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Preface to the First Edition

The rapid and substantial progress made in Pharmacy
within the last decade has created s necessity for a work
treating of the improved apparatus, the revised processes,
and the recently introduced preparations of the age.

The vast advances made in theoretical and applied chem-
istry and physics have much o do with the development of
pharmaceutical science, and these have heen reflected in all
the revised editions of the Pharmacopoeias which have heen
recently published. When the autbor was elected in 1874 1o
the chair of Theory and Practice of Pharmacy in the Phila-
delphia Coliege of Pharmacy, the outlines of study which
had been so carefully prepared for the classes by his eminent
predecessors, Professor William Procter, Jr, and Professor
Edward Parrish, were found 1o be not sirictly in accord,
either in their arrangement of the subjects or in their method
of treatment. Desiving to preserve the distinctive charac-
teristics of each, an efforl was al once made to frame a
system which should embody their valuable features, emn-
brace new subjects, and still retain that harmony of plan and
proper sequence which are absolutely sssential to the suc-
cess of any system,

The strictly alphabetical elassification of subjects which is
now universally adopted by pharnacopoeias and dispensa-
tories, aithough admirable in works of reference, presents an
effectual stumhbling block to the acquisition of pharmaceuti-
cal knowledge through systematic study; the vast accumula-
tion of facts collected under each head being arranged lexi-
cally, they necessarity have no connection with one another,
and thus the saving of lahor effected by considering similar
groups together, and the value of the assoctation of kindred
subjects, are lost to the student. In the method of grouping
the subjects which is herein adopted, the constant aim has
been to arvange the latter in such a manner that the reader
shall be gradually led {rom the consideration of elementary
subjects to those which involve more advanced knowledge,
whilst the groups themselves are 5o placed as to follow one
another in a nataral sequence.

The work is divided into six parts. Part I is devoted to
detailed descriptions of apparatus and definitions and com-
ments on general pharmaceutical processes.

The Official Preparations alone are considered in Part 11
Due weight and prominence are thus given to the Pharmaco-
poeia, the National authority, which is now so thoroughly
recognized.

In order Lo suit the convenience of pharmacists who prefer
to weigh selids and measure liguids, the official formulas are
expressed, in addition to parts by weight, in avoirdupeols
weight and apothecaries’ megsure. These equivalents are

‘

printed in beld type near the margin, and arvanged so as to
fit them for quick and accurate reference.

Part I treats of Inorganic Chemical Substances. Prece-
dence is of course given to official preparation in these. The
descriptions, solubilities, and tests for identity and impuri-
ties of each substance arve systematically tabulated under its
proper title. 1t is confidently believed that by this method
of arrangemeni the valuable descriptive features of the
Pharmacopoeia will be more prominently developed, ready
reference facilitated, and close study of the details rendered
casy. Hach chemical operation is accompanied by equa-
tions, whilst the reaction is, in addition, explained in words.

The Carbon Compounds, or Organic Chemical Sub-
stances, are considered in Part IV. These are naturally
grouped according to the physical and medical properties of
their principal conslituents, beginning with simple bodies
like cellulin, gum, ete, and progressing to the most highly
organized alkaloids, ete,

Part V is devoted to Extemporaneous Pharmacy. Care
has been taken to treat of the practice which would be best
adapted for the needs of the many pharmacists who conduct
operations upon a moderate scale, rather than for those of
the few who manage very large establishments, In this, as
well as in other parts of the work, operations are illustrated
which are conducted by manufacturing pharmacista,

Part VI contains a formulary of Pharmaceutical Prepara-
tions which have not heen recognized by the Pharmacopoeia.
The recipes selected are chiefly those which have hieen here-
tofore rather difficult of access to most pharmacists, yet such
as are likely to be in request. Many private formulas are
embraced in the collection; and such of the preparations of
the old Pharmacopoeias as have not been included in the
new edition, but are still in use, have been inserted.

In conclusion, the author ventures to express the hope
that the work will prove an efficient belp to the pharmaceu-
tical student as well as to the pharmacist and the physician.,
Although the labor has been mainly performed amidst the
harassing cares of active professional duties, and perfection
is known to be unattainable, no pains have been spared to
discover and correct errors and owmissions in the text. The
aulhor’s warmest acknowledgments, are tendered to Mr AB
Taylor, Mr Joseph MeCreery, and Mr Geerge M Smith for
their valuable assistance in revising the proof sheets, and to
the latter especially for his work on the index. The outline
llustrations, by Mr Jobn Collins, were drawn either from the
actual objects or from photographs taken by the author.

Philadelphia, October, 1885 JPR,

xii
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Preface to the Eighteenth Edition

In anticipation of setting forth this Prefoce and prior to
gathering thoughts on paper {or more accurately, the word
processorl), this Editor paused to reread the preface to the
first edition of Remington, published in 1885, Since it ap-
pears on the preceding page of this book it is recommended
highly. The first paragraph would he just as suitable today
as penned by Professor Remington 105 years ago.

Each decade transcends the previous one and the pharma-
ceutical and health sciences are not laggards, Lvery revi-
sion of Remington has encompassed new viewpoints, ideas,
doctrines or principles which, perhaps, were inconceivable
for the previous edition. It is a tribute to the authors and
editors that they have kept abreast of the burgeoning litera-
ture in their respective fields of expertise,

Change not withstanding, the organization of this edition
is similar to its immediate predecessors, being divided into 9
Parts, each subdivided into several chapters. Every chapler
has been culled, revised and rewritten to update the material
presented.

Two new chapters are evident; Biotechnology and Drugs
(Chapter 74) and Drug Educetion (Chapter 99). Three
chapters of the previous edition, which embraced Interfacial
and Particle Phenomena and Colloida! and Coarse Dispar-
sions have been winnowed and combined into a single chap-
ter entitled, Disperse Systems (Chapter 19},

The current revision containg an additional 21 pages. A
large amount of space {about 19 pages) gleaned from the
review and condensation process, coupled with the extra
pages, have been devoted primarily to expanding the con-
tents of Part 6, Pharmaceutical and Medicinal Agenis and
Part 9, Pharmaceutical Practice.

Excessive duplication of text is the bane of any editor
dealing with a multitude of authors, While some duplica-
tion in the discussion of rudimentary concepts is beneficial,
there has been a special effort to cross-reference and elimi-
nate unnecessary repetition. Space is at such a premium
that it is hoped the reader will not be offended by being
diverted to a different gection of the text in order to obtain
supplementary information.

Photographs which depicted the typical “black box™ have
heen eliminated almost completely and replaced by line
drawings or schematic diagrams which are instructive rather
than picturesque.

Most of the drug monographs have been revamped not
only a8 a means of updating, but to gain a degree of uniformi-
ty. All structural formulas are now in the standard USAN
form. Duplication of chemical names has been minimized
and the inclusion of trade names increased. No attempt has
been made to ferret out every trade name by which a preduct
is known, and only the most common are mentioned. The
standard format for the major monographs is: Official
Name, chemical name (CAS—inverted), trade name(s) and
manufacturer{s), structural formula, CAS (Chemical Ab-
stracts System) registry numher (in brackets), molecular
formula and formula weight {in parenthesis)., This is fol-
lowed by the method of preparation (or a reference if the
method is lengthy), physical description, solubility, uses,
dose and dosage forms.

The number of authors remains at 97, however, 36 new
authors have joined as contributors to Remington. As the
credentials of the new authors touch upon many areas of
pharmacy, every section of the book has been invigorated by
the incorporation of updated and fresh concepts.

As one primarily responsible for the production of a com-

prehensive text devoted Lo the science and practice of phar-
nacy, the wisdom of Dir ¥xic Martin, editor of the 13ih
Sdition, in creating an Ediorial Board to share the enor-
mous burden, has been evident constantly. FEach of the
section editors labored diligently to comply with the logistics
of maintaining a smooth flow of manuscripts and proofs,
Also, each section editor doubled as an author or coauthor of
one or more chapters. I would be remiss not to extend
special mention to this group of dedicated people,

Four memhers of the Iditorial Board are serving for the
first, time after having been authors for several editions, Dr
Ara DerMarderosian of PCP&S, Editor for Part 1; Dr Daniel
Hussar, also of PCP&S, Part 9; Dr Edward Rippie of the
University of Minnesota, I*art 2; and Dy Joseph Schwartz of
PCP&S, Part 8, IBach of the new members literally “jumped
into the fray,” gave much of their precious time and have
become “blooded” members of the staff.

The stalwarts of the Editorial Board surviving the trihula-
tions of one or more previous editions of this work demand
singular attention. Dr Grafton Chase of PCP&S for Part 5,
Radioisotopes in Pharmacy & Medicine; Dr Thomas Med-
wick of Rulgers University for Part 3, Pharmacentical
Chemistry and Part 4, Testing and Analysis; and Dr Gilbert
Zink of PCP&S for Part 7, Biologicel Products,

Two dauntless, prelific contributors claim special recogni-
tion, Drs Stewart Harvey and Ewart Swinyard, both of the
University of Utah, have served on the Editorial Board for
twenty and twenty-five years respectively, They bear the
burden of Part 6, Pharmaceutical & Medicinal Agents,
which comprises over one-third of the book. Their diligence
and meticulous attention to detail has eased the task of this
IEditor, Qur relationship over the past several decades has
heen one of exceptional pleasure.

The Mack Publishing Company, through Messers Paul
Mack and David Palmer, continues its unrelenting support,
which has endured through many, many editions of this
publication. Special commendation must be extended to
Ms Nancy Smolock, of the Mack organization, as she was the
person who interfaced with the Jiditorial Board. She was
competent, cooperative and much too tolerant of the many
requests made of her.

Aswith any publication a few of the editorial stalf bear the
hrunt, of the unglamorous, but absolutely essential, chores
associated with the production of this voluminous tome. It
mandates a close working relationship and, at times, re-
straint and concession to sustain the harmony necessary to
function efficiently. One often encounters the aphorism
usually attributed to administrators, “When three managers
meet to discuss a problem there arise four points-of-view.”
Fortunately, this dilemma did not surface in the association
of this Editor with Mr John Hoover and Ms Bonnie Packer,

After shepherding this publication through four editions,
the Twelfth to Fifteenth, following a short hiatus for the
Sixteenth, Mr Hoover returned in a lesser capacity with the
Seventeenth revision. With the current edition he reas-
sumes the role of Managing IEditor and his experience in
pharmacy, journaiism and the publishing business, have
provided the capabilities needed to iranslate a disarranged
manuscript into a format acceptable hy the publisher and
pleasing to the reader.

Ms Packer accepted the assignment of scrutinizing every
word of text in the proof stages. Combining her skills in the
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health and social sciences, she assumed the charge of reading
primarily for comprehension and clarity of presentation,
while concurrently uncovering typographical, spelling and
grammatical exrrors which, although unpardonable, are ever-
present. As a consequence of her deliberations, passages
were often rephrased and refined to poriray a concept from
the viewpoint of the student, for whom this work primarily is
directed.

tonee of Ms Packer. Much use was made of the computer in
ensuring that a complete, practical and useful index was
created. 1t is the opinion of this Editor that a major weak-
ness encountered in most reference books is a perfunctory,
casual index which amounts to little more than an expanded
table of contents. Users of the index of this book will find it
“friendly.”

The Index was developed by Mr Hoover, with the assis-  Philadelphia, February, 1990 ARG
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Interfacial Phenomena

Very often it is desirable or necessary in the development
of pharmaceutical dosage forms to produce multiphasic dis-
persions by mixing together two or more ingredients which
are not mutually miscible and capable of forming homoge-
neous solutions. Examples of such dispersions include sus-
pensions (solid in liquid), emulsions (liquid in liquid) and
foams (vapor in liquids). Because these systems are not
homogeneous and thermodynamically stable, over time they
will show some tendency to separate on standing to produce
the minimum possible surface area of contact between
phases. Thus, suspended particles agglomerate and sedi-
ment, emulsified droplets cream and coalesce and the bub-
bles dispersed in foams collapse, to produce unstable and
nonuniform dosage forms. In this chapter the fundamental
physical chemical properties of dispersed systems will be
discussed, along with the principles of interfacial and colloi-
dal physics and chemistry which underly these properties.

Interfacial Forces and Energetics

In the bulk portion of each phase, molecules are attracted
to each other equally in all directions, such that no resultant
farces are acting on any one molecule. The strength of these
fgrc\?s determines whether a substance exists as a vapor,
liquid or solid at a particular temperature and pressure.

At the boundary between phases, however, molecules are
acted upon unequally since they are in contact with other
molecules exhibiting different forces of attraction. For ex-
ample, the primary intermolecular forces in water are due to
hydrogen bonds, whereas those responsible for intermolecu-

ar bonding in hydrocarbon liquids, such as mineral oil, are
due to London dispersion forces.

.Because of this, molecules situated at the interface con-
:ain Potential forces of interaction which are not satisfied
€lative to the situation in each bulk phase. In liquid sys-
ﬁms such unbalanced forces can be satisfied by spontaneous
pl?Vement _of molecules from the interface into the bulk
imZS(;- This leaw_as fewer molecul.es per unit area at the
actur ace (greater intermolecular distance) and reduces the

contact area hetween dissimilar molecules.
1y attempt to reverse this process by increasing the area

of - L .
contact hetween phases, ie, bringing more molecules into

behave as though it is under a tension everywhere in a tan-
gential direction. The force of this tension per unit length
of interface generally is called the interfacial tension, except
when dealing with the air-liquid interface, where the terms
surface and surface tension are used.

To illustrate the presence of a tension in the interface,
consider an experiment where a circular metal frame, with a
looped piece of thread loosely tied to it, is dipped into a
liquid. When removed and exposed to the air, a film of
liquid will be stretched entirely across the circular frame, as
when one uses such a frame to blow soap bubbles. Under
these conditions (Fig 19-14), the thread will remain col-
lapsed. If now a heated needle is used to puncture and
remove the liquid film from within the loop (Fig 19-1B), the
loop will stretch spontaneously into a circular shape.

The result of this experiment demonstrates the spontane-
ous reduction of interfacial contact between air and the
liquid remaining and, indeed, that a tension causing the loop
to remain extended exists parallel to the interface. The
circular shape of the loop indicates that the tension in the
plane of the interface exists at right angles or normal to every
part of the looped thread. The total force on the entire loop
divided by the circumference of the circle, therefore, repre-
sents the tension per unit distance of surface, or the surface
tension.

Just as work is required to extend a spring under tension,
work should be required to reverse the process seen in Figs
19-1A and B, thus bringing more molecules to the interface.
This may be seen quantitatively by considering an experi-
ment where tension and work may be measured directly.
Assume that we have a rectangular wire with one movable
side (Fig 19-2). Assume further that by dipping this wire
into a liquid, a film of liquid will form within the frame when
it is removed and exposed to the air. As seen earlier in Fig
19-1, since it comes in contact with air, the liquid surface will
tend to contract with a force, F, as molecules leave the
surface for the bulk. To keep the movable side in equilibri-
um, an equal force must be applied to oppose this tension in
the surface. We then may define the surface tension, v, of
the liquid as F/2!, where 2! is the distance of surface over
which Fis operating (2! since there are two surfaces, top and
bottom). If the surface is expanded by a very small dis-
tance, Ax, one can then estimate that the work done is

the i . R

€ Interface, causes the interface to resist expansion and to W = FAx (1)

D .
Sch;g tZOgr afi authored the section on Interfacial Phenomena. Dr  and therefore
authoy, ;uthored the section on Colloidal Dispersions. Dr Swarbrick

©d the section on Particle Phenomena and Coarse Dispersions. W = y2lax (2)
257
HALOBET0019599

Padagis Ex. 1045
IPR Petition - USP 11,311,482



258 CHAPTER 19
. c
Fig 18-1. A circular wire frame with a loop of thread logsely tied to

it: (A) a liquid film on the wire frame with a loop in it; (B) the film
inside the loop is broken.!

‘\\\ ~Jq

\\\
\

R \\
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Fig 19-2. A movable wire frame containing a film of liquid being
expanded with a force, F.

Since
AA = 2lAx (3)

where AA is the change in area due to the expansion of the
surface, we may conclude that

W =qvyAA (4)

Thus, the work required to create a unit area of surface,
known as the surface free energy/unit area, is equivalent to
the surface tension of a liquid system, and the greater the
area of interfacial contact between phases, the greater the
free-energy increase for the total system. Since a prime
requisite for equilibrium is that the free energy of a system
be at a minimum, it is not surprising to observe that phases
in contact tend to reduce area of contact spontaneously.

Liquids, being mobile, may assume spherical shapes
{smallest interfacial area for a given volume), as when eject-
ed from an orifice into air or when dispersed into another
immiscible liquid. If a large number of drops are formed,
further reduction in area can occur by having the drops
coalesce, as when a foam collapses or when the liquid phases
making up an emulsion separate.

Surface tension is expressed in units of dynes/cm, while
surface free energy is expressed in ergs/cm?.  Since an erg is
a dyne-cm, both sets of units are equivalent.

Values for the surface tension of a variety of liquids are
given in Table I, while interfacial tension values for various
liquids against water are given in Table II. Other combina-
tions of immiscible phases could be given but most heteroge-
neous systems encountered in pharmacy usually contain wa-
ter. Values for these tensions are expressed for a particular
temperature. Since an increased temperature increases the
thermal energy of molecules, the work required to bring
molecules to the interface should be less, and thus the sur-
face and interfacial tension will be reduced. For example,
the surface tension of water at 0° is 76.5 dynes/cm and 63.5
dynes/cm at 75°.

As would be expected from the discussion so far, the rela-
tive values for surface tension should reflect the nature of
intermolecular forces present; hence, the relatively large val-
ues for mercury (metallic bonds) and water (hydrogen
bonds), and the lower values for benzene, chloroform, carbon
tetrachloride and the n-alkanes. Benzene with = electrons

Table I—Surface Tension of Various Liquids at 20°

Surface tension,

Substance dynes/cm
Mercury 476
Water 72.8
Glycerin 63.4
Oleic acid 32.5
Benzene 28.9
Chloroform 271
Carbon tetrachloride 26.8
1-Octanol 26.5
Hexadecane 27.4
Dodecane 25.4
Decane 23.9
Octane 21.8
Heptane 19.7
Hexane 18.0
Perfluoroheptane 11.0
Nitrogen (at 75°K) 9.4

Table li—Interfacial Tension of Various Liquids against
Water at 20°

Intertacial tension,

Substance dynes/cm
Decane 52.3
Octane 51.7
Hexane 50.8
Carbon tetrachloride 45.0
Chloroform 32.8
Benzene 35.0
Mercury 428
Oleic acid 15.6
1-Octanol 8.51

exhibits a higher surface tension than the alkanes of compa-
rable molecular weight, but increasing the molecular weight
of the alkanes (and hence intermolecular attraction) in-
creases their surface tension closer to that of benzene. The
lower values for the more nonpolar substances, perfluoro-
heptane and liquid nitrogen, demonstrate this point even
more strongly.

Values of interfacial tension should reflect the differences
in chemical structure of the two phases involved; the greater
the tendency to interact, the less the interfacial tension.
The 20-dynes/cm difference between air-water tension and
that at the octane-water interface reflects the small but
significant interaction between octane molecules and water
molecules at the interface. This is seen also in Table II, by
comparing values for octane and octanol, oleic acid and the
alkanes, or chloroform and carbon tetrachloride.

In each case the presence of chemical groups capable of
hydrogen bonding with water markedly reduces the interfa-
cial tension, presumably by satisfying the unbalanced forces
at the interface. These observations strongly suggest that
molecules at an interface arrange themselves or orient so as
to minimize differences between bulk phases.

That this occurs even at the air-liquid interface is seen
when one notes the relatively low surface-tension values of
very different chemical structures such as the n-alkanes,
octanol, oleic acid, benzene and chloroform. Presumably, in
each case, the similar nonpolar groups are oriented toward
the air with any polar groups oriented away toward the bulk
phase. This tendency for molecules to orient at an interface
is a basic factor in interfacial phenomena and will be dis-
cussed more fully in succeeding sections.

Solid substances such as metals, metal oxides, silicates
and salts, all containing polar groups exposed at their sur-
face, may be classified as high-energy solids, whereas nonpo-
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Fig 19-3. Adipic acid crystal showing various faces.?

Table lii—Values of v, for Solids of Varying Polarity

Solid ¥sv (dynes/cm)
Teflon 19.0
Paraffin 25.5
Polyethylene 37.6
Polymethyl methacrylate 454
Nylon 50.8
Indomethacin 61.8
Griseofulvin 62.2
Hydrocortisone 68.7
Sodium Chloride 155
Copper 1300

lar solids such as carbon, sulfur, glyceryl tristearate, polyeth-
ylene and polytetrafluoroethylene (Teflon) may be classi-
fied as low-energy solids. It is of interest to measure the
surface free energy of solids; however, the lack of mobility of
molecules at the surface of solids prevents the observation
and direct measurement of a surface tension. It is possible
to measure the work required to create new solid surface by
cleaving a crystal and measuring the work involved. How-
ever, this work not only represents free energy due to ex-
posed groups but also takes into account the mechanical
energy associated with the crystal (ie, plastic and elastic
deformation and strain energies due to crystal structure and
imperfections in that structure).

Also contributing to the complexity of a solid surface is the
heterogeneous behavior due to the exposure of different
crystal faces, each having a different surface free energy/unit
area. For example, adipic acid, HOOC(CH,),COOH, crys-
tallizes from water as thin hexagonal plates with three dif-
ferent faces, as shown in Fig 19-3. Each unit cell of such a
crystal contains adipic acid molecules oriented such that the
hexagonal planes (faces) contain exposed carboxyl groups,
while the sides and edges (A and B faces) represent the side
view of the carboxyl and alkyl groups, and thus are quite
nonpolar. Indeed, interactions involving these different
faces reflect the differing surface free energies.?

Other complexities associated with solid surfaces include
surface roughness, porosity and the defects and contamina-
tion produced during a recrystallization or comminution of
the solid. In view of all these complications, surface free
energy values for solids, when reported, should be regarded
as average values, often dependent on the method used and
not necessarily the same for other samples of the same sub-
stance.

In Table III are listed some approximate average values of
s for a variety of solids, ranging in polarity from Teflon to
copper, obtained by various indirect techniques.

Adhesional and Cohesional Forces

Of prime importance to those dealing with heterogeneous
Systems is the question of how two phases will behave when
brought in contact with each other. It is well known, for
instance, that some liquids, when placed in contact with
other liquid or solid surfaces, will remain retracted in the
form of a drop (known as a lens), while other liquids may
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exhibit a tendency to spread and cover the surface of this
liquid or solid.

Based upon concepts developed to this point, it is appar-
ent that the individual phases will exhibit a tendency to
minimize the area of contact with other phases, thus leading
to phase separation. On the other hand, the tendency for
interaction between molecules at the new interface will off-
set this to some extent and give rise to the spontaneous
spreading of one substance over the other.

In essence, therefore, phase affinity is increased as the
forces of attraction between different phases (adhesional
forces) become greater than the forces of attraction between
molecules of the same phase (cohesional forces). If these
adhesional forces become great enough, miscibility will oc-
cur and the interface will disappear. The present discussion
is concerned only with systems of limited phase affinity,
where an interface still exists.

A convenient approach used to express these forces quan-
titatively involves the use of the terms work of adhesion and
work of cohesion.

The work of adhesion, W,, is defined as the energy per cm?
required to separate two phases at their boundary and is
equal but opposite in sign to the free energy/cm? released
when the interface is formed. In an analogous manner the
work of cohesion for a pure substance, W,, is the work/cm?
required to produce two new surfaces, as when separating
different phases, but now both surfaces contain the same
molecules. This is equal and opposite in sign to the free
energy/cm? released when the same two pure liguid surfaces
are brought together and eliminated.

By convention, when the work of adhesion between two
substances, A and B, exceeds the work of cohesion for one
substance, eg, B, spontaneous spreading of B over the sur-
face of A should occur with a net loss of free energy equal to
the difference between W, and W.. If W, exceeds W,, no
spontaneous spreading of B over A can occur. The differ-
ence between W, and W, is known as the spreading coeffi-
cient, S; only when S is positive will spreading occur.

The values for W, and W, (and hence S) may be expressed
in terms of surface and interfacial tensions, when one con-
siders that upon separation of two phases, A and B, v4p ergs
of interfacial free energy/cm? (interfacial tension) are lost,
but that y4 and vp ergs/cm? of energy (surface tensions of A
and B) are gained; upon separation of bulk phase molecules
in an analogous manner, 2v 4 or 2vyp ergs/cm? will be gained.
Thus

We=v4a+tv8=van (5)
and
W, =2y, or2yp (6)
For B spreading on the surface of A, therefore
Sp=vat+Ys—var~ 2v8 (7
or
Sp=v4—(vp+vap) (8)

Utilizing Eq 8 and values of surface and interfacial tension
given in Tables I and II, S can be calculated for three repre-
sentative substances—decane, benzene, and oleic acid—on
water at 20°.

Decane: S =728 - (239 + 52.3) =—3.4
Benzene: S =72.8—~(28.9 + 35.0) = 89
Oleic acid: S = 72.8 — (32.5 + 15.6) = 24.7

As expected, relatively nonpolar substances such as decane
exhibit negative values of S, whereas the more polar materi-
als yield positive values; the greater the polarity of the mole-
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cule, the more positive the value of S. The importance of
the cohesive energy of the spreading liquid may be noted
also by comparing the spreading coefficients for hexane on
water and water on hexane:

Spw=T728-(180+508) = 40

Sy = 180 — (72.8 + 50.8) = —105.6

Here, despite the fact that both liquids are the same, the
high cohesion and air-liquid tension of water prevents
spreading on the low-energy hexane surface, while the very
low value for hexane allows spreading on the water surface.
This also is seen when comparing the positive spreading
coefficient of hexane to the negative value for decane on
water.

To see whether spreading does or does not occur, a powder
such as talc or charcoal can be sprinkled over the surface of
water such that it floats; then, a drop of each liquid is placed
on this surface. As predicted, decane will remain as an
intact drop, while hexane, benzene and oleic acid will spread
out, as shown by the rapid movement of solid particles away
from the point where the liquid drop was placed originally.

An apparent contradiction to these observations may be
noted for hexane, benzene and oleic acid when more of each
substance is added, in that lenses now appear to form even
though initial spreading occurred. Thus, in effect a sub-
stance does not appear to spread over itself.

It is now established that the spreading substance forms a
monomolecular film which creates a new surface having a
lower surface free energy than pure water. This arises be-
cause of the apparent orientation of the molecules in such a
film so that their most hydrophobic portion is oriented to-
wards the spreading phase. [t is the lack of affinity between
this exposed portion of the spread molecules and the polar
portion of the remaining molecules which prevents further
spreading.

This may be seen by calculating a final spreading coeffi-
cient where the new surface tension of water plus monomo-
lecular film is used. For example, the presence of benzene
reduces the surface tension of water to 62.2 dynes/cm so that
the final spreading coefficient, Sg, is

Sp=62.2~- (289 + 35.0) = -1.7

The lack of spreading exhibited by oleic acid should be
reflected in an even more negative final spreading coeffi-
cient, since the very polar carboxyl groups should have very
little affinity for the exposed alkyl chain of the oleic acid
film. Spreading so as to form a second layer with polar
groups exposed to the air would also seem very unlikely, thus
leading to the formation of a lens.

