e.g. powders, tablets,
capsules, suspensions), the rate of dissolution in the
gastro-intestinal fluids is often the rate determining
process. for absorption. Pharmaceutical manip-
ulations associated with the control of absorption
rates are therefore usually concerned with methods
of increasing or decreasing the dissolution rates of
drugs. Some examples of thesc methods that are
relevant to the dosage forms given in' Fig. 6.5 are
indicated in the following list.

1. Particle Size

A decrease ip particle size leads to an increase in the
surface area of a powder and therefore to an increase
in rate of dissolution. More rapid absorption from
the stomach of a slowly soluble or relatively insoluble
drug can therefore be achieved by the use of dosage
forms that -produce suspensions of smaller particles
of the drug in the stomach. This effect is of pat-
ticular importance in the formulation of tablets of
slowly soluble materials since the surface area of a
tablet is small. Such tablets therefore usually
incorporate disintegrating agents that cause disrup-
tion of tablets into small particles when in contact
with water. The drug is released by dissolution
more rapidly from such particles than from the
entire tablet. The rate of disintegration may also
affect the rate of absorption of drugs administered
in tablet form, and the BP includes a test that is
designed to limit the time taken for disintegration of
official tablets.

The absence of a.disintegrating agent in a tablet
that consists mainly. of a slowly soluble substance
produces the converse effect; i.e. a reduced rate of

dissolution of the tablet, This effect is made use of
in the formulation of tablets that provide a slow
release, of drug. Such slowly released doses are
usually administered together with an initial dose of
drug contained in part of the tablet that disintegrates
and therefore is made available for rapid absorption.
The slow release from the non-disintegrating part of
the tablet maintains the concentration of drug in the
plasma by allowing sufficient absorption to replace
drug 105t by excretion or biotransformation.

The increased absorption rate that results from
the use of a smaller particle size may increase the
efficiency of absorption; i.e. increase the proportion
of drug that is absorbed from the administered dose.
This effect is demonstrated by the observations of
Atkinson ef al. (1962) which showed that a reduction
in the particle size of griseofulvin from 10 to 27 pm
enabled the required effect of this antibiotic to be
obtained with half the original dose.

The increased rate of solubility of chloramphenicol
from solid solutions of this drug in urea is attributed
to the fact that rapid dissolution of urea from these
solid solutions icaves the chloramphenicol ina very
finely- dispersed form that is more rapidly soluble
than normal particles of this drug (p. 30).

The more c¢fficient absorption of salts of poorly
soluble, weakly acidic drugs compared with the
absorption of the corresponding free acids is attrib-
uted to the fact that although the free acids are
liberated from their more soluble salts by the action
of hydrochioric acid in the stomach, precipitation of
the free acids, if it occurs, gives rise to very fine
particles only. The latter redissolve rapidly when
the concentration of the free acid in solution is
decreased by absorption (Gorringe and Sproston,

1964). :

2. Changes in Chemical Structure

Desirable changes in dissolution rates can often be
achieved by the use of simple derivatives, different

lymorpliic forms or different hydrated forms of a
drug. The effect of using the more soluble salts of
sparingly soluble weak acids has already been dis-
cussed above. In addition, the use of chloram-
phenicol palmitate and other fatty acid esters of
chloramphenicol instead of the free drug provides an
example of the effect of change in solubility obtained
from the use of a simple derivate of a drug. Chlor-
amphenicol is extremely bitter and is therefore
unsuitable for paediatric suspensions. The fatty
acid esters of this drug are so insoluble that they do
not stimulate the taste receptors on the tongue and
are therefore satisfactory for paediatric use. The
free drug is absorbed after liberation from the ester
by hydrolysis in the stomach.
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The effect of polymorphism is illustrated -by the
solubilities of the three polymorphic forms of
riboflavine, which are 60 mg, 80 mg, and 1200
mg/litre, respectively. The effect of hydration of
compounds (i.e. presence of water of crystallisation)
usually causes a decrease in the rate of dissolution
compared with that of the anhydrous forms; e.g.
the anhydrous forms of caffeine and theophylline are
more rapidly soluble than their hydrated forms.