Wetting Phenomena

In the experiment described above it was shown that talc
or charcoal sprinkled onto the surface of water float despite
the fact that their densities are much greater than that of
water. In order for immersion of the solid to occur, the
liquid must displace air and spread over the surface of the
solid; when liquids cannot spread over a solid surface spon-
taneously, and, therefore, S, the spreading coefficient, is
negative, we say that the solid is not wetted.

An important parameter which reflects the degree of wet-
ting is the angle which the liquid makes with the solid sur-
face at the point of contact (Fig 19-4). By convention, when
wetting is complete, the contact angle is zero; in nonwetting
situations it theoretically can increase to a value of 180°,
where a spherical droplet makes contact with solid at only
one point.

VAPOR

LIQUID
v

Fig 19-4. Forces acting on a nonwetting liquid drop exhibiting a
contact angle of .3

In order to express contact angle in terms of solid-liquid-
air equilibria, one can balance forces parallel to the solid
surface at the point of contact between all three phases (Fig
19-4), as expressed in

Ysv = vs. + vLycost 9)

where vsv, vsz, and yLv represent the surface free ener-
gy/unit area of the solid-air, solid-liquid, and liquid-air
interfaces, respectively. Although difficult to use quantita-
tively because of uncertainties with ysv and ys; measure-
ments, conceptually the equation, known as the Young
equation, is useful because it shows that the loss of free
energy due to elimination of the air-solid interface by wet-
ting is offset by the increased solid-liquid and liquid-air
area of contact as the drop spreads out.

The vy cos 8 term arises as the horizontal vectorial com-
ponent of the force acting along the surface of the drop, as
represented by y.v. Factors tending to reduce v,y and vsy,
therefore, will favor wetting, while the greater the value of
vsv the greater the chance for wetting to occur. This is seen
in Table IV for the wetting of a low-energy surface, paraffin
(bydrocarbon), and a higher energy surface, nylon, (polyhex-
amethylene adipamide). Here, the lower the surface ten-
sion of a liquid, the smaller the contact angle on a given solid,
and the more polar the solid, the smaller the contact angle
with the same liquid.

With Eq 9 in mind and looking at Fig 19-5, it is now
possible to understand how the forces acting at the solid-

Table IV—Contact Angle on Paraffin and Nylon for Various
Liquids of Differing Surface Tension

Surface tenston, Contact angle
Substance dynes/cm Paratfin Nylon
Water 72.8 105° 70°
Glycerin 63.4 96° 60°
Formamide 58.2 91° 50°
Methylene iodide 50.8 66° 41°
a-Bromonaphthalene 44.6 47° 16°
tert-Butylnaphthalene 33.7 38° spreads
Benzene 28.9 24° “
Dodecane 25.4 17° «“
Decane 23.9 7° "
Nonane 22.9 spreads “
ygy  VAPOR
YLy
LID
) o
7
SL Liouo
Fig 19-5. Forces acting on a nonwettable solid at the air+iiquid+s0-

lid interface: contact angle 8 greater than 90°.
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Table V—Critical Surface Tenslons of Various Polymeric

Solids
’YC!
Polymeric Solid Dynes/cm at 20°
Polymethacrylic ester of ¢’-octanol 10.6
Polyhexafluoropropylene 16.2
Polytetrafluoroethylene 18.5
Polytrifluoroethylene 22
Poly(vinylidene fluoride) 25
Poly(vinyl fluoride) 28
Polyethylene 31
Polytrifluorochloroethylene 31
Polystyrene 33
Poly(vinyl alcohol) 37
Poly(methyl methacrylate) 39
Poly(viny! chloride) 39
Poly(vinylidene chloride) 40
Poly(ethylene terephthalate) 43
Poly(hexamethylene adipamide) 46

liquid-air interface can cause a dense nonwetted solid to
float if yg;, and vy are large enough relative to ygy.

The significance of reducing vy was first developed em-
pirically by Zisman when he plotted cos # vs the surface
tension of a series of liquids and found that a linear relation-
ship, dependent on the solid, was obtained. When such
plots are extrapolated to cos 6 equal to one or a zero contact
angle, a value of surface tension required to just cause com-
plete wetting is obtained. Doing this for a number of solids,
it was shown that this surface tension (known as the critical
surface tension, v.) parallels expected solid surface energy
vsv; the lower vy, the more nonpolar the surface.

Table V indicates some of these v, values for different
surface groups, indicating such a trend. Thus, water with a
surface tension of about 72 dynes/cm will not wet polyethyl-
ene (v, = 31 dynes/cm), but heptane with a surface tension
of about 20 dynes/cm will. Likewise, Teflon (polytetrafluo-
roethylene) (v, = 19) is not wetted by heptane but is wetted
by perfluoroheptane with a surface tension of 11 dynes/cm.

One complication associated with the wetting of high-
energy surfaces is the lack of wetting after the initial forma-
tion of a monomolecular film by the spreading substance.
As in the case of oleic acid spreading on the surface of water,
the remaining liquid retracts because of the low-energy sur-
face produced by the oriented film. This phenomenon, of-
ten called autophobic behavior, is an important factor in
many systems of pharmaceutical interest since many solids,
expected to be wetted easily by water, may be rendered
hydrophobic if other molecules dissolved in the water can
form these monomolecular films at the solid surface.

Capillarity

Because water shows a strong tendency to spread out over
a polar surface such as clean glass (contact angle 0°), one
would expect to observe the meniscus which forms when
water is contained in a glass vessel such as a pipet or buret.
This behavior is accentuated dramatically if a fine-bore cap-
illary tube is placed into the liquid (Fig 19-6); not only will
the wetting of the glass produce a more highly curved menis-
cus, but the level of the liquid in the tube will be appreciably
higher than the level of the water in the beaker.

The spontaneous movement of a liquid into a capillary or
Narrow tube due to surface forces is defined as capillarity
and is responsible for a number of important processes in-
Volving the penetration of liquids into porous solids. In
Contrast to water in contact with glass, if the same capillary
1s placed into mercury (contact angle on glass: 130°), not
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Fig 18-7. Capillary fall for a liquid exhibiting a contact angle, 4,
which is greater than 90°."

only will the meniscus be inverted (see Fig 19-7), but the
level of the mercury in the capillary will be lower than in the
beaker. In this case one does not expect mercury or other
nonwetting liquids to easily penetrate pores unless external
forces are applied.

To quantitate the factors giving rise to the phenomenon of
capillarity, let us consider the case of a liquid which rises to a
height, h, above the bulk liquid in a capillary having a radius,
r. If (as shown in Fig 19-6) the contact angle of water on
glass is zero, a force, F, will act upward and vertically along
the circle of liquid—glass contact. Based upon the definition
of surface tension this force will be equal to the surface
tension, v, multiplied by the circumference of the circle, 2xr.
Thus

F = v2xr (10)

This force upward must support the column of water, and
since the mass, m, of the column is equal to the density, d,
multiplied by the volume of the column, rr2h, the force W
opposing the movement upward will be

W = mg = nridgh (11)

where g is the gravity constant.
Equating the two forces at equilibrium gives

rldgh = y2nr (12)
so that
2y
h = 13
rdg (13)

Thus, the greater the surface tension and the finer the capil-
lary radius, the greater the rise of liquid in the capillary.

If the contact angle of liquid is not zero (as shown in Fig
19-8), the same relationship may be developed, except the

F %F

Fig 19-8. Capillary rise for a liquid exhibiting a contact angle, 6,
which is greater than zero but less than 90°."
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vertical component of F which opposes the weight of the
column is F cos 8 and, therefore

~ 2ycos [/

4
rdg (14

This indicates the very important fact that if 8 is less than
90°, but greater than 0°, the value of h will decrease with
increasing contact angle until at 90° (cos # = 0), h = 0.
Above 90°, values of h will be negative, as indicated in Fig
19-7 for mercury. Thus, based on these equations we may
conclude that capillarity will occur spontaneously in a cylin-
drical pore even if the contact angle is greater than zero, but
it will not occur at all if the contact angle becomes 90° or
more. In solids with irregularly shaped pores the relation-
ships between parameters in Eq 14 will be the same, but they
will be more difficult to quantitate because of nonuniform
changes in pore radius throughout the porous structure.

Pressure Differences across Curved Surfaces

From the preceding discussion of capillarity another im-
portant concept follows. In order for the liquid in a capil-
lary to rise spontaneously it must develop a higher pressure
than the lower level of the liquid in the beaker. However,
since the system is open to the atmosphere, both surfaces are
in equilibrium with the atmospheric pressure. In order to
be raised above the level of liquid in the beaker and produce
a hydrostatic pressure equal to hgd, the pressure just below
the liquid meniscus, in the capillary, P;, must be less than
that just below the flat liquid surface, Py, by hgd, and there-
fore

Py~ P, = hgd (15)
Since, according to Eq 14
_ 2y cosd
red
then
P,—P = 2ycos§ (16)

r
For a contact angle of zero, where the radius of the capillary
is the radius of the hemisphere making up the meniscus,

2y
PO_Pl:T

(17)

The consequences of this relationship (known as the Laplace
equation) are important for any curved surface when r be-
comes very small and v is relatively significant. For exam-
ple, a spherical droplet of air formed in a bulk liquid and
having a radius, r, will have a greater pressure on the inner
concave surface than on the convex side, as expressed in Eq
17.

Another direct consequence of what Eq 17 expresses is the
fact that very small droplets of liquid, having highly curved
surfaces, will exhibit a higher vapor pressure, P, than that
observed over a flat surface of the same liquid at . The
equation (Eq. 18) expressing the ratio of P/P to droplet
radius, r, and surface tension, v, is called the Kelvin equa-
tion where

2yvM
2.303RTpr

and M is the molecular weight, R the gas constant in ergs per
mole per degree, T is temperature and p is the density in
g/em3. Values for the ratio of vapor pressures are given in
Table VI for water droplets of varying size. Such ratios
indicate why it is possible for very fine water droplets in

log P/P’ = (18)

Table Vi—Ratlo of Observed Vapor Pressure to Expected
Vapor Pressure of Water at 25° with Varying Droplet Size

PP Droplet size, um
1.001 1

1.01 0.1

1.1 0.01

2.0 0.005

3.0 0.001

4.2 0.00085
5.2 0.00060

2 P is the observed vapor pressure and P’ 1s the expected value for “bulk"
water.

clouds to remain uncondensed despite their close proximity
to one another.

This samé behavior may be seen when measuring the
solubility of very fine solid particles since both vapor pres-
sure and solubility are measures of the escaping tendency of
molecules from a surface. Indeed, the equilibrium solubili-
ty of extremely small particles has been shown to be greater
than the usual value noted for coarser particles; the greater
the surface energy and smaller the particles, the greater this
effect.

Adsorption

Vapor Adsorption on Solid Surfaces

It was suggested earlier that a high surface or interfacial
free energy may exist at a solid surface if the unbalanced
forces at the surface and the area of exposed groups are quite
great.

Substances such as metals, metal oxides, silicates, and
salts—all containing exposed polar groups—may be classi-
fied as high-energy or hydrophilic solids; nonpolar solids
such as carbon, sulfur, polyethylene, or Teflon (polytetraflu-
oroethylene) may be classified as low-energy or hydrophobic
solids (Table ITI). Whereas liquids satisfy their unbalanced
surface forces by changes in shape, pure solids (which exhib-
it negligible surface mobility) must rely on reaction with
molecules either in the vapor state or in a solution which
comes in contact with the solid surface to accomplish this.

Vapor adsorption is the simplest model demonstrating
how solids reduce their surface free energy in this manner.

Depending on the chemical nature of the adsorbent (solid)
and the adsorbate (vapor), the strength of interaction be-
tween the two species may vary from strong specific chemi-
cal bonding to interactions produced by the weaker more
nonspecific London dispersion forces. Ordinarily, these lat-
ter forces are those responsible for the condensation of rela-
tively nonpolar substances such as Ny, O3, CO; or hydrocar-
bons.

When chemical reaction occurs, the process is called che-
misorption; when dispersion forces predominate, the term
physisorption is used. Physisorption occurs at tempera-
tures approaching the liquefaction temperature of the va-
por, whereas, for chemisorption, temperatures depend on
the particular reaction involved. Water-vapor adsorption
to various polar solids can occur at room temperature
through hydrogen-bonding, with binding energies interme-
diate to physisorption and chemisorption.

In order to study the adsorption of vapors onto solid sur-
faces one must measure the amount of gas adsorbed/unit
area or unit mass of solid, at different pressures of gas.
Since such studies usually are conducted at constant tem-
perature, plots of volume adsorbed vs pressure are referred
to as adsorption isotherms. If the physical or chemical
adsorption process is monomolecular, the adsorption iso-
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Fig 19-9  Adsorption isotherms for ammonia on charcoal.*

therm should look like those shown in Fig 19-9. Note the
significant increase in adsorption with increasing pressure,
followed by a leveling off. This leveling off is due either to a
saturation of available specific chemical groups, as in chemi-
sorption, or to the entire available surface being covered by
physically adsorbed molecules. Note also the reduction in
adsorption with increasing temperature which occurs be-
cause the adsorption process is exothermic. Often in the
case of physical adsorption at low temperatures, after ad-
sorption levels off, a marked increase in adsorption occurs,
presumably due to multilayered adsorption. In this case
vapor molecules essentially condense upon themselves as
the liquefaction pressure of the vapor is approached. Figure
19-10 illustrates one type of isotherm generally seen with
multilayered physisorption.

In order to have some quantitative understanding of the
adsorption process and to be able to compare different sys-
tems, two factors must be evaluated; it is important to know
what the capacity of the solid is or what the maximum
amount of adsorption is under a given set of conditions and
what the affinity of a given substance is for the solid surface
or how readily does it adsorb for a given amount of pressure?
In effect, this second term is the equilibrium constant for the
process.

Adsorbed,

Volume of Vapor

L 1 ‘ i ry

0.2 0.4 [eX ] 0.8 [Xe}
Relative Pressure

Fig 19-10. Typical plot for multilayer physical adsorption of a vapor
on a solid surface.
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A significant development along these lines was intro-
duced by Langmuir when he proposed his theory of mono-
molecular adsorption. He postulated that for adsorption to
occur a solid must contain uniform adsorption sites, each
capable of holding a gas molecule. Molecules colliding with
the surface may bounce off elastically or they may remain in
contact for a period of time. It is this contact over a period
of time that Langmuir termed adsorption.

Two major assumptions were made in deriving the equa-
tion: (1) only those molecules striking an empty site can be
adsorbed, hence, only monomolecular adsorption occurs,
and (2) the forces of interaction between adsorbed molecules
are negligible and, therefore, the probability of a molecule
adsorbing onto or desorbing from any site is independent of
the surrounding sites.

The derivation of the equation is based upon the relation-
ship between the rate of adsorption and desorption, since at
equilibrium the two rates must be equal. Let x equal the
number of molecules striking each sq ¢cm of surface/sec.
From the kinetic theory of gases

= __._p____ 19

“ T GrmeT)” 9

where p is the gas pressure, m is the mass of the molecule, k is

the Boltzmann gas constant, and T is the absolute tempera-

ture. Thus, the greater p, the greater the number of colli-

sions. Let o« equal the fraction of molecules which will be

held by the surface; then au is equal to the rate of adsorption

on the bare surface. However, if 8 is-the fraction of the

surface already covered, the rate of adsorption actually will
be

R, = au(1 - 6) (20)

In a similar manner the rate of molecules leaving the surface
can be expressed as

Ry=+6 @1)

where v is the rate at which molecules can leave the surface
and 4 represents the number of molecules available to de-
sorb. The value of v strongly depends on the energy associ-
ated with adsorption; the greater the binding energy, the
lower the value of v. At equilibrium, R, = R; and

vl = au(l —6) (22)

Isolating the variable term, p, and combining all constants
into k, the equation can be written as

k
o=+ +ka (23)

and, since # may be expressed as
6= & (24)

1%

m

where V, is the volume of gas adsorbed and V,, is the volume
of gas covering all of the sites, Eq. 23 may be written as

_ Vukp
°—1+kp

(25)

A test of fit to this equation can be made by expressing it in
linear form

+-E (26)

The value of k is, in effect, the equilibrium constant and may
be used to compare affinities of different substances for the
solid surface. The value of V,, is valuable since it indicates
the maximum number of sites available for adsorption. In
the case of physisorption the maximum number of sites is

-
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actually the total surface area of the solid and, therefore, the
value of V, can be used to estimate surface area if the
volume and area/molecule of vapor are known.

Since physisorption most often involves some multilay-
ered adsorption, an equation, based on the Langmuir equa-
tion, the B.E.T. equation, is normally used to determine V/,,
and solid surface areas. Equation 27 is the B.E.T. equation:

Vv = V..cp
® {py = p)1 +(C — 1)p/py]

where ¢ is a constant and pg is the vapor pressure of the
adsorbing substance.® The most widely used vapor for this
purpose is nitrogen, which adsorbs nonspecifically on most
solids near its boiling point at —~195° and appears to occupy
about 16 A%/molecule on a solid surface.

27

Adsorption from Solution

By far one of the most important aspects of interfacial
phenomena encountered in pharmaceutical systems is the
tendency for substances dissolved in a liquid to adsorb to
various interfaces. Adsorption from solution is generally
more complex than that from the vapor state because of the
influence of the solvent and any other solutes dissolved in
the solvent. Although such adsorption is generally limited
to one molecular layer, the presence of other molecules often
makes the interpretation of adsorption mechanisms much
more difficult than for chemisorption or physisorption of a
vapor. Since monomolecular adsorption from solution is so
widespread at all interfaces, we will first discuss the nature
of monomolecular films and then return to a discussion of
adsorption from solution.

Insoluble Monomolecular Films

It was suggested above that molecules exhibiting a ten-
dency to spread out at an interface might be expected to
orient so as to reduce the interfacial free energy produced by
the presence of the interface. Direct evidence for molecular
orientation has been obtained from studies dealing with the
spreading on water of insoluble polar substances containing
long hydrocarbon chains, eg, fatty acids.

In the late 19th century Pockels and Rayleigh showed that
a very small amount of olive or castor oil—when placed on
the surface of water—spreads out, as discussed above. If
the amount of material was less than could physically cover
the entire surface only a slight reduction in the surface
tension of water was noted. However, if the surface was
compressed between barriers, as shown in Fig 19-11, the
surface tension was reduced considerably.

Devaux extended the use of this technique by dissolving
small amounts of solid in volatile solvents and dropping the
solution onto a water surface. After assisting the water-
insoluble molecules to spread, the solvent evaporated, leav-
ing a surface film containing a known amount of solute.

Compression and measurement of surface tension indicat-
ed that a maximum reduction of surface was reached when
the number of molecules/unit area was reduced to a value
corresponding to complete coverage of the surface. This
suggested that a monomolecular film forms and that surface

Fig 18-11. Insoluble monomolecular film compressed between a
fixed barrier, B, and 2 movable barrier, A.%

tension is reduced upon compression because contact h
tween air and water is reduced by the presence of the ﬁl&
molecules. Beyond the point of closest packing the fil
apparently collapses very much as a layer of corks floating (:!1
water would be disrupted when laterally compressed bey()ng
the point of initial physical contact.

Using a refined quantitative technique based on theg
studies, Langmuir” spread films of pure fatty acids, alcoholse
and esters on the surface of water. Comparing a Series 0}
saturated fatty acids, differing only in chain length, he founq
that the area/molecule at collapse was independent of chaip
length, corresponding to the cross-sectional area of a mgle.
cule oriented in a vertical position (see Fig 19-11). He fy,.
ther concluded that this molecular orientation involved g
sociation of the polar carboxyl group with the water phage
and the nonpolar acyl chain out towards the vapor phase.

In addition to the evidence for molecular orientatioy
Langmuir’s work with surface films revealed that each syl
stance exhibits film properties which reflect the interactiong
between molecules in the surface film. This is best seen hy
plotting the difference in surface tension of the clean syr.
face, vo, and that of the surface covered with the film, v, vg
the area/molecule, A, produced by film compression (totg]
area + the number of molecules). The difference in surface
tension is called the surface pressure, r, and thus

(28)

Figure 19-12 depicts such a plot for a typical fatty aciq
monomolecular film. At areas greater than 50 A%/molecule
the molecules are far apart and do not cover enough surface
to reduce the surface tension of the clean surface to any
extent and thus the lack of appreciable surface pressure.
Since the molecules in the film are quite free to move lateral-
ly in the surface, they are said to be in a two-dimensional
“gaseous” or “vapor’ state.

As the intermolecular distance is reduced upon compres-
sion, the surface pressure rises because the air-water surface
is being covered to a greater extent. The rate of change in =
with A, however, will depend on the extent of interaction
between film molecules; the greater the rate of change, the
more “condensed” the state of the film.

In Fig 19-12, from 50 A? to 30 A%molecule, the curve
shows a steady increase in , representative of a two-dimen-
sional “liquid” film, where the molecules become more re-
stricted in their freedom of movement because of interac-
tions. Below 30 A%/molecule the increase in = occurs over a
narrow range of A, characteristic of closest packing and a
two-dimensional “solid” film.

Any factor tending to increase polarity or bulkiness of the
molecule—such as increased charge, number of polar
groups, reduction in chain length, or the introduction of

ﬂ'='yo—’y.
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Fig 19-12. A surface pressure-area curve for an insoluble mono-
molecular fitm: Region A, ‘‘gaseous"” film; Region B, “liquid” filM:
Region C, “solid” film; Region D, film collapse
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side chains, and double bonds—should re-

olecular interactions, while the longer the alkyl chain

duce ™ Jess bulky the polar group. the closer the molecules

d tg;maCh and the stronger the extent of interaction in
can &

the film-

ammatic rings,

Soluble Films and Adsorption from Solution

fatty acid exhibits highly “gaseous” film behavior on
Ifa eous surface, we should expect a relatively small
an aqu with A over a considerable range of compression.

Ch‘mgg 1?0: short-chain compounds—eg, lauric acid (12 car-
Indeec, d decanoic acid—not only is the change in = small

b(-)?;)di?:reasing A but at a point just before the expected
Wi

closest pacldng“;;reezi3 the surface pressure becomes constant
w'?? fufr?fzcgg is Eonverted to the laurate ion, or if a shorter
.naacid such as octanoic acid is used, spreading on water
Chfil compression of the surface produces no increase in ;
:}I:e more polar the molecule (hence, the more “gaseous” the
film), the higher the area/molecule where a constant surface
€ QCCUrs.
Pr,e;]i?; behavior may be explaim_ad by assuming that polar
molecules form monomolecular films when spread on water
but that, upon compression, they are caused to entgr the
aqueous bulk solution rather than to remain as an intact
insoluble film. The constant surface pressure with in-
creased compression arises because a constant number of
molecules/unit area remain at the surface in equilibrium
with dissolved molecules. The extent of such behavior will
be greater for substances exhibiting weaker intermolecular
interaction and greater water solubility.

Starting from the other direction, it can be shown that
short-chair acids and alcohols (when dissolved in water)
reduce tne surface tension of water, thus producing a surface
pressure, just as with insoluble films (see Eq 28). That
dissolved molecules are accumulating at the interface in the
form of a monomolecular film is suggested from the similar-
ity in behavior to systems where slightly soluble molecules
are spread on the surface. For example, compressing the
surface of a solution containing “‘surface-active” molecules
has no effect on the initial surface pressure, whereas increas-
ing bulk-solution concentration tends to increase surface
pressure, presumably by shifting the equilibrium between
surface and bulk molecules.

At this point we may ask, why should water-soluble mole-
Cules. leave an aqueous phase and accumulate or “adsorb” at
an air-solution interface? Since any process will occur
Spontaneously if it results in a net loss in free energy, such
must be the case for the process of adsorption.

. A number of factors will produce such a favorable change
i:cfurlee energy. First, the presence of the oriented monomo-
int *t}f film reduces the surface free energy of the air-water
is ; Tface. Second, the hydrophobic group on the molecule
onm a.lower state of energy at the interface, where it no
theg‘:)rullskas surrounded by water molecules, thar} whenitisin
film -solution pl}ase. Increased interaction between
molecules also will contribute to this process.
eca&;th?r reduc‘tio_n in free energy occurs upon adsorptiqn
Water st: the gain in entropy assoqxated with a change in
sl ucture.. Water molecules, in the presence of dis-
ved alkyl chains are more highly organized or “ice-like”
than they ay ghly org,

Sch stron € as a pure bulk phase; hence, the entropy of
. ured water is 10\3ver than that of bulk water.
tufer?(CESS ’(’)f adsorpt19n requires Fhat the “‘ice-like”
N increns melt” as the chains go to the interface and, th.us,
o 'Ilolecule ll(li _the entrppy. of water occurs. .The a_xdsorptlon
Y water s:s issolved in oil can occur hut it is not _mﬂuenced
Mentioned fucture changes and, hence, only the first factors

are important here.

Strye
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It is very rare that significant adsorption can occur at the
hydrocarbon-air interface since little loss in free energy can
occur by bringing hydrocarbon chains with polar groups
attached to this interface; however, at oil-water interfaces
the polar portions of the molecule can interact with water at
the interface, leading to significant adsorption.

Thus, whereas water-soluble fatty acid salts are adsorbed
from water to air-water and oil-water interfaces, their un-
dissociated counterparts, the free fatty acids, which are wa-
ter insoluble, form insoluble films at the air-water interface,
are not adsorbed from oil solution to an oil-air interface, but
show significant adsorption at the oil-water interface when
dissolved in oil.

From this discussion it is possible also to conclude that
adsorption from aqueous solution requires a lower solute
concentration to obtain the same level of adsorption if the
hydrophobic chain length is increased or if the polar portion
of the molecule is less hydrophilic. On the other hand,
adsorption from nonpolar solvents is favored when the sol-
ute is quite polar.

Since soluble or adsorbed films cannot be compressed,
there is no simple direct way to estimate the number of
molecules/unit area coming to the surface under a given set
of conditions. For relatively simple systems it is possible to
estimate this value by application of the Gibbs equation,
which relates surface concentration to the surface-tension
change produced at different solute activities. The deriva-
tion of this equation is beyond the scope of this discussion,
but it arises from a classical thermodynamic treatment of
the change in free energy when molecules concentrate at the
boundary between two phases. The equation may be ex-
pressed as

_a dy
RT da

where T is the moles of solute adsorbed/unit area, R is the
gas constant, T is the absolute temperature and dy is the
change in surface tension with a change in solute activity, da.
at activity a. For dilute solutions of nonelectrolytes, or for
electrolytes when the Debye-Hiuckel equation for activity
coefficient is applicable, the value of @ may be replaced by
solute concentration, ¢. Since the term dc/c is equal to d In
¢, the Gibbs equation is often written as

__L _dy
RTdInc

In this way the slope of a plot of v vs In ¢ multiplied by 1/RT
should give T at a particular value of ¢. Figure 19-13 depicts
typical plots for a series of water-soluble surface-active
agents differing only in the alkyl chain length. Note the

(29)

=

(30)
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Fig 19-13. The effect of increasing chain length on the surface

activity of a surfactant at the air-aqueous solution interface (each
figure depicted to differ by two methylene groups with A, the longest
chain, and D, the shortest).
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greater reduction of surface tension that occurs at lower
concentrations for longer chain-length compounds. In ad-
dition, note the greater slopes with increasing concentration,
indicating more adsorption (Eq 30), and the abrupt leveling
of surface tension at higher concentrations. This latter be-
havior reflects the self-association of surface-active agent to
form micelles which exhibit no further tendency to reduce
surface tension. The topic of micelles will be discussed later
on page 268.

If one plots the values of surface concentration, I, vs
concentration, ¢, for substances adsorbing to the vapor-lig-
uid and liquid-liquid interfaces, using data such as those
given in Fig 19-13, one generally obtains an adsorption iso-
therm shaped like those in Fig 19-9 for vapor adsorption.
Indeed, it can be shown that the Langmuir equation (Eq 25)
can be fitted to such data when written in the form

’
- T ke 31)

1+ ke

where @'y, is the maximum surface concentration attained
with increasing concentration and k' is related to k in Eq 25.
Combining Eqs 29 and 31 leads to a widely used relationship
between surface tension change II (see Eq 28) and solute
concentration, ¢, known as the Syszkowski equation:

=TI, RTIn(1+kc) (32)

Mixed Films

It would seem reasonable to expect that the properties of a
surface film could be varied greatly if a mixture of surface-
active agents were in the film. Asan example, consider that
a mixture of short- and long-chain fatty acids would be
expected to show a degree of “condensation” varying from
the “gaseous” state, when the short-chain substance is used
in high amount, to a highly condensed state when the longer
chain substance predominates. Thus, each component in
such a case would operate independently by bringing a pro-
portional amount of film behavior to the system.

More often, the ingredients of a surface film do not behave
independently, but, rather, interact to produce a new surface
film. An obvious example would be the combination of
organic amines and acids which are oppositely charged and
would be expected to interact strongly.

In addition to such polar-group interactions, chain—chain
interaction will strongly favor mixed condensed films. An
important example of such a case occurs when a long-chain
aleohol is introduced along with an ionized long-chain sub-
stance. Together the molecules form a highly condensed
film despite the presence of a high number of like charges.
Presumably this occurs as seen in Fig 19-14, by arranging the
molecules so that ionic groups alternate with alcohol groups;
however, if chain—chain interactions are not strong, the ionic
species often will be displaced by the more nonpolar union-
ized species and “desorb” into the bulk solution.

On the other hand, sometimes the more soluble surface-
active agent produces surface pressures in excess of the col-
lapse pressure of the insoluble film and displaces it from the
surface. This is an important concept because it is the
underlying principle behind cell lysis by surface-active
agents and some drugs, and behind the important process of

Fig 19-14. A mixed monomolecular film. &®: a long-chain ion; O:
a long-chain nonionic compound.

Adsorption on Solid Surfaces From Solution

Adsorption to solid surfaces from solution may occur i
dissolved molecules and the solid surface have chep
groups capable of interacting. Nonspecific adsorption
will oceur if the solute is surface active and if the surface
of the solid is high. This latter case would be the sam,
occurs at the vapor-liquid and liquid-liquid interfaces,
with adsorption to liquid interfaces, adsorption to solid
faces from solution generally leads to a monomolecular
er, often described by the Langmuir equation or by
empirical, yet related, Freundlich equation

/M = ke

where x is the grams of solute adsorbed by M grams of g
in equilibrium with a solute concentration of c. The tery
and n are empirical constants. However, as Giles8
pointed out, the variety of combinations of solutes and
ids, and, hence the variety of possible mechanisms of ads,
tion, can lead to a number of more complex isotherms.
particular, adsorption of surfactants and polymers, of g
importance in a number of pharmaceutical systems, is
not well understood on a fundamental level, and ma
some situations even he multilayered.

Adsorption from solution may be measured by separa
solid and solution and either estimating the amount of
sorbate adhering to the solid or the loss in concentratio
adsorbate from solution.

In view of the possibility of solvent adsorption, the la
approach really only gives an apparent adsorption.
example, if solvent adsorption is great enough, it is poss
to end up with an increased concentration of solute a
conctlact with the solid; here, the term negative adsorptic
used.

Solvent not only influences adsorption by competing
the surface but, as discussed in connection with adsorp
at liquid surfaces, the solvent will determine the escaj
tendency of a solute; eg, the more polar the molecule, the
the adsorption that occurs from water. This is seen in
19-15, where adsorption of various fatty acids from w.
onto charcoal increases with increasing alkyl chain lengt
nonpolarity. It is difficult to predict these effects but
general, the more chemically unlike the sclute and sols
and the more alike the solid surface groups and solute,

X/m, Miliimoles per Grom C

i
o} 1 2 3

Concentration, Moles per Liter

Fig 19-15. The relation between adsorption and molecular weic

fatty acids.?
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fig 19-16. The adsorption of a cationic surfactant, LN, onto a
o eggativeiy charged silica or glass surface, exposing a hydrophobic
surface as the solid is exposed to air.'°

greater the extent of adsorption. Another factor which
must be kept in mind is that charged solid surfaces, such as
polyelectrolytes. will strongly adsorb oppositely charged sql-
utes. This is similar to the strong specific binding seen in
gas chemisorption and it is characterized by significant
monolayer adsorption at very low concentrations of solute.
See Fig 19-16 for an example of such adsorption.

Surface-Active Agents

Throughout the discussion so far, examples of surface-
active agents (surfactants) have been restricted primarily to
fatty acids and their salts. [t has been shown that both a
hydrophobic portion (alkyl chain) and a hydrophilic portion
(carboxyl and carboxylate groups) are required for their
surface activity, the relative degree of polarity determining
the tendency to accumulate at interfaces. It now becomes
important to look at some of the specific types of surfactants
available and to see what structural features are required for
different pharmaceutical applications.

The classification of surfactants is quite arbitrary, but one
based on chemical structure appears best as a means of
introducing the topic. It is generally convenient to catego-
Tize surfactants according to their polar portions since the
no111901&1_1‘ portion is usually made up of alky! or aryl groups.

€ major polar groups found in most surfactants may be
fil\qded as follows: anionic, cationic, amphoteric and non-
lonic. - As we shall see, the last group is the largest and most
widely used for pharmaceutical systems, so that it will be
emphasized in the discussion that follows.

Types

facAt:;:smc Agents-The.m.ost commonly used anionic sur-
sulfate are those containing carboxylate, ‘sulfonate, and
88 805 lons. Those containing carboxylate ions are kpown
natur;)[sfand are general!y prgpared py the sa_pomﬁcatlon of
commg atty acid glycerides in alkaline solution. The most
um a!:ll cations associated with soaps are sodium, potassi-
enéth Otfnomum, and triethanolamine, while the chain
e d the fatty acids ranges ﬁtom 12 to _18.
length Ofe'%:;lee of water §olub1hty is greatly influenced by the
oF exam e alky_l chain and the presence of double bonds.
To ple, sodium stearate is quite insoluble in water at
condig; mp?fatqre, whereas sodium oleate under the same
N8 is quite water soluble.
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Table Vil—Etfect of Aerosol OT Concentration on the
Surface Tension of Water and the Contact Angle of Water
with Magnesium Stearate

Concentration,

mX 108 Ysv [}
1.0 60.1 120°
3.0 49.8 113°
5.0 45.1 104°
8.0 40.6 89°

10.0 38.6 80°
12.0 379 71°
15.0 35.0 63°
20.0 324 54°
25.0 29.5 50°

Multivalent ions, such as calcium and magnesium, pro-
duce marked water insolubility, even at lower alkyl chain
lengths; thus, socaps are not useful in hard water which is
high in content of these ions. Soaps, being salts of weak
acids, are subject also to hydrolysis and the formation of free
acid plus hydroxide ion, particularly when in more concen-
trated solution.

To offset some of the disadvantages of soaps, a number of
long-alkyl-chain sulfonates, as well as alkyl aryl sulfonates
such as sedium dodecylbenzene sulfonate, may be used; the
sulfonate ion is less subject to hydrolysis and precipitation in
the presence of multivalent ions. A popular group of sulfo-
nates, widely used in pharmaceutical systems, are the dial-
kyl sodium sulfosuccinates, particularly sodium bis-(2-
ethylhexyl)sulfosuccinate, best known as Aerosol OT or do-
cusate sodium. This compound is unique in that it is both
oil and water soluble and hence forms micelles in both
phases. It reduces surface and interfacial tension to low
values and acts as an excellent wetting agent in many types
of solid dosage forms (see Table VII).

A number of alkyl sulfates are available as surfactants, but
by far the most popular member of this group is sodium
lauryl sulfate, which is widely used as an emulsifier and
solubilizer in pharmaceutical systems. Unlike the sulfo-
nates, sulfates are susceptible to hydrolysis which leads to
the formation of the long-chain alcohol, so that pH control is
most important for sulfate solutions.

Cationic Agents—A number of long-chain cations, such
as amine salts and quaternary ammonium salts, are often
used as surface-active agents when dissolved in water; how-
ever, their use in pharmaceutical preparations is limited to
that of antimicrobial preservation rather than as surfac-
tants. This arises because the cations adsorb so readily at
cell membrane structures in a nonspecific manner, leading
to cell lysis (eg, hemolysis), as do anionics to a lesser extent.
It is in this way that they act to destroy bacteria and fungi.

Since anionic and nonionic agents are not as effective as
preservatives, one must conclude that the positive charge of
these compounds is important; however, the extent of sur-
face activity has been shown to determine the amount of
material needed for a given amount of preservation. Qua-
ternary ammonium salts are preferable to free amine salts
since they are not subject to effect by pH in any way; howev-
er, the presence of organic anions such as dyes and natural
polyelectrolytes is an important source of incompatibility
and such a combination should be avoided.

Amphoteric Agents—The major group of molecules fall-
ing into this category are those containing carboxylate or
phosphate groups as the anion and amino or quaternary
ammonium groups as the cation. The former group is repre-
sented by various polypeptides, proteins, and the alkyl beta-
ines, while the latter group consist of natural phospholipids
such as the lecithins and cephalins. In general, long-chain
amphoterics which exist in solution in zwitterionic form are
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more surface-active than ionic surfactants having the same
hydrophobic group since in effect the oppositely charged
ions are neutralized. However, when compared to nonion-
ics, they appear somewhere between ionic and nonionic.

Nonionic Agents—The major class of compounds used
in pharmaceutical systems are the nonionic surfactants since
their advantages with respect to compatibility, stability, and
potential toxicity are quite significant. It is convenient to
divide these compounds into those that are relatively water
insoluble and those that are quite water soluble.

The major type of compounds making up this first group
are the long-chain fatty acids and their water-insoluble de-
rivatives. These include (1) fatty alcohols such as lauryl,
cetyl (16 carbons) and stearyl alcohols; (2) glyceryl esters
such as the naturally occurring mono-, di- and triglycerides;
and (3) fatty acid esters of fatty alcohols and other alcohols
such as propylene glycol, polyethylene glycol, sorbitan, su-
crose and cholesterol. Included also in this general class of
nonionic water-insoluble compounds are the free steroidal
alcohols such as cholesterol.

To increase the water solubility of these compounds and
to form the second group of nonionic agents, polyoxyethy-
lene groups are added through an ether linkage with one of
their alcohol groups. The list of derivatives available is
much too long to cover completely, but a few general catego-
ries will be given.

The most widely used compounds are the polyoxyethylene
sorbitan fatty acid esters which are found in both internal
and external pharmaceutical formulations. Closely related
compounds include polyoxyethylene glyceryl, and steroidal
esters, as well as the comparable polyoxypropylene esters.
It is also possible to have a direct ether linkage with the
hydrophobic group as with a polyoxyethylene—stearyl ether
or a polyoxyethylene-alkyl phenol. These ethers offer ad-
vantages since, unlike the esters, they are quite resistant to
acidic or alkaline hydrolysis.

Besides the classification of surfactants according to their
polar portion, it is useful to have a method that categorizes
them in a manner that reflects their interfacial activity and
their ability to function as wetting agents, emulsifiers, solu-
bilizers, etc. Since variation in the relative polarity or non-
polarity of a surfactant significantly influences its interfacial
behavior, some measure of polarity or nonpolarity should be
useful as a means of classification.

One such approach assigns a hydrophile-lipophile balance
number (HL.B) for each surfactant and, although developed
by a commercial supplier of one group of surfactants, the
method has received wide-spread application. The HLB
value, as originally conceived for nonionic surfactants, is
merely the percentage weight of the hydrophilic group divid-
ed by five in order to reduce the range of values. On a molar
basis, therefore, a 100% hydrophilic molecule (polyethylene
glycol) would have a value of 20.

Thus, an increase in polyoxyethylene chain length in-
creases polarity and, hence, the HLB value; at constant polar
chain length, an increase in alkyl chain length or number of
fatty acid groups decreases polarity and the HLB value.
One immediate advantage of this system is that to a first
approximation one can compare any chemical type of surfac-
tant to another type when both polar and nonpolar groups
are different.

HLB values for nonionics are calculable on the basis of the
proportion of polyoxyethylene chain present; however, in
order to determine values for other types of surfactants it is
necessary to compare physical chemical properties reflecting
polarity with those surfactants having known HLB values.

Relationships between HLB and phenomena such as wa-
ter solubility, interfacial tension, and dielectric constant
have been used in this regard. Those surfactants exhibiting
values greater than 20 (eg, sodium lauryl sulfate) demon-

strate hydrophilic behavior in excess of the polyoxyethylene
groups alone. Table XIX, page 304, presents HLB values
for a variety of surface-active agents.

Surfactant Properties in Solution and Micelle
Formation

As seen in Fig 19-13, increasing the concentration of sur-
face-active agents in aqueous solution causes a decrease in
the surface tension of the solution until a certain concentra-
tion where it then becomes essentially constant with increas-
ing concentration. That this change is associated with
changes also taking place in the bulk solution rather than
just at the surface can be seen in Fig 19-17, which shows the
same abrupt change in bulk solution properties such as solu-
bility, equivalent conductance and osmotic pressure as with
surface properties. The most reasonable explanation for
these effects is that the solute molecules self-associate to
form soluble aggregates which exhibit markedly different
properties from the monomers in solution. Such aggregates
(Fig 19-184) appear to exhibit no tendency to adsorb to the
surface since the surface and interfacial tension above this
solute concentration do not change to any significant extent.
Such aggregates, known as micelles, form over such a very
narrow range of concentrations that one can speak of a criti-
cal micellization concentration (cme). These micelles form
for essentially the same reasons that cause molecules to be
adsorbed; the lack of affinity of the hydrophobic chains for
water molecules and the tendency for strong hydrophobic
chain-chain interactions when the chains are oriented close-
ly together in the micelle, coupled with the gain in entropy
due to the loss of the ice-like structure of water when the
chains are separated from water, lead to a favorable free
energy change for micellization. The longer the hydrophobic
chain or the less the polarity of the polar group, the greater
the tendency for monomers to “escape” from the water to
form micelles and, hence the lower the emc (see Fig 19-13).

In dilute solution (still above the cmc) the micelles can be
considered to be approximately spherical in shape (Fig 19-
184 and B), while at higher concentrations they become
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Fig 19-17. EMect of surfactant concentration and micelle formation

on various properties of the aqueous solution of an ionic surfactant.

A: Surface tension; B: interfacial tension; C: osmotic pressure; D:

equivalent conductivity; £: solubility of compound with very low

solubility in pure water !
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Fig 19-18. Ditferent types of micelles. A: Spherical micelle of ar: anionic surfactant; B: spherical micelle of a nonionic surfactant; C:
cylindrical micelle of an ionic surfactant; D: lamellar micelle of an ‘onic surfactant; £: reverse micelle of an anionic surfactant in oil. !

more asymmetric and eventually assume cylindrical (Fig 19-
18C) or lamellar (Fig 19-18D) structures. It is important to
recognize that equilibrium, and hence reversibility, exists
betwan the monomers and the various types of micelles.
The sizes of such micelles depend on the number of mono-
mers per micelle and the size and molecular shape of the
individual monomers. In Table VIII are given the cmc and
number of monomers per micelle for different types of sur-
factants. Note for the nonionic surfactants that the longer
the polyoxyethylene chain, and hence the more polar and
ler the molecule, the higher the cme, ie the less the
tendency for micelle formation. It is also possible for oil-
ioluble surfactants to show a tendency to self-associate into
reverse micelles in nonpolar solvents, as depicted in Fig 19-

» With their polar groups all oriented away from the
to ent. In general these micelles tended to be smaller and
in aggregate over a wider range of concentrations than seen

Water, and therefore, to exhibit no well-defined cme.

solv

Micellar Solubilization

As seen in Fig 19-18, the interior of surfactant micelles
formed in aqueous media consists of hydrocarbon “tails” in
liquid-like disorder. The micelles, therefore, resemble min-
iscule pools of liquid hydrocarbon surrounded by shells of
polar “head groups.” Compounds which are poorly soluble
in water but soluble in hydrocarbon solvents, can be dis-
solved inside these micelles, ie, they are brought homoge-
neously into an overall aqueous medium.

Being hydrophobic and oleophilic, the solubilized mole-
cules are located primarily in the hydrocarbon core of the
micelles (see Fig 19-194). Even water-insoluble drugs usu-
ally contain polar functional groups such as hydroxyl,
carbonyl, ether, amino, amide, and cyano. Upon solubiliza-
tion, these hydrophilic groups locate on the periphery of the
micelle among the polar headgroups of the surfactant in
order to become hydrated (see Fig 19-198). For instance,
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Table Vili—Critical Micelle Concentrations and Micellar Aggregation Numbers of Varlous Surfactants in Water at Room

Temperature
Surfactant
molecules/
Structure Name CMC, mM/L miceile

n-Cy HsCOOK Potassium laurate 24 50
n-CgH,7803Na Sodium octant sulfonate 150 28
n-CigHa803Na Sodium decane sulfonate 40 40
n-CioH2s803Na Sodium dodecane sulfonate 9 54
n-Ci1oHys080;:Na Sodium lauryl sulfate 8 62
n-CiaHysOSO3Na Sodium lauryl sulfate® 1 96

Sodium di-2-ethylhexyl sulfosuccinate 5 48
n-CioHa N(CH,3)3Br Decyltrimethylammonium bromide 63 36
n-CaHasN(CHa)aBr Dodecyltrimethylammonium bromide 14 50
n-Cy4HagN(CH;);Br Tetradecyltrimethylammonium bromide 3 75
n-CisHogN(CH,)3Cl Tetradecyltrimethylammonium chloride 3 64
n-CiaHysNH,3ClL Dodecylammonium chloride 13 55
n-CoHos0(CH,CH0)gH Qctaoxyethylene glycol monododecyl ether 0.13 132
n'CLQHQ(,O(CHQCHQO)SHb 0.10 301
n-CiaHys(CH,CH0) o H Dodecaoxyethylene glycol monododecyl ether 0.14 78
n-C12HasO(CH,CH0) o H? 0.091 116
t-CgH;;-CeH4-O(CHCH,0)g-H Decaoxyethylene glycol mono-p,t-octylphenyl ether (octoxynol 9) 0.27 100

2 [nterpolated for physiologic saline, 0 1564 M NaCl.
b At 55° instead of 20°.

(02 Ve =1 o=
SURFACE SOLUBILIZATE
ACTIVE
AGENT

Fig 19-19. The locations of solubilizates in spherical micelles.

when cholesterol or dodecanol is solubilized by sodium lau-
ryl sulfate, their hydroxy! groups penetrate between sulfate
ions and are even bound to them by hydrogen bonds, while
their hydrocarbon portions are immersed among the dodecyl
tails of the surfactant which make up the core of the micelle.

Micelles of polyoxyethylated nonionic surfactants consist
of an outer shell of hydrated polyethylene glycol moieties
and a core of hydrocarbon moieties. Compounds like phe-
nol, cresol, benzoic acid, salicylic acid, and esters of p-
hydroxy and p-aminobenzoic acids have some solubility in
water and in oils but considerable solubility in liquids of
intermediate polarity like ethanol, propylene glycol or aque-
ous solutions of polyethylene glycols. When solubilized by
nonionic micelles, they are located in the hydrated outer
polyethylene glycol shell as shown in Fig 19-19C. Since
these compounds have hydroxyl or amino groups, they fre-
quently form complexes with the ether oxygens of the sur-
factant by hydrogen bonding.

Solubilization is generally nonspecific: any drug which is
appreciably soluble in oils can be solubilized. Each has a
solubilization limit, comparable to a limit of solubility,
which depends on temperature and on the nature and con-
centration of the surfactant. Hartley distinguishes two cat-

A:
ionic surfactant (solubilized molecule has a hydrophilic group); C: nonionic surfactant (polar solubilizate) 2

SURFACE ACTIVE AGENT

—— POLYOXYETHYLENE CHAIN

. —= HYDROCARBON CHAIN

8
SOLUBILIZATE

lonic surfactant (solubilized molecule has no hydrophitic groups); B:

egories of solubilizates. The first consists of comparatively
large, asymmetrical and rigid molecules forming crystalline
solids, such as steroids and dyes. These do not blend in with
the normal paraffin tails which make up the micellar core;
because of dissimilarity in structure, they remain distinct as
solute molecules. They are sparingly solubilized by surfac-
tant solutions, a few molecules/micelle at saturation (see
Table IX). The number of carbon atoms in the micellar
hydrocarbon core required to solubilize a molecule of steroid
or dye at saturation is of the same order of magnitude as the
number of carbon atoms of bulk liquid dodecane or hexade-
cane per molecule of steroid or dye in their saturated solu-
tions in these liquids.

Since solubilization depends on the presence of micelles, it
does not take place below the cme. It can, therefore, be used
to determine the cme, particularly when the solubilizate is a
dye or another compound easy to assay. Plotting the maxi-
mum amount of a water-insoluble dye solubilized by aque-
ous surfactant, or the absorbance of its saturated solutions,
versus the surfactant concentration produces a straight line
which intersects the surfactant concentration axis at the
cme. Above the cmc, the amount of solubilized dye is direct-
ly proportional to the number of micelles and, therefore,
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Table IX—Micellar Solubilization Capacities of Ditferent
Surfactants for Estrone™

Moles
surfactant/
mole
Concentration Temp, solubilized
Surfactant range, molarity  °C estrone
Sodium laurate 0.025-0.023 40 91
Sodium oleate 0.002-0.35 40 53
Sodium lauryl sulfate 0.004-0.15 40 Tn
Sodium cholate 0.09-0.23 20 238
Godium deoxycholate 0.007-0.36 20 476
Diamyl sodium sulfosuccinate 0.08-0.4 40 833
Dioctyl sodium sulfosuccinate 0.002-0.05 40 196
Tetradecyltrimethylammonium
bromide 0.005-0.08 20 45
Hexadecylpyridinium chloride  0.001-0.1 20 32
Polysorbate 20 0.002-0.15 20 161
Polysorbate 60 0.0008-0.11 20 83

pmportional to the overall surfactant concentration. Below
the cme, no solubilization takes place. This is represented
by Curve E of Fig 19-17.

The second category of compounds to be solubilized are
often liquid at room temperature and consist of relatively
small, symmetrical, and/or flexible molecules such as many
constituents of essential oils. These molecules mix and
blend in freely with the hydrocarbon portions of the surfac-
tants in the core of the micelles, so as to become indistin-
guishable from them. Such compounds are extensively sol-
ubilized and in the process usually swell the micelles: they
augment the volume of the hydrocarbon core and increase
the number of surfactant molecules per micelle. Their solu-
bilization frequently lowers the cmec.

Microemulsions!4-18

Microemulsions are liquid dispersions of water and oil
that are made homogeneous, transparent, and stable by the
addition of relatively large amounts of a surfactant and a
cosurfactant. Qil is defined as a liquid of low polarity and
low miscibility with water, eg, toluene, cyclohexane, mineral
or vegetable oils.

Microemulsions are intermediate in properties between
micelles containing solubilized oils and emulsions. While
emulsions are lyophobic and unstable, microemulsions are
on the borderline between lyophobic and lyophilic colloids.
True microemulsions are thermodynamically stable.l?
Therefore, they are formed spontaneously when oil, water,
surfactants, and cosurfactants are mixed together. The un-
stable emulsions require input of considerable mechanical
energy for their preparation, which may be supplied by col-
loid mills, homogenizers or ultrasonic generators.

Both emulsions and microemulsions may contain high
volume fractions of the internal phase. For instance, some

systems contain 75% (v/v) of oil dispersed in 25% water,
although lower internal phase volume fractions are more
common,

At loyv surfactant concentrations, viz, low multiples of the
¢me, micelles are spheres (Fig 19-184, B and E) or ellipsoids.

hen an oil is solubilized by micelles in water, it blends into
the micellar core formed by the hydrocarbon tails of the
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light), microemulsions scatter little light and are, therefore,
transparent or at least translucent.

Emulsions have very broad droplet size distributions.
Only the smallest droplets, with diameters of about 1000 to
2000 A, are below the resolving power of the light micro-
scope. The upper size limit is 25 or 50 um (250,000 or
500,000 A). Because emulsion droplets are comparable in
size, or larger than the wavelength of visible light, they
scatter it more or less strongly depending on the difference
in refractive index between oil and water. Thus, most emul-
sions are opaque.

The three disperse systems—micellar solutions, microe-
mulsions, and emulsions—can be of the O/W (oil-in-water)
or W/O type. Aqueous micellar surfactant solutions can
solubilize oils and lipid-soluble drugs in the core formed by
their hydrocarbon chains. Likewise, oil-soluble surfactants
like sorbitan monooleate and docusate sodium form “reverse
micelles” in oils (Fig 19-18F) capable of solubilizing water in
the polar center. The solubilized oil in the former micelles
and the solubilized water in the latter may in turn enhance
the micellar solubilization of oil-soluble and water-soluble
drugs, respectively.

Oil-soluble drugs have been incorporated into O/W emul-
sions by dissolving them in the oil phase before emulsifica-
tion.!® By the same token, it may be possible to dissolve
oil-soluble drugs in a vegetable oil and make an oral or
parenteral O/W microemulsion. The advantage of such mi-
croemulsion systems over conventional emulsions is their
smaller droplet size and superior shelf stability. Aqueous
micellar solutions!® and O/W microemulsions?® have both
been used as aqueous reaction media for oil-soluble com-
pounds.

Emulsions and micellar solutions of oils solubilized in
aqueous surfactant solutions consist of three components,
oil, water and surfactant. Microemulsions generally require
a fourth component, called cosurfactant. Commonly used
cosurfactants are linear alcohols of medium chain length,
which are sparingly miscible with water. Since the cosurfac-
tants as well as the surfactants are surface-active, they pro-
mote the generation of extensive interfaces through the
spontaneous dispersion of oil in water, or vice-versa, result-
ing in the formation of microemulsions. The large interfa-
cial area between oil and water permits the extensive forma-
tion of a mixed interfacial film consisting of surfactant and
cosurfactant. This film is called the “interphase” because it
is thicker than the surfactant monolayers formed at oil-
water interfaces in emulsions. The interfacial tension at the
oil-water interface in microemulsions approaches zero,
which also contributes to their spontaneous formation. Ac-
cording to another viewpoint, microemulsions are regarded
as micelles extensively swollen by large amounts of solubi-
lized oil.