3. Properties of Dosage Form

The importance of control of tablet disintegration
rates in relation to methods of accelerating or
retarding the rates of dissolution of ingredients has
already been discussed. Retardation of dissolution
rates is also achieved in certain dosage forms in-
tended to provide a prolonged release of drug by
the use of physical barriers that usually impede the
diffusion of solvent into the dosage form and the
outward diffusion of drug in solution. These barriers
often consist of water insoluble fats, waxes or
plastics and they may be used as a coating around
the drugs or as matrices in which the drug is em-
bedded. The rate of penetration of water and aque-
ous solutions through such barriers depends on the
thickness of the diffusion pathway, the nature of
the barrier materials (i.e. the more hydrophobic the
material the slower the penetration of _water), anfl
on the porosity of the barrier. A similar effect is
also achieved by the use of ion exchange resins from
which bound drug is released when ion exchange
occurs in the gastro-intestinal contents. The rate of
exchange and the outward diffusion of druy is again
dependent on the porosity of the ion exchange beads.

In certain cases the barrier may be insoluble in
the gastric fluid but soluble in the intestinal juice.
Such barriers, which may consist of shellac or
cellulose acetate phthalate, are referred to as enteric
coatings and may be used for orally administered

drugs that are irritant to the gastric mucosa or that .

are destroyed by acid pH or gastric constituents.
Drugs administered in the form of suppositories
are released into the rectum when the base mglts at
body temperature (e.g. theobroma. oil, Witepsol
bases) or when the base dissolves in the aqueous

rectal liquid (elg. polyethylene glycols). The small’

amount of water usually available in the rectum
tends to retard the release of medicaments contained
in the latter type of base. The release rates of the

former type may be affected by the inclusion of -

surface active agents ln the base. Itis suggested that
such agents alter the distribution of drugs between
the molten fatty bases and aqueous body fluids and
may cause emulsification at the interface between
these two phases. The latter effect leads to an
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increase in the interfacial-area across which partition
can occur and, therefore, increases the rate of re-
lease of drug.
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Tormation of matter under the inffuence.of stresses,.
which may be applied perpendicularly to the surface
of @ body (a tensile “stress), tarigentially to_the
surface (a shearing stréss), 6f at any other angle to
thé“surface. The deformations that result from

the application of a stre b& " divided "into.
o A8 be di

y(_ spontaneously reversible deformations or elastic

deformations, and

\}/ permanent or irreversible deformations that are
referred to as flow and are exhibited by viscous
bodies. ~
The work used in producing an elastic deformation

is recoverablé when the body Téturas 1o its original

‘Shape after removal of ihe applied stress, However,.

in _irreversible " deformations the work used in
pated as heat and

Application of a shearing force to a fluid (i.e. 2
liquid or a gas) usually causes it to flow because
fluid cannot support a strain for very long periods of
time. When the force is removed, the fluid does not
return to its original state; i.e. irreversible de-
formation has occurred. Such a deformation may
be considered to involve a shearing action between
infinitely thin layers (laminae) within the fluid. The
deformation that results is expressed in terms of the
rate of shear, which is the change in velocity of flow
with a distance measurrd at right angles to the
direction ‘of flow. The shear stress that causes a
particular rate of shear is obtained by dividing the
shearing force by the area of the surface to which the

shearing force is tangentially applied. The ratio of te of
m.. is given by du/dx. The shear stress, S, is given oy

the applied shear stress to the rate of shearis ,
agthe coefficient of viscosity. The effect of rate of
shear on this ratio varies for different systems which
has led 16 these systems being classified into the
following types.

1. Newtonian Fluids

Flow of this type of fluid can be illustrated by Fig.
7.1, which represents two parallel planes each of

7 v
‘Rheology

Viscosity

\.