Typical formulations for an O/W and a W/O microemul-
sion are shown in Table X. The ratio, g surfactant/g solubi-
lized or emulsified oil or water is in the range of 2 to 20 for
micellar solutions and 0.01 to 0.1 for emulsions. Microemul-
sions have intermediate values: The ratios for the formula-
tions in Table X are near unity. Inindustrial formulations,

Table X—Microemuision Formulations

ntin
surfactant molecules (Fig 19-19) and swells the micelles. mich;nnﬁs:ons, %
Spherical or ellipsoidal micelles are nearly monodisperse, Compound Function O/W Wi0
an.d their mean diameters are in the range of 25 to 60 A.
icroemulsion droplets also have a narrow droplet size dis- Sodium lauryl sulfate  Surfactant 13 10
tribution with a mean diameter range of approximately 60 to 1-Pentanol Cosurfactant 8 25
1 Since the droplet diameters are less than Y; of the Xylene Oit 8 50
Wavelength of light (4200 A for violet and 6600 A for red Water 7 15
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the ratios are closer to 0.1 to reduce costs. Microemulsions
are used in such diverse applications as floor polish and
agricultural pesticide formulations and in tertiary petro-

leum recovery. The use of O/W microemulsions as aqueous
vehicles for oil-soluble drugs to be administered by the per-
cutaneous, oral or parenteral route is being investigated.

Colloidal Dispersions

Historical Background of Colloids

The term colloid, derived from the Greek word for glue,
was applied ca 1850 by the British chemist Thomas Graham
to polypeptides such as albumin and gelatin, to vegetable
gums such as acacia, starch and dextrin, and to inorganic
compounds such as gelatinous metal hydroxides and Prus-
sian blue (ferric ferrocyanide). These compounds did not
crystallize, and diffused very slowly when dissolved or dis-
persed in water. They could be separated from ordinary
solutes such as salts and sugar, called “crystalloids,” as the
latter diffused through the fine pores of dialysis membranes
made from animal gut which retained the “colloids.” “Crys-
talloids” crystallized readily from solution.21:22

Von Weimarn was the first to identify colloidality as a
state of subdivision of matter rather than as a category of
substances. Many of Graham’s “colloids,” especially pro-
teins, have been crystallized. Moreover, von Weimarn was
able to prepare all “crystalloids” investigated in the colloidal
state. Colloidal dispersions by the condensation method
resulted from high relative supersaturation, which produced
a large number of small nuclei.?-2328 For instance, clear,
transparent solidified jellies were prepared by cooling aque-
ous solutions of CaCl,, Ba(SCN); and Aly(S0,)3, and aque-
ous-alcoholic solutions of NaCl, KCl, NH,Cl, KSCN, NaBr
and NH,NO, which were nearly saturated at room tempera-
ture.?8

Colloid chemistry became a science in its own right around
1906, when Wolfgang Ostwald wrote the booklet “The
World of the Neglected Dimensions.” In it, he focused on
colloidal systems as a state of matter that has disperse
phases intermediate in size between small molecules or ions
in solution and large, visible particles in suspension. Ost-
wald became the first editor of the journal Kolloid-Zeitsch-
rift in 1907. The studies of colloidal systems and surface or
interfacial phenomena are intimately related. The proper-
ties of colloidal dispersions are largely governed by the na-
ture of the surface of their particles. The division of the
American Chemical Society specializing in colloidal systems
and interfaces is called the “Division of Colloid and Surface
Chemistry,” while the pertinent session of the Gordon Re-
search Conferences is called “Chemistry at Interfaces.”

Colloid and surface chemistry deals with an unusually
wide variety of industrial and biological systems. A few
examples are catalysts, lubricants, adhesives, latexes for
paints, rubbers and plastics, soaps and detergents, clays,
packaging films, cigarette smoke, liquid crystals, cell mem-
branes, mucous secretions and aqueous humors.

Definitions and Classifications

Colloidal Systems and Interfaces

Colloidal dispersions consist of at least two discrete
phases, namely, one or more disperse, dispersed or internal
phases and a continuous or external phase called the disper-
sion medium or vehicle. What distinguishes colloidal dis-
persions from solutions and coarse dispersions is the particle
size of the disperse phase. Systems in the colloidal state
contain one or more substances that have at least one dimen-
sion in the range of 10 to 100 A (1 Angstrom unit = 108 cm =

10719 m) or 1-10 nm (1 nanometer = 107° m) at the lower
end, and a few micrometers (um) at the upper end (1 um =
10*A = 106 m). Thus blood, cell membranes, the thinner
nerve fibers, milk, rubber latex, fog and beer foam are colloi-
dal systems. Some types of materials, such as many emul-
sions, and oral suspensions of most organic drugs, are coarser
than true colloidal systems but exhibit similar behavior.
Even though serum albumin, acacia and povidone form true
or molecular solutions in water, the size of the individual
solute molecules places such solutions in the colloidal range
(particle size > 10 A).21-%7

The following features distinguish colloidal dispersions
from coarse suspensions. Disperse particles in the colloidal
range are usually too fine to be visible in a light microscope,
because at least one dimension measures 1 um or less. They
are often visible in the ultramicroscope and always in the
electron microscope. Coarse suspended particles are fre-
quently visible to the naked eye and always in the light
microscope. Colloidal particles, as opposed to coarse parti-
cles, pass through ordinary filter paper but are retained by
dialysis or ultrafiltration membranes. Because of their
small size, colloidal dispersions undergo little or no sedimen-
tation or creaming: Brownian motion maintains the dis-
perse particles in suspension (see below).

Except for high polymers, most soluble substances can be
prepared either as low-molecular-weight solutions, or as col-
loidal dispersions or coarse suspensions depending on the
choice of the dispersion medium and the dispersion tech-
nique.?6.28

Because of the small size of colloidal particles, appreciable
fractions of their atoms, ions or molecules are located in the
boundary layer between a particle and air (surface) or be-
tween a particle and a liquid or solid (interface). Theionsin
the surface of a sodium chloride crystal and the water mole-
cules in the surface of a rain drop are subjected to unbal-
anced forces of attraction, whereas the ions or molecules in
the interior of the materials are surrounded by similar ions
or molecules on all sides, with balanced force fields. Thusa
surface free energy component is added to the total free
energy of colloidal particles, which becomes relatively more
important as the particles become smaller, ie, as greater
fractions of their ions, atoms or molecules are located in their
surface or interfacial region. Hence the solubility of very
fine solid particles and the vapor pressure of very small
liquid droplets are larger than the corresponding values of
coarse particles and large drops of the same materials, re-
spectively. )

Specific Surface Area—Decreasing particle size in-
creases the surface-to-volume ratio, which is expressed a8
the specific surface area A,,, namely, the area A (cm?) per
unit volume V (1 cm?) or per unit mass M (1 gram). Fora
sphere, A =4 r-r2and V = 4/3 = r3. If the density, d, of the
material is expressed in g/ecm3, the specific surface area is

_A_ 4w 3 o, 4 3
=—==-——="cm’/cm’ = ~cm

A 1
PV 4/3xr r
or
A A 4r 3 9
A =4_4_ -3
"M Vd gamiad rd ™8
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—Ettect of Comminution on Specific Surface Area

Ti:l:evzlume of 47/3 cm?, Divided into Uniform Spheres of
o Radius R
Number of spheres R Aqp cm?/em?

1 lem 3
10° 0.l1em = 1 mm 33X 10
108 0.l mm 3x10°
100 0.0l mm = 10 um 3x10°
Ja I um R
1w B lpm X[y
T10N (0L um X
T [OA = [ om o X i
108 1A 3 x 108

Shaded region corresponds to colloidal particle-size range

Table XI illustrates the effect of comminution on the
gpecific surface area of 4 /3 cm” of a material consisting
initially of one sphere of 1 cm radius. As the material is
pbroken up into an increasingly larger number of smaller and
smaller spheres, its specific surface area increases commen-
surately.

The solid adsorbents activated charcoal and kaolin have
specific surface areas of about 6 X 106 cm?/g and 10* cm?/g,
respectively. One gram of activated charcoal, because of its
extensive porosity and internal voids, has an area equal to
acre.

In conclusion, colloidal systems by definition are those
polyphasic systems where at least one dimension of the dis-
perse phase measures between 10 or 100 A and a few micro-
meters. The term “colloidal” designates a state of matter
characterized by submicroscopic dimensions rather than
certain substances. Any dispersed substance with the prop-
er dimension or dimensions is in the colloidal state.

Physical States of Disperse and Continuous Phases

A useful classification of colloidal systems (systems in the
colloidal particle size range) is based on the state of matter of
the disperse phase and the dispersion medium, ie, whether
they are solid, liquid or gaseous.?52 Table XII summarizes
the various combinations and lists examples. A sol is the
colloidal dispersion of a solid in a liquid or gaseous medium.
Prefixes designate the dispersion medium, such as hydrosol,
alcosol, aerosol for water, alcohol and air, respectively. Sols
are fluid. If the solid particles form bridged structures pos-
sessing some mechanical strength, the system is called a gel
(hydrogel, alcogel, aerogel).
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Interaction Between Disperse Phase and Dispersion
Medium

A second useful classification of colloidal dispersions,
originated by Ostwald, is based on the affinity or interaction
between the disperse phase and the dispersion medium.238
It refers mostly to solid-in-liquid dispersions. According to
this classification, colloidal dispersions are divided into the
two broad categories of lyophilic and lyophobic. Some solu-
ble, low-molecular-weight substances have molecules with
both tendencies, forming a third category called association
colloids.

Lyophilic Dispersions—Where there is considerable at-
traction between the disperse phase and the liquid vehicle,
ie, extensive solvation, the system is said to be lyophilic
(solvent-loving). If the dispersion medium is water, the
system is said to be hydrophilic. Such solids as bentonite,
starch, gelatin, acacia and povidone swell, disperse or dis-
solve spontaneously in water.

Hydrophilic colloidal dispersions can be subdivided fur-
ther as follows:

True solutions, formed by water-soluble polymers (acacia and povi-
done).

Gelled solutions, gels or jellies if the polymers are present at high
concentrations and/or at temperatures where their water solubility is
low Examples of such hydrogels are relatively concentrated solutions
of gelatin and starch, which set to gels on cooling, or of methylcellulose,
which gel on heating.

Particulate dispersions, where the solids do not form molecular solu-
tions but remain as discrete though minute particles. Bentonite and
microcrystalline cellulose form such hydrosols.

Lipophilic or oleophilic substances have pronounced af-
finity for oils. Oils are nonpolar liquids consisting mainly of
hydrocarbons, with few polar groups and low dielectric con-
stants. Examples are mineral oil, benzene, carbon tetra-
chloride, vegetable oils (cottonseed or peanut oil) and essen-
tial oils (lemon or peppermint oil). Substances which form
oleophilic colloidal dispersions include polymers like poly-
styrene and unvulcanized or gum rubber, which dissolve
molecularly in benzene, magnesium or aluminum stearate or
which dissolve or disperse in cottonseed oil, and activated
charcoal, which forms sols or particulate dispersions in all
oils.

Because of the high affinity or attraction between the
dispersion medium and the disperse phase, Iyophilic disper-
sions form spontaneously when the liquid vehicle is brought
into contact with the solid phase. They are thermodynami-
cally stable and reversible, ie, they are easily reconstituted
even after the dispersion medium has been removed from
the solid phase.22:24-27

Table Xit—Classification of Colloidal Dispersions According to State of Matter

Disperse Dispersion Medium (Vehicle)
Phase Solid Liquid Gas
Solid Zinc oxide paste (zinc oxide + starch Sols: Bentonite Magma NF. Solid aerosols: Smoke, dust.
in petrolatum). Toothpaste Trisulfapyrimidines Oral Epinephrine Bitartrate Inhalation
(dicalcium phosphate or calcium Suspension USP. Magnesia and Aerosol USP. Isoproterenol
carbonate with sodium Alumina Oral Suspension USP. Sulfate Inhalation Aerosol.
carboxymethylcellulose binder). Tetracycline Oral Suspension USP.
Pigmented plastics (titanium
Lioui dioxide in polyethylene).
iquid Absorption bases (aqueous medium in Emulsions: Mineral Oil Emulsion Liquid aerosols: Mist, fog. Nasal
Hydrophilic Petrolatum USP). USP. Soybean oil in water relief sprays (naphazoline
Emulsion bases (oil in Hydrophilic emulsion for IV feeding. Milk. hydrochloride solution).
Qintment USP). Butter. Mayonnaise. Betamethasone Valerate Topical
Aerosol USP. Povidone-lodine
Gas Topical Aerosol.

Solid foams (foamed plastics and
rubbers). Pumice.

Foams. Carbonated beverages.
Effervescent salts in water.

No colloidal dispersions.
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Lyopheobic Dispersions——When there is little attraction
between the disperse phase and the dispersion medium, the
dispersion is said to be lyophobic (solvent-hating). Hydro-
phobic dispersions consist of particles that are not hydrated,
so that water molecules interact with or attract one another
in preference to solvating the particles. They include aque-
ous dispersions of oleophilic materials such as polystyrene or
gum rubber (latex), steroids and other organic lipophilic
drugs, paraffin wax, magnesium stearate, and of cottonseed
or soybean oil (emulsion). While lipophilic materials are
generally hydrophobic, materials like sulfur, silver chloride
and gold form hydrophobic dispersions without being lipo-
philic. Water-in-oil emulsions are lyophobic dispersions in
lipophilic vehicles.

Because of the lack of attraction between the disperse and
the continuous phase, lyophobic dispersions are intrinsically
unstable and irreversible. Their large surface free energy is
not lowered by solvation. The dispersion process does not
take place spontaneously, and once the dispersion medium
has been separated from the disperse phase, the dispersion is
not easily reconstituted. The dividing line between hydro-
philic and hydrophobic dispersions is not very sharp. For
instance, gelatinous hydroxides of polyvalent metals such as
Al(OH); and Mg(OH),, and clays such as bentonite and
kaolin, possess some characteristics of both.22.2427

Association Colloids—Organic compounds which con-
tain large hydrophobic moieties together with strongly hy-
drophilic groups in the same molecule are said to be amphi-
philic. While the individual molecules are generally too
small to bring their solutions into the colloidal size range,
they tend to associate in aqueous or oil solutions into mi-
celles (see above). Because micelles are large enough to
qualify as colloidal particles, such compounds are called
association colloids.

Lyophobic Dispersions

Most of the discussion of lyophobic dispersions deals with
hydrophobic dispersions or hydrosols (hydrophobic solids or
liquids dispersed in aqueous media) because water is the
most widely used vehicle. They comprise aqueous disper-
sions of insoluble organic and inorganic compounds which
usually have low degrees of hydration. Organic compounds
which are preponderantly hydrocarbon in nature and pos-
sess few hydrophilic or polar groups are insoluble in water
and hydrophobic.

Hydrophobic dispersions are intrinsically unstable. The
most stable state of such systems contains the disperse
phase coalesced into large crystals or drops, so that the
specific surface area and surface free energy are reduced to a
minimum. Therefore, mechanical, chemical or electrical
energy must be supplied to the system to break up the
disperse phase into small particles, providing for the in-
crease in surface free energy resulting from the parallel in-
crease in specific surface area. Furthermore, special means
must be found to stabilize hydrophobic dispersions, pre-
venting the otherwise spontaneous coalescence or coagula-
tion of the disperse phase after it has been finely dispersed.

Preparation and Purification of Lyophobic Dispersions

Colloidal dispersions are intermediate in size between true
solutions and coarse suspensions. They can be prepared by
aggregation of small molecules or ions until particles of col-
loidal dimensions result (condensation methods), or by re-
ducing coarse particles to colloidal dimensions through com-
minution or peptization (dispersion methods).

Dispersion Methods—The first method, mechanical
disintegration of solids and liquids into small particles and
their dispersion in a fluid vehicle, is frequently carried out

by input of mechanical energy via shear or attrition. Equip-
ment such as colloid and ball mills, micronizers and, for
emulsions, homogenizers is described in Chapters 83 and 88
and in Ref 29. Dry grinding with inert, water-soluble dilut-
ing agents also produces colloidal dispersions. Sulfur hy-
drosols may be prepared by triturating the powder with urea
or lactose followed by shaking with water.

Ultrasonic generators provide exceptionally high concen-
trations of energy. Successful dispersion of solids by means
of ultrasonic waves can only be achieved with comparatively
soft materials such as many organic compounds, sulfur, tal-
cum, and graphite. Where fine emulsions are mandatory,
such as soybean oil-in-water emulsions used for intravenous
feeding, emulsification by ultrasound waves is the method of
choice.?? The formation of aerosols is described in Chapter
92.

It should be reiterated that hydrosols of hydrophobic sub-
stances are intrinsically unstable. While mechanical disin-
tegration may break up the disperse phase into colloidal
particles, the resultant dispersions tend towards separation
of that phase. Recrystallization, coagulation or coalescence
causes the disperse particles to become progressively coarser
and fewer, ultimately resulting in the separation of a macro-
scopic phase. To avoid this, stabilizing agents must be add-
ed during or shortly after the dispersion process (see below).
For instance, lecithin may be used to stabilize soybean oil
emulsions.

Peptization is a second method for preparing colloidal
dispersions. The term, coined by Graham, is defined as the
breaking up of aggregates or secondary particles into smaller
aggregates or into primary particles in the colloidal size
range. Particles which are not formed of smaller ones are
called “primary.” Peptization is synonymous with defloc-
culation. It can be brought about by the removal of floccu-
lating agents, usually electrolytes, or by the addition of de-
flocculating or peptizing agents, usually surfactants, water-
soluble polymers or ions which are adsorbed at the particle
surface. 2427

The mechanisms of the following examples are explained
in subsequent sections. When powdered activated charcoal
is added to water with stirring, the aggregated grains are
broken up only incompletely and the resultant suspension is
gray and translucent. The addition of 0.1% or less of sodium
lauryl sulfate or octoxynol disintegrates the grains into fine-
ly dispersed particles forming a deep black and opaque dis-
persion. Ferric or aluminum hydroxide freshly precipitated
with ammonia can be peptized with small amounts of acids
which reduce the pH below the isoelectric points of the
hydroxides (see below). Even washing the gelatinous pre-
cipitate of AI(OH); with water tends to peptize it. In quan-
titative analysis, the precipitate is therefore washed with
dilute solutions of ammonium salts that act as flocculating
agents, rather than with water.

Condensation Methods—The preparation of sulfur hy-
drosols is employed toillustrate condensation or aggregation
methods. Sulfur is insoluble in water but somewhat soluble
in alcohol. When an alcoholic solution of sulfur is mixed
with water, a bluish white colloidal dispersion results. In
the absence of added stabilizing agents, the particles tend to
agglomerate and precipitate on standing. This technique of
dissolving the material in a water-miscible solvent such as
alcohol or acetone and producing a hydrosol by precipitation
with water is applicable to many organic compounds, and
has been used to prepare hydrosols of natural resins like
mastic, of stearic acid and of polymers (the so-called pseudo-
latexes).

For sulfur, another less common physical method is to
introduce a current of sulfur vapor into water. Condensa-
tion produces colloidal particles. Alternatively, the very
fine powder produced by condensing sulfur vapor on cold
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. ces (sublimed sulfur or flowers of sulfur) can be
fi?iﬁers;lelgain water by addition of a suitable surfactant to
roduce a hydrosol. ‘
Chemical methods include the reactlpn between hydrogen
sulfide and sulfur dioxide, eg, by bubbling H,S into an aque-

ous SO, solution:
9 HoS + S0, — 38 + 2 H,0

The same reaction occurs when aqueous solgtions contain-
ing sodium sulfide and sulfite are acidified with an excess of
sulfuric or hydrochloric acid. Another reaction is the de-
composition of sodium thiosulfate by sulfuric acid, using
either very dilute or very concentrated solutions to obtain
colloidally dispersed sulfur:

H,S0, + 3 Na;8,05 = 45 + 3 Na,SO, + H,0

Both reactions also produce pentathionic acid, HaS50g, as a
by-product. The preferential adsorption of the pentathion-
ate anion at the surface of the sulfur particles confers a
negative electric charge on the particles, stabilizing the sol
(see below).2226.27  When powdered sulfur is boiled with a
slurry of lime, it dissolves with the formation of calcium
pentasulfide and thiosulfate. Subsequent acidification pro-
duces the colloidal “milk of sulfur,” which on washing and
drying yields Precipitated Sulfur USP (see Chapter 82).

Sols of ferric, aluminum, chromic, stannic and titanium
hydroxides or hydrous oxides are produced by hydrolysis of
the corresponding chlorides or nitrates:

AICI, + 3 H,0 = AOH), + 3 HCI

Hydrolysis is promoted by boiling the solution and/or by
adding a base to neutralize the acid formed.

Double decompositions producing insoluble salts can lead
to colluidal dispersions. Examples are silver chloride and
nickel sulfide:

NaCl + AgNO, — AgCl + NaNO,
(NH,),S + NiCl, — NiS + 2 NH,Cl

Compare also the preparation of White Lotion, which con-
tains precipitated zinc sulfide and sulfur (Chapter 63). Re-
ducing salts of gold, silver, copper, mercury, platinum, rho-
dium and palladium with formaldehyde, hydrazine, hydrox-
ylamine, hydroquinone or stannous chloride produces
hydrosols of the metals. These are strongly colored, eg, red
or b[ue.’ll,22,27
Radioactive Colloids—Colloidal dispersions containing
radioactive isotopes find increasing diagnostic and thera-
peutic application in nuclear medicine. Radioactive col-
loids that accumulate in tumors and/or lesions or emboli,
indicating their location and size, may be used as diagnostic
ald.s. Radioactive colloids with a particle size of about 300
, injected intravenously, locate mainly in the reticuloendo-
thelial systems of liver, spleen and other organs and are used
In scintillation imaging. The radiation emitted by the col-
oids is made visible by stationary or scanning devices which
show the location, size and shape of the organ being investi-
8ated, as well as any tumors within. Radiocolloids are use-
f‘}l_m anticancer radiation therapy because of their low solu-
bility, radiation characteristics, and their ability to accumu-
ate and remain located in certain target organs or tumors.3
Colloidal gold Au 198 is made by reducing a solution of
gold (198Ay) chloride either by treatment with ascorbic acid
Or by heating with an alkaline glucose solution. Gelatin is
2dded as a protective colloid (see below). The particle size
Tanges from 50 to 500 A with a mean of 300 A. The color of
€30l is cherry-red in transmitted light. Violet or blue sols
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have excessively large particle sizes and should be discarded.
Colloidal gold is used as a diagnostic and therapeutic aid (see
Chapter 33). The half-life of 198Au is 2.7 days.

Technetium 99m sulfur colloid is prepared by reducing
sodium pertechnetate 9™ T¢ with sodium thiosulfate. The
product, a mixture of technetium sulfide and sulfur in the
colloidal particle size range, is stabilized with gelatin. It is
used chiefly in liver, spleen and bone scanning. Its half-life
is 6.0 hour.

Microspheres of gelatin or human serum albumin can be
prepared in fairly narrow particle-size ranges from 100-200
A through 45-55 um. A variety of 8- and y-emitting radio-
nuclides such as 13'], 99mT¢, 113m]n or 51Cr can be incorporat-
ed to label the microspheres. Such products have been used
to scan heart, brain, urogenital and gastrointestinal tracts,
liver, and in pulmonary perfusion and inhalation studies.3®

Refer to Chapters 32 and 33 for an in-depth discussion of
radioisotopes.

Organic compounds that are weak bases, such as alkaloids,
are usually much more soluble at lower pH values where they
are ionized than at higher pH values where they exist as the
free base. Increasing the pH of their aqueous solutions well
above their pKa may cause precipitation of the free base.
Organic compounds which are weak acids, such as barbitu-
rates, are usually much more soluble at higher pH values
where they are ionized than at lower pH values where they
are in the un-ionized acid form. Lowering the pH of their
solutions well below their pKa may cause precipitation of
the un-ionized acid. Depending on the supersaturation of
the un-ionized acids or bases and on the presence of stahiliz-
ing agents, the resultant dispersions may be in the colloidal
range.

Kinetics of Particle Formation—When the solubility of
a compound in water is exceeded, its solution becomes su-
persaturated and the compound may precipitate or crystal-
lize. The rate of precipitation, the particle size (whether
colloidal or coarse), and the particle size uniformity or distri-
bution (whether a narrow distribution and nearly monodis-
perse or homodisperse particles, or a broad distribution and
polydisperse or heterodisperse particles) depend on two
successive and largely independent processes, nucleation
and growth of nuclei.

When a solution of a salt or of sucrose is supercooled, or
when a chemical reaction produces a salt in a concentration
exceeding its solubility product, separation of the excess
solid from the supersaturated solution is far from instanta-
neous. Clusters of ions or molecules called nuclei must
exceed a critical size before they become stable and capable
of growing into colloidal size crystals. These embryonic
particles have much more surface for a given weight of mate-
rial than large and stable crystals, resulting in higher surface
free energy and greater solubility.

Whether nucleation takes place depends on the relative
supersaturation. If C is the actual concentration of the
solute before crystallization has set in, and C, is its solubility
limit, C — C; is the supersaturation and (C — C¢)/C, is the
relative supersaturation. Von Weimarn recognized that the
rate or velocity of nucleation (number of nuclei formed per
liter per second) is proportional to the relative supersatura-
tion. Nucleation seldom occurs at relative supersaturations
below 3. The foregoing statement refers to homogeneous
nucleation, where the nuclei are clusters of the same chemi-
cal composition as the crystallizing phase. If the solution
contains solid impurities, such as dust particles in suspen-
sion, these may act as nuclei or centers of crystallization
(heterogeneous nucleation).

Once nuclei have formed, the second process, crystalliza-
tion, begins. Nuclei grow by accretion of ions or molecules
from solution forming colloidal or coarser particles until the
supersaturation is relieved, ie, until C = C;. The rate of
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crystallization or growth of nuclei is proportional to the
supersaturation. The appropriate equation,

ﬂ = ———‘ASPD (C - Cg)

dt )

is similar to the Noyes-Whitney equation governing the dis-
solution of particles (see Chapter 31) except that C < C; for
the latter process, making dm/di negative. In both equa-
tions, m is the mass of material crystallizing out in time ¢, D
is the diffusion coefficient of the molecules or ions of the
solute, § is the length of the diffusion path or the thickness of
the liquid layer adhering to the growing particles, and A4, is
their specific surface area. The presence of dissolved impu-
rities may affect the rate of crystallization and even change
the crystal habit, provided that these impurities are surface-
active and become adsorbed on the nuclei or growing crys-
tals.222325-28  For instance, 0.005% polysorbate 80 or octox-
ynol 9 significantly retard the growth of methylprednisolone
crystals in aqueous media. Gelatin or povidone, at concen-
trations <0.10%, retard the crystal growth of sulfathiazole in
water.

Von Weimarn found that the particle size of the crystals
depends strongly on the concentration of the precipitating
substance. At a very low concentration and slight relative
supersaturation, diffusion is quite slow because the concen-
tration gradient is very small. Sufficient nuclei will usually
form to relieve the slight supersaturation locally. Crystal
growth is limited by the small amount of excess dissolved
material available to each particle. Hence, the particles
cannot grow beyond colloidal dimensions. This condition is
represented by points A, D and G of the schematic plot of
von Weimarn (Fig 19-20). At intermediate concentrations,
the extent of nucleation is somewhat greater but much more
material is available for crystal growth. Coarse crystals
rather than colloidal particles result (points B, E or H).

At high concentrations, nuclei appear so quickly and in
such large numbers that supersaturation is relieved almost
immediately, before appreciable diffusion occurs. The high
viscosity of the medium also slows down diffusion of excess
dissolved ions or molecules, retarding crystal growth without
substantially affecting the rate of nucleation. A large num-
ber of very small particles results which, because of their
proximity, tend to link, producing a translucent gel (points C
and F). Onsubsequent dilution with water, such gels usual-
ly yield colloidal dispersions.

Thus, colloidal systems are usually produced at very low
and high supersaturations. Intermediate values of super-
saturation tend to produce coarse crystals. Low solubility is
a necessary condition for producing colloidal dispersions. If
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Fig 19-20. Effect of the concentration of the precipitating material
and of aging on particle size.?®6 Curves ABC, DEF and GHI corre-
spond to increasing aging. Both axes are on a logarithmic scale.

the solubility of the precipitate is increased, for instance by
heating the dispersion, a new family of curves will result,
similar in shape to ABC, DEF, and GHI of Fig 19-20, but
displaced upwards (towards larger particle sizes) and to the
right (towards higher concentrations}).25-28

Condensation methods generally produce polydisperse
sols because nucleation continues while established nuclei
grow. The particles in the resultant dispersion grew from
nuclei formed at different times and had different growth
periods.

A useful technique for preparing monodispersed sols in
the colloidal range by precipitation consists in forming all
the nuclei in a single, brief burst: When, in the course of the
precipitation process, the rate of homogeneous nucleation
becomes appreciable, a brief period of nucleation relieves
the supersaturation partially to such an extent that no new
nuclei form subsequently. By controlling the precipitation
process, it is rendered so slow that the supersaturation re-
mains too small for further nucleation. Therefore, the nu-
clei formed in the initial burst grow uniformly by diffusion of
the precipitating material as the precipitation process pro-
ceeds slowly. Throughout the rest of the precipitation, the
supersaturation never again reaches sufficiently high values
for forming new nuclei. It is relieved by continuous growth
of the existing nuclei.?3.253!

Controlled hydrolysis of salts of di- and trivalent cations
in aqueous solution at elevated temperatures has been used
to produce colloidal dispersions of metal (hydrous) oxides of
uniform size and shape, in a variety of well-defined shapes
(eg, sphere, lath, cube, disc, hexagonal). Complexation of
the cations, concentration and temperature control the rate
of hydrolysis and, hence, the chemical composition, crystal-
linity, shape and size of the dispersed phase.3?

A feature of Fig 19-20 is that aging increases the particle
size. Curves ABC, DEF and GHI correspond to increasing
times after mixing the reagents. Typical ages are 10-30
min, several hours, and weeks or years, respectively. This
gradual increase in particle size of crystals in their mother
liquor is a recrystallization process called Ostwald ripening.
Verysmall particles have a higher solubility than large parti-
cles of the same substance owing to their greater specific
surface area and higher surface free energy. In a saturated
solution containing precipitated particles of the solute in a
wide range of particle sizes, the very smallest particles dis-
solve spontaneously and the material deposits onto the large
particles. The growth of the large crystals at the expense of
the very small ones occurs because this process lowers the
free energy of the dispersion. As mentioned above, the most
stable system is the suspension of a few coarse crystals,
whereas the colloidal dispersion of a great many fine parti-
cles of the same substance is intrinsically less stable.

The spontaneous coarsening of colloidal dispersions on
aging is accelerated by a relatively high solubility of the
precipitate and can be retarded by lowering the solubility or
by adding traces of surface-active compounds which are
adsorbed at the particle surface. For instance, barium sul-
fate precipitated by mixing concentrated solutions of sodi-
um sulfate and barium chloride is largely in the colloidal
range and passes through filter paper. The colloidal parti-
cles gradually grow in size by Ostwald ripening, forming
large crystals which can be removed quantitatively by filtra-
tion. Heating the aqueous dispersion speeds up this recrys-
tallization by increasing the solubility of barium sulfate in
water. The addition of ethyl alcohol lowers the solubility,
retarding Ostwald ripening so that the dispersion remains in
the colloidal state for years.

Mathematically the effect of particle size on solubility is

expressed as
S=S_exp (r RT)
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Table Xili—Effects of Particle Size on Solubility

r{um) 8
0.01 78a-
0.10 1.12 8.
1.0 1.018.

10 1.001 S.

M = 500; v = 30 ergs/cm? p =1

where S is the solubility of a spherical crystal of radius r, S«
s the solubility of an infinitely large crystal (r = =), M is the
molecular weight, p s the density, v is the crystal/solvent
interfacial tension, R is the gas constant and T is the abso-
Jute temperature. Only approzimations can be obtained
with this equation because the particles are not spheres, and
« values are different for different crystal faces. Table XIII
shows the magnitude of particle size effects on the solubility
for reasonable values of M, v and p. It is evident that with
particles in the colloidal range, ie, r 2 1 um, S values become
appreciably greater than that for a coarse crystal, hence the
tendency for very fine particles to dissolve and for coarse
crystals to grow at the expense of the former. This differ-
ence in solubility explains why difficulty is encountered in
preparing and stabilizing suspensions of very fine particles
of certain substances.

Two techniques are used to increase the solubility of very
slightly soluble drugs and, hence, their rate of dissolution in
vivo. Many organic compounds exist in various polymor-
phic modifications. For instance, corticosterone, testoster-
one, sulfaguanidine and pentobarbital each have four poly-
morphic forms, with different melting points and crystal
structures. The three metastable polymorphs have higher
solubilities than the stable form. Solvates of solid drugs, eg,
hydrates, have different crystalline structures and either
higher or lower solubilities than the anhydrous forms. The-
ophylline monohydrate is less soluble than the anhydrous
form while succinylsulfathiazole is less soluble than its sol-
vate with 1-pentanol. Milling and grinding organic crystals
may produce significant proportions of amorphous or
strained crystalline material, which has higher solubility
than the original crystalline material.3

Another process by which particles in colloidal dispersions
grow in size is by agglomeration of individual particles into
zg%regates. This process, called coagulation, is discussed

elow.

Purification of Hydrosols by Dialysis and Ultrafiltration

Many hydrosols contain low molecular-weight, water-sol-
uble impurities. Inorganic dispersions often contain salts
formed by the reaction producing the disperse phase. Salts
are especially objectionable in the case of hydrophobic dis-
persions because they tend to coagulate such dispersions.
Protein solutions often contain salts added as part of the
separation procedure. The blood of patients with renal
Insufficiency contains excessive concentrations of urea and
OFher low-molecular-weight metabolites and salts. These
dissolved impurities of small molecular size are removed
from the colloidal dispersions by means of membranes with
pore openings smaller than the colloidal particles.

Membranes—Conventional filter papers are permeable
to colloidal particles as well as to small solute molecules.

ong the early membranes capable of retaining colloidal
barticles but permeable to small solute molecules were pig’s
bladfier and parchment. Most membranes in current use
consist of cellulose, cellulose nitrate prepared from collodi-
on, cellulose acetate or synthetic polymers, and are available
In a variety of shapes, gauges, and pore sizes. Gel cello-
Phane is most widely used. It consists of sheets or tubes of
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cellulose made by extruding cellulose xanthate solutions
(viscose) through slit or annular dies into a sodium bisulfate/
sulfuric acid bath which decomposes the zanthate, precipi-
tating the regenerated cellulose in a highly swollen or gel
state. If the cellulose film were permitted to dry after puri-
fication and washing with water, it would crystallize and
shrink excessively, losing most of its extensive micropore
structure and turning somewhat brittle. The film is there-
fore impregnated with glycerin before drying. Glycerin re-
mains in the film rather than evaporating like water. It
reduces the shrinkage and blocks crystallization. This ac-
tion prevents the collapse of the porous gel structure and
plasticizes the film, keeping it flexible. A typical dialysis
tube made from sausage casing swells to about twice its
thickness in water and has an average pore diameter of 34 A.
While the pore structure of cellophane films used in dialysis
and ultrafiltration causes retention of colloidal particles but
permits the passage of small solute molecules, osmotic mem-
branes are only permeable to water and retain small solute
molecules as well as colloidal particles.

Dialysis—The colloidal dispersion is placed inside a sac
made of sausage casing dipping in water. The small solute
molecules diffuse out into the water while the colloidal mate-
rial remains trapped inside because of its size. The rate of
dialysis is increased by increasing the area of the membrane,
by stirring, and by maintaining a high concentration gradi-
ent across the membrane. For the latter purpose, the water
is replenished continuously or at least frequently. A mem-
brane configuration which provides a particularly extensive
transfer area for a given volume of dispersion is the hollow
fiber. A typical fiber measures 175 um inside diameter and
225 um outside diameter. The dispersion to be dialyzed is
circulated inside a bundle of parallel fibers while water is
circulated outside the fibers throughout the bundle. Dialy-
sis of the diffusing species takes place across the thin fiber
wall. Dialysis is used in the laboratory to purify sols and to
study binding of drugs by proteins, as well as in some manu-
facturing processes.

Electrodialysis—If the low-molecular-weight impurities
to be removed are electrolytes, the dialysis can be speeded
up by applying an electric potential to the sol which pro-
duces electrolysis. An electrodialyzer (Fig 19-21) is divided
into three compartments by two dialysis membranes sup-
ported by screens. The two outer compartments, in which
the two electrodes are placed, are filled with water while the
solis placed into the center compartment. Under the influ-
ence of the applied potential, the anions migrate from the sol
into the anode (right) compartment while the cations mi-
grate into the cathode compartment. Low-molecular-
weight nonelectrolyte solutes diffuse into either compart-
ment.

Colloidal particles are usually charged and therefore tend
to migrate towards the membrane sealing off the compart-
ment with the electrode of opposite charge. The combina-
tion of electrophoresis (see below) and gravitational sedi-
mentation produces the accumulation of negatively charged
sol particles shown in Fig 19-21. Hence the supernatant
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Fig 19-21. Electrodialyzer showing electrodecantation
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liquid can be changed by decantation. This process, which
may be used to speed up electrodialysis, is called electrode-
cantation.2125

Ultrafiltration—When a sol is placed in a compartment
closed by a dialysis membrane and pressure is applied, the
liquid and the small solute molecules are forced through the
membrane while the colloidal particles are retained. This
process, called ultrafiltration, is based on a sieving mecha-
nism in which all components smaller than the pore size of
the filter membrane pass through it. The pressure differ-
ence required to push the dispersion medium through the
ultrafilter is provided by gas pressure applied on the sol side
or by suction on the filtrate side. The membrane is usually
supported on a fine wire screen.2+-27

As ultrafiltrate is being removed, the sol becomes more
concentrated because a constant amount of disperse parti-
cles is confined to a decreasing volume of liquid. Some
dissolved small molecules or ions are left in the sol together
with the residual water. To avoid the increase in concentra-
tion of the colloidal particles and remove the dissolved im-
purities completely, the ultrafiltrate squeezed from the sol is
replenished continuously or intermittently with an equal
volume of water. During ultrafiltration, solids tend to accu-
mulate on and near the membrane. To prevent this buildup
and maintain uniform composition throughout the sol, it is
stirred.

Bundles of hollow fibers are used for ultrafiltration in the
lahoratory and on large scale. To withstand higher pres-
sures, the wall thickness of the fibers used in ultrafiltration
is usually greater than that of fibers used exclusively for
dialysis. When hollow fibers are fouled by excessive accu-
mulation of solids on the inner wall, they are cleaned by
backflushing with water or ultrafiltrate.

Hemodialysis—The blood of uremic patients is dialyzed
periodically in “artificial kidney” dialyzers to remove urea,
creatinine, uric acid, phosphate and other metabolites, and
excess sodium and potassium chloride. The dialyzing fluid
contains sodium, potassium, calcium, chloride and acetate
ions (the latter are converted in the body to bicarbonate),
dextrose and other constituents in the same concentration as
normal plasma. Since it contains no urea, creatinine, uric
acid, phosphate nor any of the other metabolites normally
eliminated by the kidneys, these compounds diffuse from
the patient’s blood into the dialyzing fluid until their con-
centration is the same in blood and fluid. Sodium and
potassium chloride diffuse from blood to fluid because of
their higher initial concentration in the blood, and continue
to diffuse until the concentration is equalized. The volume
of dialyzing fluid is much greater than that of blood. The
great disparity in volume and the replenishment of dialyzate
with fresh fluid ensure that the metabolites and the excess of
electrolytes are removed almost completely from the blood.
Hemodialysis is also employed in acute poisoning cases.

Plasma proteins and blood cells cannot pass through the
dialysis membrane hecause of their size. Edema resulting
from water retention can be relieved by ultrafiltration
through the application of a slight pressure on the blood side
or a partial vacuum on the fluid side.

The three geometries used to circulate the blood and the
dialyzing fluid in a countercurrent fashion are a coil of flat-
tened cellulose tubing wound concentrically with a support-
ing mesh screen around a core, a stack of flat cellulose sheets
separated by ridged or grooved plates, and hollow fibers.
The regenerated cellulose used in the former two is precipi-
tated from a cuprammonium solution. The hollow cellulose
acetate fibers have an outside diameter of ahout 270 um and
a wall thickness of 30 um.3* The advantage of hollow fibers
is their compactness. A bundle of 10,000 fibers 18 cm long
has a surface area of 1.4 m2

Particle Shape, Optical, and Transport Properties of
Lyophobic Dispersions

Hydrophobic materials handled by pharmacists in aqye.
ous dispersion range from metallic conductors to inorganije
precipitates to organic solids and liquids which are electric
insulators. Despite the great diversity of the hydrophobie
disperse phase, their hydrosols have certain common charae.-
teristics.

Particle Shape and Particle Size Distribution—Botp
of these properties depend on the chemical and physica}
nature of the disperse phase and on the method employed t
prepare the dispersion. Primary particles exist in a great
variety of shapes. Their aggregation produces an evep
greater variety of shapes and structures. Precipitation and
mechanical comminution generally produce randomly
shaped particles unless the precipitating solids possess pro-
nounced crystallization habits or the solids being ground
possess strongly developed cleavage planes. Precipitated
aluminum hydroxide gels and micronized particles of sulfon-

amides and other organic powders have typical irregular

random shapes. An exception is bismuth subnitrate. Even
though its particles are precipitated by hydrolyzing bismuth
nitrate solutions with sodium carbonate, its particles are
lath-shaped. Precipitated silver chloride particles have a
cubic habit which is apparent under the electron micro-

scope. Lamellar or plate-like solids in which the molecular !

cohesion between layers is much weaker than within layers
frequently preserve their lamellar shape during mechanical
comminution, because milling and micronization break up
stacks of thin plates in addition to fragmenting plates in the
lateral dimensions. Examples are graphite, mica and ka-
olin. Figure 19-22 shows a Georgia crude clay as mined.
Processing yields the refined, fine-particle kaolinite of Fig
19-23. Similarly, macroscopic ashestos and cellulose fibers

consist of bundles of microscopic and submicroscopic fibrils. .

Mechanical comminution or beating splits these bundles
into the component fibrils of very small diameters as well as
cutting them shorter.

Microcrystalline cellulose is a fibrous thickening agent
and tablet additive made by selective hydrolysis of cellulose.

Fig 19-22.

Scanning electron micrograph of a crude kaolin clay &5
mined. Processing yields the fine particle material of Fig 19-23
(courtesy, John L Brown, Engineering Experiment Station, Georgia
Institute of Technology).
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Fig 19-23. Transmission electron micrograph of a well crystallized,
fine-particle kaolin. Note hexagonal shape of the clay platelets
(courtesy, John L Brown, Engineering Experiment Station, Georgia
Institute of Technology).

Native cellulose consists of crystalline regions where the
polymer chains are well aligned and in registry, with maxi-
mum interchain attraction by secondary valence forces,
called crystallites, and of more disordered regions having
lower density and reduced interchain attraction and crystal-
linity, the so-called “amorphous” regions. During treat-
ment with dilute mineral acid, the acid penetrates the amor-
phous regions relatively fast and hydrolyzes the polymer
chains into water-soluble fragments. If the acid is washed
out before it penetrates the crystalline regions appreciably,
the crystallites remain intact. Wet milling and spray-dry-
ing the aqueous suspension produces spongy and porous
aggregates of rod-shaped or fibrillar bundles shown in Fig
19-24. These aggregates, averaging 100 um in size, were
embrittled by the acid treatment and lost the elasticity of
the native cellulose. They are well compressible and capa-
!Jle of undergoing plastic deformation, a property important
in tableting. Their porosity permits the aggregates to ab-
sorb liquid ingredients while still remaining a free-flowing
powder, thus preventing these liquids from reducing the
ﬂowability of the granulation or direct-compression mass
during tableting. The swelling of the cellulosic particles in
water speeds up the disintegration of the ingested tablets.
Ac}ditional shear breaks up the aggregated bundles into
the individual, needle- or rod-shaped cellulose crystallites
shown in Fig 19-25. The latter, which average 0.3 um in
length and 0.02 um in width, are of colloidal dimensions.
ese primary particles act as suspending agents in water,
Producing thixotropic structured vehicles. At concentra-
tions above 10%, eg 14 or 15%, the cellulose microcrystals gel
Water to ointment consistency by swelling and producing a
f’oﬁFlnuous network of rods extending throughout the entire
se icle. Attraction between the elongated particles is pre-
Umably due to flocculation in the secondary minimum (see
" ow). Treatment of the microcrystalline mass with sodi-
m cm"boxymethylcellulose facilitates its disintegration into
€ primary needle-shaped particles and enhances their
ICkening action.
com ile in the special cases of certain clays and cellulose,
. Minution produces lamellar and fibrillar particles, re-
Pectively, as a rule regular particle shapes are produced by

DISPERSE SYSTEMS 279

. - .’ N ) - - {
Fig 19-24. Scanning electron micrograph of Avicel PH-102 tablet-
ing grade microcrystaltine cellulose. The aggregates of fiber bundles
are porous and compressible (courtesy, FMC Corporation; Avicel is a
registered trademark of FMC Corporation).
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Fig 19-25. Transmission electron micrograph of Avicel RC-591

thickening grade microcrystalline cellulose. The needles are individ-

ual cellulose crystallites; some are aggregated into bundles (courtesy,

FMC Corporation; Avicel is a registered trademark of FMC Corpora-
tion).

condensation rather than by disintegration methods. Col-
loidal silicon dioxide is called fumed or pyrogenic silica
because it is manufactured by high-temperature, vapor-
phase hydrolysis of silicon tetrachloride in an oxy-hydrogen
flame, ie, a flame produced by burning hydrogen in a stream
of oxygen. The resultant white powder consists of submi-
croscopic spherical particles of rather uniform size (narrow
particle size distribution). Different grades are produced
by different reaction conditions. Relatively large. single
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spherical particles are shown in Fig 19-26. Their average
diameter is 50 nm (500 A), corresponding to the compara-
tively small specific surface area of 50 m2/g. Smaller spheri-
cal particles have correspondingly larger specific surface ar-
eas; the grade with the smallest average diameter, 5 nm, has
a specific surface area of 380 m*/g. During the manufactur-
ing process, the finer-grade particles tend to sinter or grow
together into chain-like aggregates resembling pearl neck-
laces or streptococci (see Fig 19-27).

Since fumed silica is amorphous, its inhaled dust causes no
silicosis. The spheres of colloidal silicon dioxzide are nonpo-
rous. While the density of the spherical particles is 2.13
g/cm3, the bulk density of their powder is a mere 0.05 g/cm3;
the powder is extremely light. This results in two pharma-
ceutical and cosmetic applications for colloidal silicon diox-
ide. It is used to increase the fluffiness or bulk volume of
powders. Even more than microcrystalline cellulose, the
high porosity of silica enables it to absorb a variety of liquids
from fluid fragrances to viscous tars, transforming them into
free-flowing powders that can be incorporated into tablets or
capsules. The porosity in colloidal silicon dioxide is due
entirely to the enormous void space between the particles,
which themselves are solid.

When these ultrafine particles are incorporated at levels
as low as 0.1 to 0.5% into a powder consisting of coarse
particles or granules, they coat the surface of the latter and
act as tiny ball bearings and spacers, improving the flowabi-
lity of the powder and eliminating caking. This action is
important in tableting. Moreover, colloidal silicon dioxide
improves tablet disintegration.

The surface of the particles contains siloxane (Si—0—Si)
and silanol (Si—OH) groups. When colloidal silicon dioxide

[,

Transmission electron micrograph of Aerosil OX 50,

Fig 19-28.
ground and dusted on. The spheres are translucent to the electron
beam, causing overlapping portions to be darker owing to increased
thickness (courtesy, Degussa AG of Hanau, West Germany; Aerosil is
a registered trademark of Degussa). The suffix S0 indicates the
specific surface area in m?/qg.

Fig 19-27. Transmission electron micrograph of Aerosil 130,
ground and dusted on. The spheres are fused together into chain-like
aggregates (courtesy, Degussa AG of Hanau, West Germany: Aerosil
is a registered trademark of Degussa). The suffix 130 gives the
specific surface area in m2/g.

powder is dispersed in nonpolar liquids, the particles tend to
adhere to one another by hydrogen bonds between their
surface groups. With finer grades of colloidal silicon diox-
ide, the spherical particles are linked together into short
chain-like aggregates as shown in Fig 19-27, thus agglomer-
ating into loose three-dimensional networks which increase
the viscosity of the liquid vehicles very effectively at levels as
low as a few percent. These hydrogen-bonded structures
are torn apart by stirring but rebuilt while at rest, conferring
thixotropy to the thickened liquids.

The grades which consist of relatively large and unat-
tached spherical particles, such as those of Fig 19-26, are less
efficient thickening agents as they lack the high specific
surface area and the asymmetry of the finer grades, which
consist of short chains of fused spherical particles. In the
latter category is Aerosil 200, the grade most widely used asa
pharmaceutical adjuvant, whose primary spheres, which are
extensively sintered together, have an average diameter of
12 nm. At levels of 8 to 10%, it thickens liquids of low
polarity such as vegetable and mineral oils to the consistency
of ointments, imparting considerable yield values to them.
The consistency of ointments thickened with colloidal sili-
con dioxide is not appreciably reduced at higher tempera-
tures. Incorporation of colloidal silicon dioxide into oint-
ments and pastes, such as those of zinc oxide, also reduces
the syneresis or bleeding of the liquid vehicles.

Hydrogen-bonding liquids like aleohols and water solvate
the silica spheres, reducing the hydrogen bonding between
particles. These solvents are gelled at silica levels of 12-18%
or higher.

Latexes of polymers are aqueous dispersions prepared by
emulsion polymerization. Their particles are spherical be-
cause polymerization of solubilized liquid monomer takes
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place insit_i(_a spherical surfactant }nice}les_which Sw?llube*
cause additional monomer keeps QIffusxng into the micelles.
Examples include latex-based paints. Some clays grow as
i articles possessing straight edges and hexagonal
plate-like p 8 p : .
angles, eg bentonite and kaqlm (see Fig 19-23). Other c}ays
have lath-shaped (nontronite) or needle-shaped particles
ite).
(atﬁt;if&lllsgificz)ition produces spherical droplets to .minimize
the oil-water interfacial area. Cooling the emulsion below
the melting point of the disperse phase freezes it_in t}}e
spherical shape. For instance, paraffin can be emulsified in
80° water; cooling to room temperature produces a hydrosol
with spherical particles. )

Sols of viruses and globular proteins, which are hydrophil-
ic, contain compact particles possessing definite geometri.c
shapes. Poliomyelitis virus is spherical, tobacco mosaic vi-
rus is rod-shaped, while serum albumin and the serum glob-
ulins are prolate ellipsoids of revolution (football-shaped).

Dispersion methods produce sols with wide particle size
distributions. Condensation methods may produce essen-
tially monodisperse sols provided specialized techniques are
employed. Monodisperse polystyrene latexes are available
for calibration of electron micrographs (see Fig 19-23). Bio-
logic hydrophilic polymers, such as nucleic acids and pro-
teins, form largely monodisperse particles, as do more highly
organized structures such as lipoproteins and viruses.

Light-Scattering by Colloidal Particles—The optical
properties of a medium are determined by its refractive
index. When the refractive index is uniform throughout,
light will pass the medium undeflected. Whenever there are
discrete variations in the refractive index caused by the
presence of particles or by small-scale density fluctuations,
part of the light will be scattered in all directions. An
optical property characteristic of colloidal systems, called
the Tyndail beam, is familiar to everyone in the case of
aerosols. When a narrow beam of sunlight is admitted
through a small hole into a darkened room, the presence of
the minute dust particles suspended in air is revealed by
bright flashing points.

A beam of light striking a particle polarizes the atoms and
molecules of that particle, inducing dipoles which act as
secondary sources and reemit weak light of the same wave-
length as the incident light. This phenomenon is called
light-scattering. The scattered radiation propagates in all
directions away from the particle. In a bright room, the
liﬁ{“ scattered by the dust particles is too weak to be notice-
able.

Colloidal particles suspended in a liquid also scatter light.
When an intense, narrowly defined beam of light is passed
through a suspension, its path becomes visible because of the
scattering of light by the particles in the beam. This Tyn-
dall beam becomes most visible when viewed against a dark
background in a direction perpendicular to the incident
beam. The magnitude of the turbidity or opalescence de-
Pends on the nature, size and concentration of the particles.
When clear mineral oil is dispersed in an equal volume of a
Cl?ar aqueous surfactant solution, the resultant emulsion is
milky white and opaque due to light scattering. Microemul-
8lons, where the emulsified droplets are about 40 nm (400 A)
in dlameter, ie, much smaller than the wavelength of visible
light, are transparent and clear to the naked eye.

The dark-field microscope or ultramicroscope, which per-
{mts observation of particles much smaller than the wave-
ength of light, was the only means of detecting submicro-
Scopic particles before the advent of electron microscopy. A
Special cardjoid condenser produces a hollow cylinder of
ight and converges it into a hollow cone focused on the
f.ampl_e- The sample is at the apex of the cone, where the
ight intensity is high. After passing through the sample,

€ cone of light diverges and passes outside of the micro-
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scope objective. A homogeneous sample thus gives a dark
field. A similar effect can be produced with a regular Abbe
condenser outfitted with a central stop and a strong light
source. Colloidal particles scatter light in all directions.
Some of the scattered light enters the objective and shows up
the particles as bright spots. Thus, even particles smaller
than the wavelength of light can be detected, provided their
refractive index differs sufficiently from that of the medium.
Dissolved polymer molecules and highly solvated gel parti-
cles do not scatter enough light to become visible. Asym-
metric particles like flat bentonite platelets give flashing
effects as they rotate in Brownian motion, because they
scatter more light with their basal plane perpendicular to the
light beam than edgewise. Brownian motion, sedimenta-
tion, electropboretic mobility, and the progress of floccula-
tion can be studied with the dark-field microscope. Poly-
dispersity can be estimated qualitatively because larger par-
ticles scatter more light and appear brighter. The resolving
power of the ultramicroscope is no greater than that of the
ordinary light microscope. Particles closer together than
0.2 um appear as a single blur.

Turbidity may be used to measure the concentration of
dispersed particles in two ways. In turbidimetry, a spectro-
photometer or photoelectric colorimeter is used to measure
the intensity of the light transmitted in the incident direc-
tion. Turbidity, r, is defined by an equation analogous to
Beer’s law for the absorption of light (see Chapter 30),2425:27
namely

where I and I, are the intensities of the incident and trans-
mitted light beams, and ! is the length of the dispersion
through which the light passes.

If the dispersion is less turbid, the intensity of light scat-
tered at 90° to the incident beam is measured with a nephe-
lometer. Both methods require careful standardization
with suspensions containing known amounts of particles
similar to those to be measured. The concentration of col-
loidal dispersions of inorganic and organic corapounds and
of bacterial suspensions can thus be measured by their tur-
bidity.