RHEOLOGY is the science concerned with, the.de-. is not recoverablggechanical}l when the stres s
i uene. s eoveray’ FIRAL TULSR RN

“Temoved.
_The majority of pharmaceutical systems where
theological properties are important range f° 1
simple liquids tc semi-solids such as ointmenus,
gels, creams, and pastes. Most attention has been
paid to the flow properties of these systems,s. .
to their viscous behaviour. The importance of
contributions from elastic.effects to the rheologi~al
properties of semi-solid systems has gaimed my: .:
attention in recent years. However, this chapter is
restricted to a consideration of the flow prope; s
of pure liquids and disperse systems containiny a
liquid continuous phase since the complex nature of
the rheological properties of semi-solids is -oufs;, :
the scope of the present discussion; information on
these systems may be obtained from the booklist ~t
the end of this chapier and from the review giventi y
Barry and Warburton (1968).
§
area A separated by a fluid of depth x. The uprer
plane is caused to move with a velocity u relativ, »
the lower plane by the application of a shearing
force F. This movement causes the fluid in *“e
laminae separating the two_planes to be displd!'.J
relative to adjacent layers as shown in Fig. 7.1
The rate of movement of the laminae varies frog; -
maximum value in the layer adjacent to the upper
plane to a value that is close to zero in the laver
adjacent to the lower plane. The mean rate of sl§1\,-),
is given by the overall difference in fluid velocity,
u, divided by the distance between the two plag-:.
x; (i.e. the mean shear rate = ufx). In more gen )
terms, for any point in a layer that is separated by a
distance dx from the upper plane the rate of sigyy

F|A (i.e. the applied force per unit area) and the flew
of Newtonian fluids may be expressed quantitatifil;]
by the Newton equation, Eqn (7.1)

du

@
=ng a.n

S
. ' &
where 7 is 2 constant that is known as the coefficient

of viscosity or simply the viscosity of the fluid.
v

=2
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velocity

shear stress

difference

S —>

l

The dimensions of shear stress are force per unit
rea, and shear rite is measured in terms of recip-
?cal tlmei (shear rate = velocity/distance =
istance x time~Y/distance = time™1). ~ Thus, the
imengions of % are given by Eqn (7.2) '

7= s _ _Fl4 _ force
du/dx  du/dx  area x time™? .2
lowever, since

mass X length

force = ,
time?

ad
area = length?

e dimensions of 5 that are indicated b
«duce to mass/length x time (i'e. ML")',I‘]‘Sﬂ)fl ¢
The basic SI unit is therefore the kg mlsl
owever, in the cgs systétn it was usual to express
scosities in units of dyne seccm™ in accordance
th Eqn (7.2) and such units were termed poises
.honour of Poiseuille, who was an early worker in
is ficld. A similar derived SI unit is therefore used
: Nsm™2, It can be shown that 1 P (poise) =
ln iI:ni m‘f{ ?nd 1 centipoise, cP, which is a con-
; unit for use wi i iscosity, i
alto 1 x 10-o% s rlrt‘llzfimds of low viscosity, is
The rheological properties of liquids are usually
ressed in the form of flow diagrams, which consist
graphs showing the variation of shear rate with
ear stress. Equation (7.1) indicates that for a
_wtonian fluid such a graph should be linear, as
town by line () in Fig. 7.2, the slope of which is
“al to the reciprocal of viscosity, 4, of the fluid
.alue referred to as the fluidity, ¢, i.e. '

1

¢ = p (7.3)
"~ linear nature of the flow diagram for a New-
..«an fluid shcws that % is, in fact, a true constant
waffected by the value of the rate of shear. Thus, a

velocity
gradient Fig. 7.1
=1 / X in simple shear

Movement of planar laminac

single determination of 7 from the shear stress at any
given shear rate is sufficient to characterise-the flow
properties of a Newtonian fluid. Liquids that show
t.hls.type of behaviour include water, simple organic
liquids, true solutions, and dilute suspensiohs and
emulsions.

2. Non-Newtonian Fluids

Many liquids encountered in pharmaceutical practice
(e.g. concentrated suspensions and emulsions) do
not follow Egn (7.1) because the value of y varies
wnh' the rate of shear. It is therefore usual to
consider the appare