The turbidity or Tyndall effect of hydrophilic colloidal
systems like aqueous solutions of gums, proteins and other
polymers is far weaker than that of lyophobic dispersions.
These solutions appear clear to the naked eye. Their tur-
bidity can be measured with a photoelectric cell/photomulti-
plier tube and serves to determine the molecular weight of
the solute.

The theory of light scattering was developed in detail by
Lord Rayleigh. For white nonabsorbing nonconductors or
dielectrics like sulfur and insoluble organic compounds, the
equation obtained for spherical particles whose radius is
small compared to the wavelength of light \ is2+2%7

220, 32
AT, = ) (1 + cos®8)

Md%e

Iy is the intensity of the unpolarized incident light; I, is the
intensity of light scattered in a direction making an angle 6
witb the incident beam and measured at a distance d. The
scattered light is largely polarized. The concentration ¢ is
expressed as the number of particles per unit volume. The
refractive indices n; and ng refer to the dispersion and the
solvent, respectively.

Since the intensity of scattered light is inversely propor-
tional to the fourth power of the wavelength, blue light (A =
450 nm or 4500 A) is scattered much more strongly than red
light (A = 650 nm or 6500 A). With incident white light,
colloidal dispersions of colorless particles appear blue when

L =1

N
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282 CHAPTER 19

viewed in scattered light, ie, in lateral directions such as 90°
to the incident beam. Loss of the blue rays due to preferen-
tial scattering leaves the transmitted light yellow or red.
Preferential scattering of blue radiation sideways accounts
for the blue color of the sky, sea, cigarette smoke, and diluted
milk and for the yellow-red color of the rising and setting sun
viewed head-on.

The particles in pharmaceutical suspensions, emulsions
and lotions are generally larger than the wavelength of light
A. When the particle size exceeds A/20, destructive interfer-
ence between light scattered by different portions of the
same particle lowers the intensity of scattered light and
changes its angular dependence. Rayleigh’s theory was ex-
tended to large and to strongly absorbing and conducting
particles by Mie and to nonspherical particles by
Gans 21222427 By ysing appropriate precautions in experi-
mental techniques and in interpretation, it is possible to
determine an average particle size and even the particle size
distribution of colloidal dispersions and coarser suspensions
by means of turbidity measurements.

Diffusion and Sedimentation-—The molecules of a gas
or liquid are engaged in a perpetual, random thermal motion
which causes them to collide with one another and with the
container wall billions of times per second. Each collision
changes the direction and the velocity of the molecules in-
volved. Dissolved molecules and suspended colloidal parti-
cles are continuously and randomly buffeted by the mole-
cules of the suspending medium. This random bombard-
ment imparts to solutes and particles an equally unceasing
and erratic movement called Brownian motion, after the
botanist Robert Brown who first observed it under the mi-
croscope with an aqueous pollen suspension. The Brownian
motion of colloidal particles mirrors on a magnified scale the
random movement of the molecules of the liquid or gaseous
suspending medium, and represents a three-dimensional
random walk.

Solute molecules and suspended colloidal particles under-
go rotational and translational Brownian movement. For
the latter, Einstein derived the equation

.‘E = V‘ 2Dt
where x is the mean displacement in the x-direction in time ¢
and D is the diffusion coefficient. Einstein also showed that
for spherical particles of radius r under conditions specified

in Chapter 20 for the validity of Stokes’ law and Einstein's
law of viscosity

RT
8rnrN
where R is the gas constant, T the absolute temperature, N
Avogadro’s number, and 5 the viscosity of the suspending
medium.

The diffusion coefficient is a measure of the mobility of a
dissolved molecule or suspended particle in a liquid medi-
um. Representative values at room temperature, in
cm?/sec, are 4.7 X 1076 for sucrose and 6.1 X 10~7 for serum
albumin in water. With a diffusion coefficient of 1 X 107
cm?/sec, Brownian motion causes a particle to move by an
average distance of 1 ¢cm in one direction in 58 days, by 1 mm
in 14 hr, and by 1 um in 0.05 sec. Smaller molecules diffuse
faster in a given medium. Assuming spherical shape, the
radius of a serum albumin molecule is 35 A and that of a
sucrose molecule 4.4 A. The ratio of the radii of the two
molecules 35/4.4 = 7.9, is nearly identical with the inverse
ratio of their diffusion coefficients in water, 4.7 X 1076/6.1 X
10~7 = 7.7, in agreement with the above equation. Diffusion
coefficients of steroids and other molecules of similar size
dissolved in absorption bases based on petrolatum are gen-
erally in the 10719 to 10-8 cm?/sec range. Steroids have only
slightly higher molecular weights than sucrose. Their much

D:

smaller diffusion coefficients are due to the much higher
viscosity of the vehicle.

Dynamic light-scattering or photon-correlation spectros-
copy is based on the fact that the light scattered by particles
in Brownian motion undergoes a minute shift in wavelength
by the usual Doppler effect. The shift is so small that it can
be detected only by laser light beams, which are strictly
monochromatic and very intense. The wavelength shift,
which shows up as line broadening, is used to determine the
diffusion coefficient of the particles,?326 which in turn yields
their radius according to the equation above.

Brownian motion and convection currents maintain dis-
solved molecules and small colloidal particles in suspension
indefinitely. As the particle size and r increase, the Brown-
ian motion decreases; x is proportional to r-1/2. Provided
that the density of the particle dp and of the liquid vehicle d;
are sufficiently different, larger particles have a greater ten-
dency to settle out when dp > d;, or to rise to the top of the
suspension when dp < d;, than smaller particles of the same
material.

The rate of sedimentation is expressed by the Stokes’
equation (Eq 35), which can be rewritten as

_ 2Adp—dp)rgt
97

where h is the height through which a spherical particle
settles in time ¢. The rate of sedimentation is proportional
to r2. Thus, with increasing particle size, the Brownian
motion diminishes while the tendency to sediment increases.
The two become equal for a critical radius when the distance
h through which the particle settles equals the mean dis-
placement x due to Brownian motion in the same time inter-
val t.% [n most pharmaceutical suspensions, sedimentation
prevails. Intravenous vegetable oil emulsions do not tend to
cream because the mean droplet size, ca 0.5 um, is smaller
than the critical radius.

Passive diffusion caused by a concentration gradient and
carried out through Brownian motion is important in the
release of drugs from topical preparations (see Chapter 87)
and in the gastrointestinal absorption of drugs (see Chapter
35).

Viscosity—Most lyophobic dispersions have viscosities
not much greater than that of the liquid vehicle. This holds
frue even at comparatively high volume fractions of the
disperse phase unless the particles form continuous network
aggregates throughout the vehicle, in which case yield values
are observed. Most O/W and W/O emulsions have specific
viscosities not much greater than those predicted by Ein-
stein’s modified law of viscosity (see Eq 11 of Chapter 20 and
text). For instance, emulsions containing 40% v/v of the
internal phase generally have viscosities only three to five
times higher than that of the continuous phase. By con-
trast, the apparent viscosities of lyophilic dispersions, espe-
cially of polymer solutions, are several orders of magnitude
greater than the viscosity of the solvent or vehicle even at
concentrations of only a few percent solids. Lyophilic dis-
persions are also generally much more pseudoplastic or
shear-thinning than lyophobic dispersions (see Chapter 20).

h

Electric Properties and Stability of Lyophobic
Dispersions

Difference between Lyophilic and Lyophobic Disper-
sions—Lyophilic or solvent-loving solids are called hydro-
philic if the solvent is water. Owing to the presence of high
concentrations of hydrophilic groups, they dissolve or dis-
perse spontaneously in water as far as is possible without
breaking covalent bonds. Among hydrophilic groups are
ionized ones which dissociate into highly hydrated ions like
carboxylate, sulfonate or alkylammonium ions, and organic

HALOBET0019624

Padagis Ex. 1045
IPR Petition - USP 11,311,482



r’

functional groups like hydroxyl, carbony(li,‘ aming, and imino
hich bind water thmugh hyd_rogen bgn ing.
v The free energy of dissolution or dispersion, AG,, of hy-
drophilic solids includes a large negative (.exothem‘lic) heat
or enthalpy of solvation, AH, and a large increase in entro-
AS,. Since AG, = AH. - TASS,AA‘GS has a large negative
value: the dissolution of .}}ydrop!uhc macrgmqlecules and
the dispersion of hydrophilic particulate solids in water oc-
cur spontanGOUSIY (see Chapter 16), overcoming the pgrallel
increases in surface area and surface free energy. stsplu-
tion and dispersion talAce place so that.vyater can come into
contact and interact wah the hydrophlhc groups of the sol-
ids (enthalpy of solyatxcn), and to increase the numbgr of
available configurations of the macromolecules and particles
(entropy increase). . . :

The van der Waals energies of attraction between dis-
solved macromolecules or dispersed hydrophilic solid parti-
cles are smaller than AG, and are, therefore, insufficient to
cause separation of a solid polymer phase or agglomeration
through flocculation or coagulation of the dispersed parti-
cles. Furthermore, the hydration layer surrounding dis-
solved macromolecules and dispersed particles forms a bar-
rier preventing their close approach.

Hydrophobic solids and liquids such as organic com-
pounds consisting largely of hydrocarbon portions with few
if any hydrophilic functional groups, like cholesterol and
other steroids, and some nonionized inorganic substances
like sulfur, are hydrated slightly or not at all. Hence they do
not disperse or dissolve spontaneously in water: AG; is
positive because of a positive (endothermic) AH, term, mak-
ing the reverse process (agglomeration) the spontaneous
one. Aqueous dispersions of such hydrophobic solids or
liquids can be prepared by physical means which supply the
appropriate energy to the system (see above). They are
unstable, however. The van der Waals attractive forces
between the particles cause them to aggregate, since the
solvation forces which promote dispersal in water are weak.
If aqueous dispersions of hydrophobic solids are to resist
reaggregation (coagulation and flocculation). they must be
stabilized. Stabilizing factors include electric charges at the
particle surface (due to dissociation of ionogenic groups of
the solid or pertaining to adsorbed ions such as ionic surfac-
tants) and the presence of adsorbed macromolecules or non-
ionic surfactants. These stabilizing factors do not alter the
intrinsic thermodynamic instability of lyophobic disper-
sions; AQG, is still positive so that the reverse process of
pbase separation or aggregation is energetically favored over
dispersal. They establish kinetic barriers which delay the
aggregation processes almost indefinitely; the dispersed par-
ticles cannot come together close enough for the van der
Waals attractive forces to produce coagulation.42627 These
stabilization mechanisms are discussed below.

The reductions in surface area and surface free energy
accompanying flocculation or coagulation are small because
trregular solid particles, being rigid, touch only at a few
boints upon aggregation. The loose initial contacts may
grow with time by sintering or recrystallization. Sintering
consists of the “fusion” of primary particles into larger pri-
mary particles which propagates from initial small areas of
contact. This recrystallization process is spontaneous be-
Cause it decreases the specific surface area of the disperse
§ollq and the surface free energy of the dispersion. Sinter-
Ing is analogous to Ostwald ripening, the recrystallization
Process of transferring solid from colloidal to coarse particles
discussed above. Low solubility and the presence of ad-
Sorbe_d surface-active substances retard both processes.

Origin of Electric Charges—Particles can acquire
charges from several sources. In proteins, one end group of
the 991Ypeptide chain and aspartic and glutamic acid units
contribute carboxylic acid groups, which are ionized into

py’
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carboxylate ions in neutral to alkaline media. The other
chain end group and lysine units contribute amino groups,
arginine units contribute guanidine groups, and histidine
units contribute imidazole groups. The nitrogen atoms of
these groups become protonated in neutral to acid media.
For electroneutrality, these cationic groups require anions,
such as Cl~ if hydrochloric acid was used to make the medi-
um acid and to supply the protons. The neutralizing ions,
called counterions, dissociate from the ionogenic basic func-
tional groups and can be replaced by other ions of like
charge: they are not an integral part of the protein particle
but are located in its immediate vicinity. The alkylammon-
ium, guanidinium and imidazolium ions, which are attached
to the protein molecule by covalent bonds, confer a positive
charge to it. In neutral and alkaline media, Na*, K*, Ca?*
and Mg?* are among the counterions neutralizing the nega-
tive charges of the carboxylate groups. The latter are cova-
lently attached to and constitute an integral part of the
protein particle, conferring a negative charge to it.

At an intermediate pH value, which ranges from 4.5 to 7
for the various proteins, the carboxylate anions and the
alkylammonium, guanidinium, and imidazolium cations
neutralize each other exactly. There is no need for counter-
ions since the ionized functional groups which are an integral
part of the protein molecule are in exact balance. At this pH
value, called the isoelectric point, the protein particle or
molecule is neutral; its electric charge is neither negative
nor positive, but zero.2224.27

Many other organic polymers contain ionic groups and
are, therefore, called polyelectralytes (polymeric electro-
lytes or salts). Natural polysaccharides of vegetable origin
such as acacia, tragacanth, alginic acid and pectin contain
carboxylic acid groups, which are ionized in neutral to alka-
line media. Agar and carrageenan as well as the animal
polysaccharides heparin and chondroitin sulfate, contain
sulfuric acid hemiester groups, which are strongly acidic and
ionize even in acid media. Cellulosic polyelectrolytes in-
clude sodium carboxymethylcellulose, while synthetic car-
boxylated polymers include carbomer, a copolymer of acrylic
acid.

Aluminum hydroxide, Al{OH)s, is dissolved by acids and
alkalis forming aluminum ions, AI3*, and aluminate ions,
[AL(OH)4]~, respectively. In neutral or weakly acid media,
at acid concentrations too low to cause dissolution, an alumi-
num hydroxide particle has some positive charges attribut-
able to incompletely neutralized positive Al3* valences.
The portion of the surface of an aluminum hydroxide parti-
cle represented schematically below has one such positive
charge neutralized by a C1~ counterion:

HO,
Z N

(/ﬂ-— OH
Hi

Al® c®

B

L

NN
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In weakly alkaline media, at base concentrations too low to
transform the aluminum hydroxide particles completely
into aluminate and dissolve them, they bear some negative
charges due to the presence of a few aluminate groups. The
portion of the particle surface represented schematically
below has one such negative group neutralized by a Na*
counterion:
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At a pH of 8.5 to 9.1,%37 there are neither [AI(OH),]* nor
[Al(OH)4] "~ ions in the particle surface but only neutral
Al(OH)3; molecules. The particles have zero charge and
therefore need no counterions for charge neutralization.
This pH is the iscelectric point. In the case of inorganic
particulate compounds such as aluminum hydroxide, it is
also called zero point of charge.

Bentonite clay is a lamellar aluminum silicate. Each lat-
tice layer consists of a sheet of hydrated alumina sandwiched
between two silica sheets. Isomorphous replacement of
AR* by Mg?* or of Sit+ hy AI3* confers net negative charges
to the thin clay lamellas in the form of cation-exchange sites
resembling silicate ions built into the lattice. The counter-
ions producing electroneutrality are usually Nat (sodium
bentonite) or Ca** (calcium bentonite). The zero point of
charge is probably close to that of quartz, silica gel and other
silicates, namely, at a pH of about 1.5 to 2.

Stlver todide sols can be prepared by the reaction

AgNQO, + Nal — Agl(s) + NaNO,

In the bulk of the silver iodide particles, there is a 1:1 stoi-
chiometric ratio of Ag* to I~ ions. If the reaction is carried
out with an excess silver nitrate, there will be more Ag* than
I~ ions in the surface of the particles. The particles will thus
be positively charged and the counterions surrounding them
will be NO;~. If the reaction is carried out using an exact
stoichiometric 1:1 ratio of silver nitrate to sodium iodide or
with an excess sodium iodide, the surface of the particles will
contain an excess I~ over Ag* ions. 242527 The particles will
be negatively charged, and Na* will be the counterions sur-
rounding the particles and neutralizing their charges.

An additional mechanism through which particles acquire
electric charges is by the adsorption of ions, 2% including
ionic surfactants.

Electric Double Layers—The surface layer of a silver
iodide particle prepared with an excess of sodium iodide
contains more I~ than Ag* ions, whereas its bulk contains
the two ions in exactly equimolar proportion. The aqueous
solution in which this particle is suspended contains rela-
tively high concentrations of Na* and NQO;™, a lower concen-
tration of I, and traces of H*, OH™~ and Ag®.

The negatively charged particle surface attracts positive
ions from the solution and repels negative ions: the solution
in the vicinity of the surface contains a much higher concen-
tration of Na*, which are the counterions, and a much lower
concentration of NO3~ ions than the bulk of the solution. A
number of Nat ions equal to the number of excess I”ions in
the surface (ie, the number of I~ ions in the surface layer
minus the number of Ag* ions in the surface layer) and
equivalent to the net negative surface charge of a particle are
pulled towards its surface. These counterions tend to stick
to the surface, approaching it as closely as their hydration
spheres permit (Helmholtz double layer), but the thermal
agitation of the water molecules tends to disperse them
throughout the solution. As a result, the layer of counter-
ions surrounding the particle is spread out. The Na* con-
centration is highest in the immediate vicinity of the nega-
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Fig 19-28. Electric double layer at the surface of a silver iodide
particle (upper part) and the corresponding potentials {lower part).
The distance from the particle surtace, plotted on the horizontal axis,
refers to both the upper and lower parts.

tive surface, where they form a compact layer called the
Stern layer, and decreases with distance from the surface,
throughout a diffuse layer called the Gouy-Chapman layer:
the sharply defined negatively charged surface is surround-
ed by a cloud of Na* counterions required for electroneutra-
lity. The combination of the two layers of oppositely
charged ions constitutes an electric double layer. It is illus-
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mpngde?scttric potential of a plane is egual to Fhe WO{k
ainst electrostatic f_orces‘ required to bring a unit electric
ﬁarge from infinity (in this case, from the bulk of the s?lu-
ion) to that plane. If the plane is the surfacg of the.partlcle,
:;:)n otential is called surface or Y potential, which mea-
e & the total potential of the double layer. This is the
thermodynamic potential whlc_h operates in galvanic cells.
On moving away from the partxcle.surface tqwards the bu}k
solution in thedirection of the horizontal axis, the pf!:entl-al
drops rapidly across the Stern layer because thf Na* ions in
the immediate vicinity of the surface screen Na* ions farther
removed, in the diffuse part of the double layer, frofn the
effect of the negative surface charge. Thg decrease in po-
tential across the Gouy-Chapman layer is more gradual.
The diffuse double layer gradually comes to an end as the
composition approaches that of the bulk liquid where the
anion concentration equals the catlor{ concentra?xon, and
the potential approaches zero asymptotically. _In view of the
indefinite end point, the thickness & of the dlt:fuse double
layer is arbitrarily assigned the value of the distance over
which the potential at the boundary between the Stern and
Gouy-Chapman layers drops to 1/e = 0.37 of its value.2+%7
The thickness of double layers usually ranges from 10 to
1000 A. It decreases as the concentration of electrolytes in
solution increases, more rapidly for counterions of higher
valence. The value of § is approximately equal to the recip-

rocal of the Debye-Hiickel theory parameter, .

Of practical importance, because it can be measured ex-
perimentally, is the electrokinetic or { (zeta) potential. In
aqueous dispersion, even relatively hydrophobic inorganic
particles and organic particles containing polar functional
groups are surrounded by a layer of water of hydration at-
tached to them by ion-dipole and dipole-dipole interaction.
When a particle moves, this shell of bound water and all ions
located inside it move along with the particle. Conversely, if
water or a solution flows through a fixed bed of these solid
particles, the hydration layer surrounding each particle re-
maing stationary and attached to it. The electric potential
atthe plane of shear or slip separating the bound water from
the free water is the { potential. It does not include the
Stern layer and only that part of the Gouy-Chapman layer
which lies outside the hydration shell. The various poten-
tials are shown on the bottom part of Fig 19-28.

Stabilization by Electrostatic Repulsion—When two
uncharged hydrophobic particles are in close proximity,
they attract each other by van der Waals secondary valences,
mainly by London dispersion forces. For individual atoms
and molecules, these forces decrease with the seventh power
of the distance between them. In the case of two particles,
every atom of one attracts every atom of the other particle.
Because the attractive forces are nearly additive, they decay
much less rapidly with the interparticle distance as a result
of this summation, approximately with the second or third
power. Since energies of attraction are equal to force x
distance, they decrease approximately with the first or sec-
ond power of the distance. Therefore, whenever two parti-

€8 approach each other closely, the attractive forces take
over and cause them to adhere. Coagulation occurs as the
Primary particles aggregate into increasingly larger second-
ary particles or flocs.

If the dispersion consists of two kinds of particles with
poamv? and negative charges, respectively, the electrostatic
attraction between oppositely charged particles is superim-
Posed on the attraction by van der Waals forces, and coagu-
ation is accelerated. If the dispersion contains only one
the <. as iS_ customary, all particles have surface charges of

€ same sign and density. In that case, electrostatic repul-
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Fig 19-29. Curves representing the van der Waals energy of attrac-
tion (WA), the energy of electrastatic repulsion (ER), and the net
energy of interaction (OPBAS) between two identical charged parti-
cles, as a function of the interparticle distance.

sion tends to prevent the particles from approaching closely
enough to come within effective range of each other’svan der
Waals attractive forces, thus stabilizing the dispersion
against interparticle attachments or coagulation. The elec-
trostatic repulsive energy has a range of the order of 4.

A quantitative theory of the interaction between lyopho-
bic disperse particles was worked out independently by Der-
jaguin and Landau in the USSR and by Verwey and Over-
beek in the Netherlands in the early 1940821242738 De.
tailed calculations are also found in Chapter 21 of RPS-17.
The so-called BLVO theory predicts and explains many but
not all experimental data. Its refinement to account for
discrepancies is still continuing.

The DLVO theory is summarized in Fig 19-29, where
curve WA represents the van der Waals attractive energy
which decreases approximately with the second power of the
interparticle distance, and curve ER represents the electro-
static repulsive energy which decreases exponentially with
distance. Because of the combination of these two opposing
effects, attraction predominates at small and large distances
whereas repulsion may predominate at intermediate dis-
tances. Negative energy values indicate attraction, and pos-
itive values repulsion. The resultant curve DPBA, obtained
by algebraic addition of curves WA and ER, gives the total,
net energy of interaction between two particles.

The interparticle attraction depends mainly on the chemi-
cal nature and particle size of the material to be dispersed.
Once these have been selected, the attractive energy is fixed
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286 CHAPTER 18

and cannot readily be altered. The electrostatic repulsion
depends on ¥ or the density of the surface charge and on the
thickness of the double layer, both of which govern the
magnitude of the { potential. Thus, stability correlates to
some extent with this potential.?* The { potential can be
adjusted within wide limits by additives, especially ionic
surfactants, water-miscible solvents, and electrolytes (see
below). If the absolute value of the { potential is small, the
resultant potential energy is negative and van der Waals
attraction predominates over electrostatic repulsion at all
distances. Such sols coagulate rapidly.

The two identical particles whose interaction is depicted
in Fig 19-29 have a large (positive or negative) { potential
resulting in an appreciable positive or repulsive potential
energy at intermediate distances. They are on a collision
course because of Brownian motion, convection currents,
sedimentation, or because the dispersion is being stirred.

As the two particles approach each other, the two atmos-
pheres of counterions surrounding them begin to interpene-
trate or overlap at point A corresponding to the distance d4.
This produces a net repulsive (positive) energy because of
the work involved in distorting the diffuse double layers and
in pushing water molecules and counterions aside, which
increases if the particles approach further. If the particles
continue to approach each other, even after most of the
intervening solution of the counterions between them has
been displaced, the repulsion between their surface charges
increases the net potential energy of interaction to its maxi-
mum positive value at B. If the height of the potential
energy barrier B exceeds the kinetic energy of the approach-
ing particles, they will not come any closer than the distance
dp but move away from each other. A net positive potential
energy of about 25 2T units usually suffices to keep them
apart, rendering the dispersion permanently stable; & is the
Boltzmann constant and T is the absolute temperature. At
T = 298°K, this corresponds to 1 X 10-12 erg. The kinetic
energy of a particle is of the order of &7

On the other hand, if their kinetic energy exceeds the
potential energy barrier B, the particles continue to ap-
proach each other past dg, where the van der Waals attrac-
tion becomes increasingly more important compared to the
electrostatic repulsion. Therefore, the net potential energy
of interaction decreases to zero and then becomes negative,
pulling the particles still closer together. When the parti-
cles touch, at a distance dp, the net energy has acquired the
large negative value P. This deep minimum in potential

of a given electrolyte for a given sol, a series of test tubes jq
filled with equal portions of the sol. Identical volumes of
solutions of the electrolyte, of increasing concentration, are
added with vigorous stirring. After some time at rest (eg, 2
hours), the mixtures are agitated again. After an additiona]
shorter rest period (eg, ', hour), they are inspected for signs,
of coagulation. The tubes can be classified into two groups,
one showing no signs of coagulation and the other showing at
least some signs, eg, visible flocs. Alternatively, they can he
classified into one group showing complete coagulation and
the other containing at least some deflocculated colloid left
in the supernatant. In either case, the separation between
the two classes is quite sharp. The intermediate agitation
breaks the weakest interparticle bonds and brings small
particles in contact with larger ones, thus increasing the
sharpness of separation between coagulation and stability.
After repeating the experiment with a narrower range of
electrolyte concentrations, the coagulation value cev of the
electrolyte, ie, the lowest concentration at which it coagu-
lates the sol, is established with good reproducibility.?¢.25.27
Typical ccv data for a silver iodide sol prepared with an
excess of iodide are listed in Table XIV. The following
conclusions can be drawn from the left half of Table XIV:

1. The ¢y does not depend on the valence of the anion, since nitrate
and sulfate of the same metal have nearly identical values.

2. The differences among the ¢y of cations with the same valence
are relatively minor. However, there is a slight but significant trend of
decreasing ccy with increasing atomic number in the alkali and in the
alkaline earth metal groups. Arranging these cations in the order of
decreasing c¢y produces the Hofmester or lyotrapic series. [t governs
many other colloidal phenomena, including the effect of saits on the
temperature of gelation and the swelling of aqueous gels and on the
viscosity of hydrosols, the salting out of hydrophilic colloids, the cation
exchange on ion-exchange resins, and the permeability of membranes
toward salts. The series is also observed in many phenomena involving
only small atoms or ions and true solutions, including the ionization
potential and electronegativity of metals, the heats of hydration of cat-
ions, the size of the hydrated cations, the viscosity, surface tension and
infrared spectra of salt solutions, and the solubility of gases therein. For
monovalent cations, the lyotropic series is

Lit > Na* > K+ > NH,* > Rb* > Cs*
A similar lyotropic series exists for anions.21.22.24-26

The lithium ion has a higher ¢y than the cesium ion because it is more
extensively hydrated, so that Li* (aq), including the hydration shell, is
larger than Cs* (aq). Owing to its smaller size, the hydrated cesium ion
can approach the negative particle surface more closely than the hydrat-

Table XIV—Coagulation Values for Negative Silver lodide

energy corresponds to a very stable situation in which the Sol®
particles adhere. Since it is unlikely that enough kinetic
energy can be supplied to the particles or that their { poten- Electralyte _Cov. mMIL Electrolyte Cow MMIL
tial can be in_creased sufficiently to cause them to climb out LiNO, 165 AgNO, 0.01
of the potential energy well P, they are attached permanent- NaNO 140 Uy (CroHasNH3),S0 07
ly to each other. When most or all of the primary particles 1, Naqéo‘ 141 S—tryf;l—mizrsle nizrite ! 1.7
agglomerate into secondary particles by such a process, the KNO; 136 1/, Morphine sulfate 25
sol coagulates. Yy KaSO4 138

Any closer approach of two particles, than the touching RbNQ, 126
distance dp, is met with a very rapid rise in potential energy Mean 141
along PD because the solid particles would interpenetrate .
each other, causing atomic orbitals to overlap (Born repul- %3(8%03)2 ggg Quinine sulfate 0.7
sion). Ca(NOys 240

Coagulation of Hydrophobic Dispersions—The height Sr(NO;f).; 238
of the potential energy barrier and the range over which the Ba(NOy), 2.96
electrostatic repulsion is effective (or the thickness of the Zn(NO3)s 2.50
double layer) determine the stability of hydrophobic disper- Pb(NO;), 2.43
sions. Both factors are reduced by the addition of electro- Mean 245
lytes. The transition between a coagulating and a stable sol
is gradual and depends on the time of observation. By using AlNGy) 0.067
standard conditions, however, it is possible to classify a sol as La(NOy)s 0.069

¢ : ; Ce(NO3), 0.069

;2:12(:1 coagulated or coagulating, or as stable or fully dis- Mean 0068

To determine the value of the coagulating concentration @ From Ref 21 and unpublished data.
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sehi oreover, because of its greater electron cloud, the Cs*
ed 1{thluTel::ial-I‘igahle than the Li* ion Therefore, it is more strongly
1(&23;3 in the Stern layer, which makes 1t a more effective coagulating
al
agent"I‘he coagulation values depend primarily on the valence of the
5 terions, decreasing by one to two orders of magnitude for each
cou® of one 1n their valence (Schulze-Hardy rule). According to the
mﬁr\f]%g:heory the coagulation values vary inversely with the sixth power
D lencevof the counterions. For mono-. di- and trivalent counter-

o e e should be in the ratio
L.1.1 5 100:16:014
18728 38

The mean ccv's of Table XIV are 141 : 2.45:0.068, or 100: 1.7:0.05, in
satisfactory agreement. with the DLVO theory.

The following conclusion can be drawn from the right half of

Table XIV:

4. The cations on the right side of Table XIV constitute obvious
exceptions to the preceding. Ag* is the potential-determining counter-
ion. Potential-determining tons are thosg whoge concentration detgzr-
mines the surface potential. Whe;n silver nitrate is added to the negative
gilver iodide dispersion, some of its silver ions are incorporated into the
negatively charged surface of the pamc‘les apd lower the magmtude of
their charge by reducing the excess of [~ ions in the surface. Thus, silver
salts are exceptionally effective coagulating agents becausc_: they reduce
the magnitude of the ¥ as well as of the { potential. Indifferent salts,
which reduce only the latter, require much higher salt concentrations for
comparable reductions in the {potem‘.ia_l. The other potentml-deter—
mining ion of silver iodide is I". Alkali iodides bave higher ¢cy's than
141 millimole/liter because they supply iodide ions which enter the
surface layer of the silver iodide particles and increase its excess of [~
over Ag* ions, thereby making Yo more negative. Bromide and chloride
ions act similarly but less effectively.

The principal potential-determining ion for proteins 13 H*; those for
aluminum hydroxide are OH~ (and hence H*) and Al3*, but also Fe*
and Cr3* which form mixed hydroxides with Al**.

5 The cationic surfactant in Table XIV and the alkaloidal salts.
which also behave as such, constitute the second exception to the
Schulze-Hardy rule. Surface-active compounds contain hydrophilic
and hydrphobic moieties in the same molecule, the latter being hydro-
carbon portions which by themselves are water-insoluble. Their dual
nature causes these compounds to accumulate in interfaces. Dodecy-
lammonium and alkaloidal cations displace inorganic monovalent cat-
ions from the Stern layer of a negatively charged silver iodide particle
because they are attracted to it not only by electrostatic forces like
sodium ions but also by van der Waals forces between their hydrocarbon
moieties (dodecyl chains in the case of the dodecylammonium ions) and
the solid. Because they are strongly adsorbed from solution onto the
surface and do not tend to dissociate from it, surface-active cations are
very effective in reducing the { potential of the negative silver iodide
particles, ie, they have lower ¢cy than purely inorganic cations of the
same valence.

6. Anionic surfactants like those containing lauryl sulfate ions also
have a tendency to be adsorbed at solid-liquid interfaces. However,
because of electrostatic repulsion between the negatively charged sur-
facg of silver iodide particles whose surface layer contains an excess
iodide ions and the surface-active anions, adsorption usually does not
occur below the critical micelle concentration (see below). If such ad-
sorption does oceur, it increases the density of negative charges in the
particle surface, raising the ccy of anionic surfactants above that corre-
sponding to their valence.

. lonicsolids with surface layers containing the ionic species
in near proper stoichiometric balance, and most water-insol-
uble organic compounds have relatively low surface charge
densities. They adsorb ionic surfactants of like charge from
solution even at low concentrations, which increases their
sprface charge densities and the magnitude of their { poten-
tials, stabilizing their aqueous dispersions.

The addition of water-miscible solvents such as alcohol,
gl.ycerin, propylene glycol or polyethylene glycols to aqueous
dlspersions lowers the dielectric constant of the medium.
This reduces the thickness of the double layer and, there-
fore, the range over which electrostatic repulsion is effective,
and lowers the size of the potential energy barrier. Addition
of solvents to aqueous dispersions tends to coagulate them.
At concentrations too low to cause coagulation by them-
selvgs, solvents make the dispersions more sensitive to coag-
ulation by added electrolytes, ie, they lower the ¢coy.

Progressive addition of the salt of a counterion of high
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valence reduces the { potential of colloidal particles gradual-
ly to zero. Eventually, the sign of the { potential may be
inverted and its magnitude may increase again, but in the
opposite direction. The o and { potentials of aqueous sul-
famerazine suspensions are negative above their isoelectric
points; those of bismuth subnitrate are positive. As dis-
cussed on page 297, the addition of Al** to the former and of
P03 to the latter in large enough amounts inverts the sign
of their { potentials; their J, potentials remain unchanged.
Surface-active ions of opposite charge may also produce
such charge inversion.

The superposition of the van der Waals attractive energy
with its long-range effectiveness and the electrostatic repul-
sive energy with its intermediate-range effectiveness fre-
quently produces a shallow minimum (designated S in Fig
19-29) in the resultant energy-distance curve at interparticle
distances dg several times greater than 8. If this minimum
in potential energy is small compared to kT, Brownian mo-
tion prevents aggregation. For large particles such as those
of many pharmaceutical suspensions and for particles which
are large in one or two dimensions (rods and plates), the
secondary minimum may be deep enough to trap them at
distances dg from each other. This requires a depth of
several kT units. Such fairly long-range and weak attrac-
tion produces loose aggregates or flocs which can be dis-
persed by agitation or by removal or reduction in the concen-
tration of flocculating electrolytes.21.25-2738 This reversible
aggregation process involving the secondary minimum is
called flocculation. By contrast, aggregation in the deep
primary minimum P, called coagulation, is irreversible.

Stabilization by Adsorbed Surfactants—As discussed
above, surfactants tend to accumulate at interfaces because
of their amphiphilic nature. This process is an oriented
physical adsorption. Surfactant molecules arrange them-
selves at the interface between water and an organic solid or
liquid of low polarity in such a way that the hydrocarbon
chain is in contact with the surface of the solid particle or
sticks inside the oil droplet while the polar headgroup is
oriented towards the water phase. This orientation re-
moves the hydrophobic hydrocarbon chain from the bulk of
the water, where it is unwelcome because it interferes with
the hydrogen bonding among the water molecules, while
leaving the polar headgroup in contact with water so that it
can be hydrated.

Figure 19-30A shows schematically that at low surfactant
concentration and low surface coverage, the hydrocarbon
chains of the adsorbed surfactant molecules lie flat against
the solid surface. At higher surfactant concentrations, the
surfactant molecules are adsorbed in the upright position to
permit the adsorption of more surfactant per unit surface
area. Figure 19-30B shows a nearly close-packed monolayer
of adsorbed surfactant molecules. The terminal methyl
groups of their hydrocarbon tails are in contact with the
hydrophobic surface and the hydrocarbon tails are in lateral
contact with each other. London dispersion forces promote
attraction between both types of adjoining groups. The
polar headgroups protrude into the water and are hydrated.

The adsorption of ionic surfactants increases the charge
density and the { potential of the disperse particles. These
two parameters are low for organic substances lacking ionic
or strongly polar groups. The increase in electrostatic re-
pulsion among the nonpolar organic particles due to adsorp-
tion of surface-active ions stabilizes the dispersion against
coagulation. This “charge stabilization” is described by the
DLVO theory.

Most water-soluble nonionic surfactants are polyoxyethy-
lated (see above): Each molecule consists of a hydrophobic
hydrocarbon chain combined with a hydrophilic polyethyl-
ene glycol chain, eg CH3(CHjy),5(0CH.CH,)1oOH. Hydra-
tion of the 10 ether groups and of the terminal hydroxyl
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group renders the surfactant molecule water-soluble. It
adsorbs at the interface between a hydrophobic solid and
water, with the hydrocarbon moiety adhering to the solid
surface and the polyethylene glycol moiety protruding into
the water, where it is hydrated. The particle surface is thus
surrounded by a thin layer of hydrated polyethylene glycol
chains. This hydrophilic shell forms a steric barrier which
prevents close contact between particles and, hence, coagu-
lation (“steric stabilization”). Nonionic surfactants also re-
duce the sensitivity of hydrophobic dispersions toward coag-
ulation by salts, ie, they increase the coagulation values.??

In a flocculated dispersion, groups of several particles are
agglomerated into flocs. Frequently, the particles of a floc
are in physical contact. When a surfactant is added to a
flocculated sol, the dissolved surfactant molecules become
adsorbed at the surface of the particles. Surfactant mole-
cules tend to pry apart flocs by wedging themselves between
the particles at their areas of contact. This action opens up
for surfactant adsorption additional surface area that was
previously blocked by adhesion of another solid surface.
The breaking up of flocs or secondary particles is defined
above as deflocculation or peptization.

Ophthalmic suspensions should be deflocculated because
the large particle size of flocs causes eye irritation. Paren-
teral suspensions should be deflocculated to prevent flocs
from blocking capillary blood vessels and hypodermic sy-
ringes, and to reduce tissue irritation. Deflocculated sus-
pensions tend to cake, however, ie, the sediment formed by
gravitational settling is compact and may be hard to disperse
by shaking. Caking in oral suspensions is prevented by
controlled flocculation as discussed below.

Stabilization by Adsorbed Polymers—Water-soluble
polymers are adsorbed at the interface between water and a
hydrophobic solid if they have some hydrophobic groups
that limit their water solubility and render them amphiphi-
lic and, hence, surface-active. Such polymers also tend to
accumulate at the air-water interface and lower the surface
tension of the aqueous phase. A high concentration of ionic
groups in polyelectrolytes tends to eliminate surface activity
and the tendency to adsorb at interfaces, because the poly-
mer is excessively water-soluble. An example is sodium
carboxymethylcellulose. Polyvinyl alcohol is very water-
soluble due to the high concentration of hydroxyl groups and
does not adsorb extensively at interfaces. Polyvinyl alcohol
is manufactured by the hydrolysis of polyvinyl acetate,
which is water-insoluble. Incomplete hydrolysis of, say,
only 85% of the acetyl groups produces a copolymer which is
water-soluble but surface-active as well. Other surface-ac-
tive polymers include methylcellulose, hydroxypropyl cellu-
lose, high-molecular-weight polyethylene glycols (polyethyl-
ene oxides), and proteins. The surface activity of proteins is
due to the presence of hydrophobic groups in the side chains
at concentrations too low to cause insolubility in water.
Proteins are denatured upon adsorption at air-water and
solid-water interfaces.

The long, chain-like polymer molecules are adsorbed from
solution onto solid surfaces in the form of loops projecting
into the aqueous phase, as shown in Fig 19-31A4, rather than
lying flat against the solid substrate. Only a small portion of
the chain segments of an adsorbed macromolecule is actually
in contact with and adheres directly to the surface. Because
of its great length, however. there are enough of such areas of
contact to anchor the adsorbed macromolecule firmly onto
the solid. Figure 19-30 is drawn on a much more expanded
scale than Fig 19-31.

The sol particles are surrounded by a layer consisting of
the adsorbed polymer chains, the water of hydration associ-
ated with them, and water trapped mechanically inside the
chain loops. This sheath is an integral part of the particle
surface. The layers of adsorbed polymer prevent the parti-

Fig 19-30. Schematic representation of the physical adsorption of
surfactant molecules at a hydrophobic solid (S)/water (W) interface.
Cylindrical portions and spheres represent hydrocarbon chains and
polar headgroups of the surfactant molecules, respectively (A) low
surfactant concentration/low surface coverage; (B) near critical mi-
celle concentration/surface coverage near saturation
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Fig 19-31. Protective action (A) and sensitization (B) of sols of
hydrophobic particles by adsorbed polymer chains.

cles from approaching each other closely enough for the
interparticle attraction by London dispersion forces to pro-
duce coagulation. These forces are effective only over very
small interparticle distances of less than twice the thickness
of the adsorbed polymer layer.

The mechanisms of steric stabilization by which adsorbed
nonionic macromolecules prevent coagulation of hydropho-
bic sols (protective action) are also operative in the stabili-
zation of sols by nonionic surfactants. The difference be-
tween adsorbed nonionic surfactants and adsorbed polymers
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is that the hydrophilic polyethylene glycol moieties of the
adsorbed surfactant molecules protruding into water resem-
ble the chain ends of the adsorbed macromolecules rather
than their looped segments. The following protective
mechanisms are operative:

1. The layer of adsorbed polymer and enmeshed water surrounding
the partlclesA forms a mechanical or steric barrier between them that
prevents the close interparticle approach necessary for coagulation. At
dense surface coverage, these layers are somewhat elastic. They may be
dented by a collision between two particles but tend to spring back.

9. When two particles approach so closely that their adsorbed poly-
mer layers overlap. the chain loops of the two opposing layers compress
and mix with or interpenetrate each other. The resulting restriction to
the freedom of motion of the chain segments in the overlap region
produces a negative entropy change which tends to make the free energy
change for the reduction in interparticle distance required for coagula-
tion positive. The reverse process of disentanglement of the two oppos-
ing adsorbed polymer layers resulting from separation of the particles
oceurs because it is energetically more favorable. The particles are thus
prevented from coagulation by entropic repulsion through the mecha-
nism of entropic stabihization of the sol. This mechanism predominates
when the concentration of polymer in the adsorbed layer is low.

3. As the polymer layers adsorbed on two approaching particles
overlap and compress or interpenetrate each other, more polymer seg-
ments become crowded into a given volume of the aqueous region be-
tween the particles. The increased polymer concentration in the over-
lap region causes a local increase in osmotic pressure, which is relieved by
an influx of water. This influx to dilute the polymer loops pushes the
two particles apart. preventing coagulation.

4. [f the adsorbed polymer has some ionic groups, stabilization by
electrostatic repulsion or charge stabilization described above is added
to the three steric stabilization mechanisms to prevent a close interparti-
cle approach and, hence, coagulation.

5. The adsorption of water-soluble polymers changes the nature of
the surface of the hydrophobic particles to hydrophilic, resulting in an
increased resistance of the sol to coagulation by salts.4¢

The water-soluble polymers whose adsorption stabilizes
hydrophobic sols and protects them against coagulation are
called protective colloids. Gelatin and serum albumin are
the preferred protective colloids for stabilizing parenteral
suspensions because of their biocompatibility. These two
polymers, as well as casein (milk protein), dextrin (partially
hydrolyzed starch) and vegetable gums like acacia and trag-
acanth are metabolized in the human body. Cellulose deriv-
atives and most synthetic protective colloids such as pouvi-
done are not bhiotransformed. Because of this and because
of their large molecular size, polymers pertaining to the last
two categories are not absorbed but excreted intact when
they are administered in an oral dosage form.

A semiquantitative assessment of the stabilizing efficien-
cy of protective colloids is the gold number, developed by
Zsigmondy. It is the largest number of milligrams of a
protective colloid which, when added to 10 mL of a special
standardized gold sol, just fails to prevent the change in
color from red to blue on addition of 1 mL of 10% NaCl
solution. The gold sol contains 0.0058% gold with a particle
size of about 250 A. Coagulation by sodium chloride causes
the color change. Representative gold numbers are 0.005 to
0.01 for gelatin, 0.01 for casein, 0.02 to 0.5 for egg albumin,
0.15to 0.5 for acacia, and 1 to 7 for dextrin.2227 Gelatin is a
more effective protective colloid than acacia or dextrin be-
cause the presence of some hydrophobic side groups makes it
Mmore surface active and causes more extensive adsorption
from solution. Other protective numbers are based on dif-
ferent hydrophobic disperse solids, eg, silver, Prussian blue,
sulfur, ferric oxide. The ranking of different protective
c<)1‘loids depends somewhat on the substrate. When formu-
am}g a disperse dosage form, one should measure the pro-
tef)tlve action on the actual solid hydrophobic phase to be

ISpersed as a sol.
ensitization is the opposite of protective action, namely,
8decreage in the stability of hydrophobic sols. Itis brought
out by some protective colloids, at concentrations well
tecl;;)'w those at which they exert a protective action. A pro-
Ve colloid may, at very low concentrations, flocculate a

DISPERSE SYSTEMS 289

sol in the absence of added salts and/or lower the coagulation
values of the sol.

In the case of nonionic polymers or of polyelectrolytes
with charges of the same sign as the sol, flocculation is the
result of the bridging mechanism illustrated in Fig 19-31B.
At very low polymer concentrations, there are not nearly
enough polymer molecules present to cover each sol particle
completely. Since the particle surfaces are largely bare, a
single macromolecule may be adsorbed on two particles,
bridging the gap between them and pulling them close to-
gether. Flocs of several particles are formed when one parti-
cle is bridged or connected to two or more other particles by
two or more polymer molecules adsorbed jointly on two or

-possibly even three particles. Such flocculation usually oc-

curs over a narrow range and at very low values of polymer
concentrations. At higher concentrations, when enough
polymer is available to cover the surface of all particles
completely, bridging is unlikely to occur and the adsorbed
polymer stabilizes or peptizes the sol.23.10

The nonionic Polymer A of Fig 19-32 stabilizes the sol at
all concentrations. Neither sensitization by bridging nor by
charge neutralization is observed. The reason that Polymer
A lowers the positive { potential of the sol slightly is that
increasing amounts of adsorbed polymer chains gradually
shift the plane of shear outward, away from the positively
charged surface. If Polymer A was a cationic polyelectro-
lyte, the ¢ potential-protective colloid concentration plot
would gradually rise with increasing polymer adsorption
rather than drop.

Zeto potential, millivolls

Concentration of protective coiloid
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Fig 19-32. Protective action and sensitization: Polymer A exerts
protective action at all concentrations, while Polymer B sensitizes at
low concentrations and stabilizes at high concentrations. Horizontal
and vertical hatching indicates region of flocculation for a sol treated
with various concentrations of Polymers A and B, respectively. Clear
region underneath indicates sol is deflocculated.
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If the polymer has ionic groups of charge opposite to the
charge of the sol particles, limited adsorption neutralizes the
charge of the particles, reducing their { potential to near
zero. With stabilization by electrostatic repulsion thus in-
operative, and steric stabilization ineffective because of low
surface coverage with adsorbed polymer, the sol either coag-
ulates by itself or is coagulated by very small amounts of
sodium chloride. At higher polymer concentrations and
more extensive adsorption, charge reversal of the particles to
the sign of the charge of the polyelectrolyte reactivates
charge stabilization and adds steric stabilization, increasing
the coagulation value of the sol well above the initial value
before polymer addition.

For example, a partly hydrolyzed polyacrylamide with
about 20% of ammonium acrylate repeating units is an an-
ionic polyelectrolyte. At the ppm level, the polymer floccu-
lates aluminum hydroxide sols at a pH of 6 to 7, where the
sols are positively charged and the polyelectrolyte is fully
ionized. At a polymer concentration of 1:10,000, the sol
becomes negatively charged because extensive polymer ad-
sorption introduces an excess of —COQO~ groups over =Al*
ions into the particle surface. Steric stabilization plus elec-
trostatic repulsion make the sol more stable against floccula-
tion by salts than it was before the polyacrylamide addition.

Polymer B in Fig 19-32 illustrates this example. The
curve in the lower plot indicates sensitization, with the coag-
ulation value of sodium chloride lowered by as much as 60%.
Zeta potential measurements can distinguish between sensi-
tization by bridging and by charge neutralization. The
charge reversal caused by adsorption of Polymer B shown in
the upper plot pinpoints charge neutralization as the cause
of sensitization. If Polymer B had a { potential-polymer
concentration plot similar to Polymer A, sensitization would
be ascribed to bridging.

Even water-soluble polymers which are too thoroughly
hydrophilic to be adsorbed by hydrophobic sol particles can
stabilize those sols. Their thickening action slows down
Brownian motion and sedimentation, giving the particles
less opportunity to come into contact and hence retarding
flocculation.

Electrokinetic Phenomena—When a dc electric field is
applied to a dispersion, the particles move towards the elec-
trode of charge opposite to that of their surface. The coun-
terions located inside their hydration shell are dragged along
while the counterions in the diffuse double layer outside the
plane of slip, in the free or mobile solvent, move toward the
other electrode. This phenomenon is called electrophore-
sis. If the charged surface is immobile, as is the case with a
packed bed of particles or a tube filled with water, applica-
tion of an electric field causes the counterions in the free
water to move towards the opposite electrode, dragging sol-
vent with them. This flow of liquid is called electroosmosis,
and the pressure produced by it, electroosmotic pressure.
Conversely, if the liquid is made to flow past charged sur-
faces by applying hydrostatic pressure, the displacement, of
the counterions in the free water produces a potential differ-
ence between the two ends of the tube or bed called stream-
ing potential.

The three phenomena depend on the relative motion of a
charged surface and of the diffuse double layer outside the
plane of slip surrounding that surface. The major part of
the diffuse double layer is within the free solvent and can,
therefore, move along the surface.24—274L Al] three electro-
kinetic phenomena measure the identical { potential, which
is the potential at the plane of slip.

The particles of pharmaceutical suspensions and emul-
sions are visible in the microscope or ultramicroscope, as are
bacteria, erythrocytes and other isolated cells, latex parti-
cles, and many contaminant particles in pharmaceutical so-
lutions. Their { potential is conveniently measured by mi-

croelectrophoresis. A potential difference E applied be.
tween two electrodes dipping into the dispersion and
separated by a distance d produces the potential gradient op
field strength E/d, expressed in v/cm. From the average
velocity v of the particles, measured with the eyepiece micro.
meter of a microscope and a stopwatch, the { potential ig
calculated by the Smoluchowski equation

(555

The electrophoretic mobility u = v/(E/d) is the velocity in a

potential gradient of 1 v/em. Particle size and shape do not,

affect the { potential according to the above equation. How-

ever, if the particle radius is comparable to § or smaller (in

which case the particles cannot be detected in a microscope),

the factor 4 is replaced by 6. The viscosity 5 and the dielec-

tric constant D refer to the aqueous medium in the double

layer and cannot be measured directly.#? Using the values
for water at 25°, expressing the velocity in um/sec and the
electrophoretic mobility in (um/sec)/(volts/cm), and con-
verting into the appropriate units reduces the Smoluchowski
equation to { = 12.9 u, with { given in millivolts (mV). If the
particle surface has appreciable conductance, the { potential
calculated by this equation may be low.254142 Dispersions
of hydrophobic particles with { potentials below 20-30 mV
are frequently unstable and tend to coagulate. On the other
hand, values as high as £180 mV have been reported for the {
potential 21:2441

The chief experimental precautions in microelectrophore-
sis measurements are:

1. Electroosmosis causes liquid to flow along the walls of the cell
containing the dispersion. This in turn produces a return flow in the
center of the cell. The microscope must be focused on the stationary
boundary between the two liquid layers flowing in opposite directions in
order to measure the true velocity of the particles.

2. Onlyin very dilute dispersions is it possible to follow the motion of
single particles in the microscope field and to measure their velocity.
Since the { potential depends largely on the nature, ionic strength, and
pH of the suspending medium, dispersions should be diluted not with
water but with solutions of composition identical to their continuous
phase, eg, with their own serum separated by ultrafiltration or centrifu-
gation. The Zeta-Meter is a commercial microelectrophoresis appara-
tus of easy, fast and reproducible operation.

When the particles cannot be observed individually with a
microscope or ultramicroscope, other electrophoresis meth-
ods are employed. 2427414344 In mouing boundary electro-
phoresis, the movement of the boundary formed between a
sol or solution and the pure dispersion medium in an electric
field is studied. If the disperse phase is colorless, the
boundary is located by the refractive index gradient (Tiseli-
us apparatus, used frequently with protein solutions). If
several species of particles or solutes with different mobil-
ities are present, each will form a boundary moving with a
characteristic velocity. Unlike microelectrophoresis, this
method permits the identification of different colloidal com-
ponents in a mixture, the measurement of the electrophoret-
ic mobility of each, and an estimation of the relative
amounts present.

Zone electrophoresis theoretically permits the complete
separation of all electrophoretically different components,
requires much smaller samples than moving boundary elec-
trophoresis, and can be performed in simpler and less expen-
sive equipment. The method avoids convection by support-
ing the solution in an inert and porous solid like filter paper,
cellulose acetate membrane, agar, starch or polyacrylamide
gels cut into strips, or disks or columns of polyacrylamide
gel.
A strip of filter paper or gel is saturated with a conducting
buffer solution and a few microliters of the solution being
analyzed is deposited as a spot or narrow band. A potential
difference is applied between the ends of the strip which are
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with the electrode compartments. The spot or
pand spreads and unfolds as each component migrates to-
wards one or the other ele{:trode at a rate determined pri-
marily by its electrophoretic mobility. Eyaporatlon of wa-
ter due to the heating effect of thfa e!ectrlc current may be
minimized by immersing the strip in a cooling liquid or
sandwiching it between impervious solid sheets. After a
sufficient time has elapged to afford gqod separation, the
strip is removed and dried. Tl}e position of the_spots or
bands corresponding to the indu{ldual components is detect-
ed by color reactions or radioactive counting.

Zone electrophoresis is applied mainly in analysis and for
small-scale preparative separations. It does not permit mo-
pility measurements. Because several samples can be ana-
lyzed simultaneously (in parallel strips or gel columns), be-
cause only minute amounts of sample are needed, and be-
cause the equipment is simple and easy to operate, zone
electrophoresis is widely used to study the proteins in blood
serum, erythrocytes, lymph and cerebrospinal fluid, saliva,
gastric and pancreatic juices and bile.

Immunodiffusion combined with electrophoresis is called
immunoelectrophoresis.*3% The proteins in a fluid, includ-
ing the antigens, are first separated by gel electrophoresis.
A longitudinal trench is then cut along one or both sides of
the gel strip near the edge in the direction of the electropho-
resis axis. The trench is filled with the antibody solution.
On standing, antibody and antigen proteins diffuse in all
directions, including toward each other. Precipitation oc-
curs along an elliptical arc (precipitin band) wherever an
antigen meets its specific antibody. The precipitin bands
are either visible directly or may be developed by staining.
Since diseases frequently produce abnormal electrophoretic
patterns in body fluids, zone electrophoresis and immuno-
elecirophoresis are convenient and powerful diagnostic
techniques.

Iscelectric focusing***8 uses electrophoresis to separate
proteins according to their isoelectric points. At pH values
equal to their isoelectric points, proteins do not migrate in
an electric field because their net charge is zero. In a liquid
column on which a pH gradient is imposed, different species
arrange themselves so that the protein with the highest iso-
electric point will be located nearest to the cathode, which is
immersed in the solution of a strong base. The protein with
the lowest isoelectric point will be located nearest to the
anode, which is immersed in the solution of a strong acid.
The other proteins settle into intermediate positions, where
thc_a pH values are intermediate and equal to their isoelectric
points,

in contact

Hydrophilic Dispersions

Most liquid disperse systems of pharmaceutical interest
are aqueous. Therefore, most lyophilic colloidal systems
d{scussed below consist of hydrophilic solids dissolved or
dispersed in water. Most of the products mentioned below
are official in the USP or NF, where more detailed descrip-
tions may be found, also elsewhere in this text.

Hydrophilic colloids can be divided into particulate and
soluble materials. The latter are water-soluble linear or
branched polymers dissolved molecularly in water. Their
aqueous solutions are classified as colloidal dispersions be-
¢ause the individual molecules are in the colloidal particle
size range, exceeding 50 or 100 A. Particulate or corpuscular
hydrophilic colloidal dispersions are formed by solids which
swell and are peptized in water but whose primarv particles
do not dissolve or break down into individual molecules or
lons. One subdivision of particulate hydrophilic colloids is
comprised of dispersions of cross-linked polymers whose

near, uncross-linked analogues are water-soluble.
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Particulate Hydrophilic Dispersions

The disperse phase of these sols consists of solids which in
water swell and break up spontaneously into particles of
colloidal dimensions. The disperse particles have high spe-
cific surface areas and are, therefore, extensively hydrated.
They have characteristic shapes. If the attraction between
individual particles is strong, the dispersions have yield val-
ues at relatively low solids content.

Bentonite is an aluminum silicate crystallizing in a layer
structure (see above), with individual lamellas 9.4 A thick.
Their top and bottom surfaces are sheets of oxygen ions from
silica plus an occasional sodium ion neutralizing a silicate
ion-exchange site. The clay particles consist of stacks of
these lamellas. Water penetrates inside the stacks between
lamellas to hydrate the oxygen ions, causing extensive swell-
ing. Bentonite particles in bentonite magma consist of sin-
gle lamellas and packets of a few lamellas with intercalated
water. The specific surface area amounts to several hun-
dred square meters per gram. Kaolin also has a layer strue-
ture, but does not swell in water because water does not
intercalate between individual lattice layers. Kaolin plates
dispersed in water are, therefore, much thicker than those of
bentonite, ca 0.04 to 0.2 um. In kaolin, hydrated alumina
lattice planes alternate with silica planes. Thus, one of the
two external surfaces of a kaolin plate consists of a sheet of
oxygen ions from silica, the other is a sheet of hydroxide ions
from hydrated alumina. Both surfaces are well hydrated.
Magnesium aluminum silicate (Veegum) is a clay similar to
bentonite but contains magnesium; it is white whereas ben-
tonite is gray.

Additional hydrophilic particles producing colloidal dis-
persions in water are listed below. Colloidal silicon dioxide
consists of roughly spherical particles covered with siloxane
and silanol groups (pages 280-281). Titanium dioxide is a
white pigment with excellent covering power due to its high
refractive index. Microcrystalline cellulose (page 279) is
hydrophilic because of the hydroxyl and ether groups in the
surface of the cellulose crystals. Gelatinous precipitates of
hydrophilic compounds such as aluminum hydroxide gel,
aluminum phosphate gel, and magnesium hydroxide con-
sist of coarse flocs produced by agglomeration of the colloi-
dal particles formed in the initial stage of the precipitation.
They possess large internal surface areas, which is one of the
reasons why the first two are used as substrates for adsorbed
vaccines and toxoids.

Cross-linked Polymers—The polymers discussed below
are polyelectrolytes, ie, they contain ionic groups and would
be soluble in water in the absence of cross-linking. For
instance, sodium polystyrene sulfonate is a copolymer of
about 92% styrene and 8% divinylbenzene, which is sulfonat-
ed and neutralized to produce the cation-exchange resin

7 Na* SO; Na*

CH—CH,7A—CH~CH;

CH—CH.<~CH—CH;
SO; Na™* 4

H—CH#;
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Chains a-b and ¢—d are water-soluble linear polymer chains.
They are cross-linked or bound together via a phenylene
group as shown. There are many such cross-links tieing
every chain to two or more other chains, so that every atom
in a grain of ion-exchange resin is bound to every other atom
by primary, covalent bonds. The grains swell in water until
the cross-links are strained but do not dissolve, because this
would involve the rupture of primary valence bonds. Swell-
ing renders the ion-exchange sites in the interior of a grain
accessible to the gastrointestinal fluids. Partial exchange of
Na* by K* followed by excretion of the used resin in the
feces reduces hyperkalemia resulting from acute renal fail-
ure. Partial replacement of Na* by H* could reduce acido-
sis.

Cholestyramine resin is an anion-exchange resin contain-
ing the same backbone of cross-linked polystyrene, but sub-
stituted with —CHy—N+(CHa3)3Cl~ instead of sodium sulfo-
nate. Part of the chloride anions is exchanged or replaced
by bile salt anions, which are thus eliminated in the feces
bound to the resin grains rather than reabsorbed. Colesti-
pol hydrochloride is another orally administered anion-ex-
change resin used to increase the fecal excretion of bile salts.
It is an extensively cross-linked, insoluble but permeable
copolymer made from diethylenetriamine, tetraethylene-
pentamine, and epichlorohydrin. Strong cation- and anion-
exchange resins are used as sustained-release vehicles for
basic and acid drugs, respectively (see Chapter 91).

Polycarbophil is a copolymer of acrylic acid cross-linked
with a small amount of divinyl glycol. The weakly acidic
carboxyl groups are not ionized in the strongly acid environ-
ment of the stomach but only in the more nearly neutral
intestines. Therefore, swelling by osmotic influx of water
occurs mostly in the intestines, where imbibition of water
decreases the fluidity of stools associated with diarrhea.
Among natural polymers, tragacanth consists of 13 of a wa-
ter-soluble fraction, tragacanthin, and %; of a gel fraction
called bassorin which swells in water but does not dissolve.
Starch consists of ¥; of a fraction, soluble in hot water, called
amylose. The remainder, amylopectin, merely absorbs wa-
ter and swells. It owes its insolubility to extensive branch-
ing rather than cross-linking.

Soluble Polymers as Lyophilic Colloids

Most hydrophilic colloidal systems used in dosage forms
are molecular solutions of water soluble, high molecular
weight polymers. The polymers are either linear or slightly
branched but not cross-linked.

Classifications—According to their origin, water-soluble
polymers are divided into three classes. Natural polymers
include polysaccharides (acacia, agar, heparin sodium, pec-
tin, sodium alginate, tragacanth, xanthan gum) and poly-
peptides (casein, gelatin, protamine sulfate). Of these, agar
and gelatin are only soluble in hot water.

Cellulose derivatives are produced by chemical modifica-
tion of cellulose obtained from wood pulp or cotton to pro-
duce soluble polymers. Cellulose is an insoluble, linear
polymer of glucose repeat units in the ring or pyranose form
joined by 8-1,4 glucesidic linkages. Each glucose repeat
unit (except for the two terminal ones) contains a primary
hydroxyl group on the No 6 carbon and two secondary hy-
droxyls on No 2 and 8 carbons. The primary hydroxyl is
more reactive. Chemical modification of cellulose consists
in reactions or substitutions of the hydroxyl groups. The
extent of such reactions is expressed as degree of substitu-
tion (DS), namely, the number of substituted hydroxyl
groups per glucose residue. The highest value is DS = 3.0.
Fractional values are the rule because the DS is averaged
over a multitude of glucose residues. A DS value of 0.6
indicates that some glucose repeat units are unsubstituted
while others have one or even two substituents.

Soluble cellulose derivatives are listed below. The DS
values correspond to the pharmaceutical grades. The
groups shown are the replacements for the hydrogen atoms
of the cellulosic hydroxyls. Official derivatives are methyl-
cellulose (DS = 1.65-1.93), —0—CHj; and sodium carboxy-
methylcellulose (DS = 0.60-1.00), —0—CH;—COO~Nat,
Hydroxyethyl cellulose (DS = 1.0), —0++CH,;CHys—0},H
and hydroxypropyl cellulose (DS = 2.5) are manufactured

-—0{-?&—-0}1,—0—);}1
CH,

by the addition of ethylene oxide and propylene oxide, re-
spectively, to alkali-treated cellulose. The value of n is
about 2.0 for the former and not much greater than 1.0 for
the latter. Hydroxypropyl methylcellulose is prepared by
reacting alkali-treated cellulose first with methyl chloride to
introduce methoxy groups (DS = 1.1-1.8) and then with
propylene oxide to introduce propylene glycol ether groups
(DS = 0.1-0.3). Ingeneral, the introduction of hydroxypro-
pyl groups into cellulose reduces the water solubility some-
what while promoting the solubility in polar organic solvents
like short-chain alcohols, glycols and some ethers.

The molecular weight of native cellulose is so high that
soluble derivatives of approximately the same degree of po-
lymerization would dissolve too slowly, and their solutions
would be excessively viscous even at concentrations of 1%
and less. Controlled degradation is used to break the cellu-
lose chains into shorter segments, reducing the viscosity of
the solutions of the corresponding soluble derivatives.
Commercial grades of a given cellulose derivative such as
sodium carboxymethylcellulose come in various molecular
weights or viscosity grades as well as with various degrees of
substitution, offering the pharmacist a wide selection.

Official cellulose derivatives which are insoluble in water
but soluble in some organic solvents include ethylcellulose
(DS = 2.2-2.7), —0—CyHs; cellulose acetate phthalate (DS
= 1.70 for acetyl and 0.77 for phthalyl); and pyroxylin or
cellulose nitrate (DS = 2), —0—NO,. Collodion,a 4.0% w/v
solution of pyroxylin in a mixture of 75% (v/v) ether and 25%
(v/v) ethyl alcohol, constitutes a lyophilic colloidal system.

The third class, water soluble synthetic polymers, consists
mostly of vinyl derivatives including polyviny! alcohol, po-
vidone or polyvinylpyrrolidone, and carbomer (Carbopol), a
copolymer of acrylic acid. High molecular weight polyeth-
ylene glycols are also called polyethylene oxides.

A second classification of hydrophilic polymers is based on
their charge. Nonionic or uncharged polymers include
methylcellulose, hydroxyethyl and hydroxypropyl cellulose,
ethylcellulose, pyroxylin, polyethylene oxide, polyvinyl alco-
hol and povidone. Anionic or negatively charged polyelec-
trolytes include the following carboxylated polymers: aca-
cia, alginic acid, pectin, tragacanth, xanthan gum and car-
bomer at pH values leading to ionization of the carboxyl
groups; sodium alginate and sodium carboxymethylcellu-
lose; also polypeptides at pH values above their isoelectric
points, eg, sodium caseinate. A stronger acid group is sulfu-
ric acid, which exists as a monoester in agar and heparin an
as a monoaraide in heparin. Cationic or positively charged
polyelectrolytes are rare. Examples are polypeptides at pH
values below their isoelectric points. Protamines are
strongly basic due to a high arginine content, with isoelectric
points around pH 12, eg protamine sulfate.

Gel Formation—As described in Chapter 20 and illus-
trated in Fig 20-7A, the flexible chains of dissolved polymers
interpenetrate and are entangled because of the constant
Brownian motion of their segments. The chains writhe an
forever change their conformations. Each chain is encas
in a sheath of solvent molecules that solvate its function
groups. In the case of aqueous solutions, water molecules
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are hydmgen-bonded to the hydro;yl groups of poly‘{inyl
alcohol. hydroxyl groups and ether links of polysaccharides,
ether links of polyethylgne oxide or polyethylene glycol,
amide groups of polypeptides and povidone, and carboxylate

roups of anionic polye {ectrolytes. 'I.‘he envelope pf water of
hydration prevents chains segments in close proximity from
touching and attracting one another by interchain hydrogen
ponds and van der Waals forces as they do in the solid state.
The slippage of solvated chains past one another when the
golution flows is lubricated by the free solvent between their
solvation sheaths.

Factors that lower the hydration of dissolved macromole-
cules reduce or thin out the sheath of hydration sepa.rating
adjacent chains. When the hydration is low, contiguous
chains tend to attract one another by secondary valence
forces including hydrogen bonds and van der Waals forces.
Hydrophobic bonding makes an important contribution to
interchain attraction between polypeptide chains even in
solution. Van der Waals forces and hydrogen bonds thus
establish weak and reversible cross-links between chains at
their points of contact or entanglement, bringing about
phase separation or precipitation.

Most water-soluble polymers have higher solubilities in
hot than in cold water and tend to precipitate on cooling, as
the sheaths of hydration surrounding adjacent chains be-
come too sparse to prevent interchain attraction. Dilute
solutions separate into a solvent phase practically free of
polymer and a viscous liquid phase containing practically all
of the polymer but still a large excess of solvent. This
process is called simple coacervation and the polymer-rich
liquid phase a coacervate.?47 [f the polymer solution is
concentrated enough and/or the temperature low enough,
cooling causes the formation of a continuous network of
precipitating chains attached to one another through weak
crass-links consisting of interchain hydrogen bonds and van
der Waals forces at the points of mutual contact. Segments
of regularly sequenced polymer chains even associate later-
ally into crystalline bundles or crystallites. Irregular chain
structures as found in random copolymers, randomly substi-
tuted cellulose ethers and esters, and highly branched poly-
mers like acacia prevent crystallization during precipitation
from solution. Chain entanglements provide the sole tem-
porary cross-links in those cases. The network of associated
pplymer chains immobilizes the solvent and causes the solu-
tion toset toagel. Gelatinous precipitates or highly swollen
gocs may separate when cooling more dilute polymer solu-

ions.

Besides the chemical nature of polymer and solvent, the
ﬂ}l‘?e most important factors causing phase separation, pre-
Cipitation and gelation of polymer solutions are tempera-
ture, concentration and molecular weight. Lower tempera-
tures, higher concentrations and higher molecular weights
Promote gelation and produce stronger gels.

or a typical gelatin, 10% solutions acquire yield values
and begln_ to gel at about 25°, 20% solutions at about 30° and
30% solutions at about 32°. The gelation is reversible: the
8913 _lquEfy when heated above these temperatures. Gela-
tion is rarely observed above 34° regardless of concentration,
8o tl’{at gelatin solutions do not gel at 37°. Conversely,
gelatin w1.ll dissolve readily in water at body temperature.
k ee.xelatlon‘temgerature or gel point of gelatin is highest at
centlst;l:ljectnc point, w!lere the attachment between adja-
carb: ns I?Y coulombie attraction or ionic bonds between
}(ylabe ions and alkylammonium, guanidinium or imi-
srouhum groups .is most ext‘ensive._ Since the carboxyl
are 5:_5 are not 10nlzefi at gastric pH, interchain ionic bonds
itedp bict;xlcally nonexistent, and interchain attraction is lim-
gelation ydrogen bonds and van (der Waals forces. The
depend temperature or the melting point of gelatin gels
nds more strongly on temperature and concentration

on pH.#4% The combination of an acid pH consider-
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ably below the isoelectric point and a temperature of 37°
completely prevents the gelation of gelatin solutions. Con-
versely, these two conditions promote rapid dissolution of
gelatin capsules in the stomach. Agar and pectic acid solu-
tions set to gels at only a few percent of solids.

Unlike most water-soluble polymers, methylcellulose, hy-
droxypropyl cellulose and polyethylene oxide are more solu-
ble in cold than in hot water. Their solutions therefore tend
to gel on heating (thermal gelation).

When dissolving powdered polymers in water, temporary
gel formation often slows the process down considerably.
As water diffuses into loose clumps of powder, their exterior
frequently turns to a cohesive gel of solvated particles encas-
ing dry powder. Such blobs of gel dissolve very slowly be-
cause of their high viscosity and the low diffusion coefficient
of the macromolecules. Especially for large-scale dissolu-
tion, it is helpful to disperse the polymer powder in water
before it can agglomerate into lumps of gel. In order to
permit dispersion to precede hydration and to prevent tem-
porary gel formation, the polymer powders are dispersed in
water at temperatures where the solubility of the polymer is
lowest. Most polymer powders, such as sodium carboxy-
methylcellulose, are dispersed with high shear in cold water
before the particles can hydrate and swell to sticky gel grains
agglomerating into lumps. Once the powder is well dis-
persed, the solution is heated with moderate shear to about
60° for fastest dissolution. Because methylcellulose hy-
drates most slowly in hot water, the powder is dispersed with
high shear in ¥ to 14 of the required amount of water heated
to 80 to 90°. Once the powder is finely dispersed, the rest of
the water is added cold or even as ice, and moderate stirring
causes prompt dissolution. For maximum clarity, fullest
hydration and highest viscosity, the solution should be
cooled to 0 to 10° for about an hour.

The following are two alternative methods for preventing
the formation of gelatinous lumps upon addition of water.
The powder is prewetted with a water-miscible organic sol-
vent such as ethyl alcohol or propylene glycol that does not
swell the polymer, in the proportion of from three to five
parts solvent to each part of polymer. If other nonpoly-
meric powdered adjuvants are to be incorporated into the
solution, these are dry-blended with the polymer powder.
The latter should comprise Y or less of the blend for best
results.

A pharmaceutical application of gelation in a nonaqueous
medium is the manufacture of Plastibase or Jelene
(Squibb), which consists of 5% of a low-molecular-weight
polyethylene and 95% of mineral oil. The polymer is soluble
in mineral oil above 90°, which is close to its melting point.
When the solution is cooled below 30°, the polymer precipi-
tates and causes gelation. The mineral oil is immobilized in
the network of entangled, and adhering, insoluble polyethyl-
ene chains which probably even associate into small crystal-
line regions. Unlike petrolatum, this gel can be heated to
about 60° without substantial loss in consistency.

Large increases in the concentration of polymer solutions
may lead to precipitation and gelation. One way of effec-
tively increasing the concentration of aqueous polymer solu-
tions is to add inorganic salts. The salts will bind part of the
water of the polymer solution in order to become hydrated.
Competition for water of hydration dehydrates the polymer
molecules and precipitates them, causing gelation. This
phenomenon is called salting out. Because of its high solu-
bility in water, ammonium sulfate is often used by biochem-
ists to precipitate and separate proteins from dilute solution.
To the pharmacist, salting out usually represents an unde-
sirable problem. It is reversible, however, and subsequent
addition of water redissolves the precipitated polymers and
liquefies their gels. Salting out may cause the polymer to
separate as a concentrated and viscous liquid solution or
simple coacervate rather than as a solid gel.
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The effectiveness of electrolytes to salt out, precipitate or
gel hydrophilic colloidal systems depends on how extensive-
ly the electrolytes are hydrated. The Hofmeister or lyotro-
pic series arranges ions in the order of increasing hydration
and increasing effectiveness in salting out hydrophilic col-
loids. The series, for monovalent cations, is

Cs* <Rb* < NH;* < K* < Na* < Li*
and for divalent cations,
Ba?* < Sr?* < Cat < Mg?*

This series also arranges the cations in the order of decreas-
ing coagulating power or increasing coagulation values for
negative hydrophobic sols (see Table XIV) and of increasing
ease of their displacement from cation exchange resins: K*
displaces Nat and Lit. For anions, the lyotropic series in
the order of decreasing coagulating power and decreasing
effectiveness in salting out is

F- > citrate3~ > HPO,2~ > tartrate®™ >
80,42 > acetate™ > Cl= > NO3y~ > CI04~ >
Br~ > ClOy~ > 1~ > CNS-

Iodides and thiocyanates and to a lesser extent bromides and
nitrates actually tend to increase the solubility of polymers
in water, salting them in.21.2224-28  Thege large polarizable
anions destructure water, reducing the extent of hydrogen
bonding among water molecules and thereby making more
of the hydrogen-bonding capacity of water available to the
solute. Most salts except nitrates, bromides, perchlorates,
iodides and thiocyanates raise the temperature of precipita-
tion or gelation of most hydrophilic colloidal solutions or
their gel melting points. Exceptious among hydrophilic col-
loids are methylcellulose, hydroxypropyl cellulose and poly-
ethylene oxide whose gelation temperatures or gel points
and gel melting points are lowered by salting out.

Hydrophobic aqueous dispersions are coagulated by elec-
trolytes at 0.0001-0.1 M concentrations (see Table XIV).
Moreover, the coagulation is irreversible. ie, removal of the
coagulating salt does not allow the coagulum to be redis-
persed, because the hydrophobic sols are intrinsically unsta-
ble. By contrast, most hydrophilic sols require electrolyte
concentrations of 1 M or higher for precipitation. Their
precipitation or gelation can be reversed, and the polymer
redissolved by removing the salt through dialysis or by add-
ing more water. Hydrophilic colloids disperse or dissolve
spontaneously in water, and their sols are intrinsically sta-
ble.

Most of the hydrophilic and water-soluble polymers men-
tioned above are only slightly soluble or insoluble in alcohol.
Addition of alcohol to their aqueous solutions may cause
precipitation or gelation because alcohol is a nonsolvent or
precipitant, lowering the dielectric constant of the medium,

and it tends to dehydrate the hydrophilic solute. Alcoho]
lowers the concentrations at which electrolytes salt out hy-
drophilic colloids. Phase separation through the addition of
alcohol to an aqueous polymer solution may cause coacerva-
tion, ie, the separation of a concentrated viscous liquid
phase, rather than precipitation or formation of a gel. Su-
crose also competes for water of hydration with hydrophilic
colloids, and may cause phase separation. However, most
hydrophilic sols tolerate substantially higher concentrations
of sucrose than of electrolytes or alcohol. Lower viscosity
grades of a given polymer are usually more resistant to elec-
trolytes, alcohol and sucrose than grades of higher viscosity
and higher molecular weights.

Whenever hydrophilic colloidal dispersions undergo irre-
versible precipitation or gelation, chemical reactions are in-
volved. Neither dilution with water nor heating nor at-
tempts to remove the gelling or precipitating agent by wash-
ing or dialysis will liquefy those gels or redissolve the
gelatinous precipitates formed at lower polymer concentra-
tions. Carboxyl groups are not ionized in strongly acid me-
dia. If a polymer owes its solubility to the ionization of
these weakly acid groups, reducing the pH of its solution
below 3 may lead to precipitation or gelation. This is ob-
served with such carboxylated polymers as many gums, sodi-
um carboxymethylcellulose and carbomer. Hydrogen car-
boxymethylcellulose swells and disperses but does not dis-
solve in water. Neutralization to higher pH values returns
the carboxyl groups to their ionized state and reverses the
gelation or precipitation.

Only the sodium, potassium, ammonium and triethanol-
ammonium salts of carboxylated polymers are well soluble
in water. In the case of carboxymethylcellulose, salts with
heavy metal cations {(silver, copper, mercury, lead) and triva-
lent cations (aluminum, chromic, ferric) are practically in-
soluble. Salts with divalent cations, especially of the alka-
line earth metals, have borderline solubilities. Generally,
higher degrees of substitution tend to increase the tolerance
of the carboxymethylcellulose to salts.

Precipitation or gelation occur due to metathesis when
inorganic salts of heavy or trivalent cations are mixed with
alkali metal salts of carboxylated polymers in solution. For
instance, if a solubie copper salt is added to a solution of
sodium carboxymethylcellulose, the double decomposition
can be written schematically as

R,COO"Na* + R,CO0 Na* + CuSO, —
(6] O,
/
N >Cu< ;CRQ + Na,S0,
O O
R; and R. represent two carboxymethylcellulose chains

which are cross-linked by a chelated copper ion. Dissocia-
tion of the cupric carboxylate complex is negligible.

RC

Particle Phenomena and Coarse Dispersicns

The Dispersion Step

The pharmaceutical formulator is concerned primarily
with producing a smooth, uniform, easily flowing {pouring or
spreading) suspension or emulsion in which dispersion of
particles can be effected with minimum expenditure of ener-
gy.
In preparing suspensions, particle-particle attractive
forces need to be overcome by the high shearing action of
such devices as the colloid mill. or by use of surface-active
agents. The latter greatly facilitate wetting of lyophobic

powders and assist in the removal of surface air that shearing
alone may not remove; thus the clumping tendency of the
particles is reduced. Moreover, lowering of the surface free
energy by the adsorption of these agents directly reduces the
thermodynamic driving force opposing dispersion of the
particles.

In emulsification shear rates are frequently necessary for
dispersion of the internal phase into fine droplets. The
shear forces are opposed by forces operating to resist distor-
tion and subsequent breakup of the droplets. Again sur-
face-active agents help greatly by lowering interfacial ten-
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which is the primary reversible component resisting

on, .
fil;)oplet distortion. Surface-active agents also may play an
important role in determining whether an oil-in-water or a

water-in-oil emulsion preferentially survives the shearing

ction. . . . .
. Once the process of dispersion begins there develops si-
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multaneously a tendency for the system to revert to an ener-
getically more stable state, manifested by flocculation, co-
alescence, sedimentation, crystal growth, and caking phe-
nomena. If these physical changes are not inhibited or
controlled, successful dispersions will not be achieved or will
be lost during shelf life.

Settling and lts Control

In order to control the settling of dispersed material in
suspension, the pharmacist must be aware of those physical
factors that will affect the rate of sedimentation of particles
under ideal and nonideal conditions. He must also be aware
of the various coefficients used to express the amount of
flocculation in the system and the effect flocculation will
have on the structure and volume of the sediment.

Sedimentation Rate

The rate at which particles in a suspension sediment is
related to their size and density and the viscosity of the
suspension medium. Brownian movement may exert a sig-
nificant effect, as will the absence or presence of flocculation
in the system.

Stokes’ Law—The velocity of sedimentation of a uniform
collection of spherical particles is governed by Stokes’ law,
expressed as follows:

2r¥p, — py)g
p=—_f1 P25
9n

where v is the terminal velocity in cm/sec, r is the radius of
the particles in em, p; and p; are the densities (g/cm?) of the
dispersed phase and the dispersion medium, respectively, g
is the acceleration due to gravity (980.7 cm/sec?) and 7 is the
Newtonian viscosity of the dispersion medium in poises
(g/cm sec). Stokes’ law holds only if the downward motion
of the particles is not sufficiently rapid to cause turbulence.
Micelles and small phospholipid vesicles do not settle unless
they are subjected to centrifugation.

While conditions in a pharmaceutical suspension are not
in strict accord with those laid down for Stokes’ law, Eq 35,
provides those factors that can be expected to influence the
rate of settling. Thus, sedimentation velocity will be re-
duced by decreasing the particle size, provided the particles
are kept in a deflocculated state. The rate of sedimentation
will be an inverse function of the viscosity of the dispersion
medium. However, too high a viscosity is undesirable, espe-
cially if the suspending medium is Newtonian rather than
shear-thinning (see Chapter 20), since it then becomes diffi-
cult to redisperse material which has settled. It also may be
inconvenient to remove a viscous suspension from its con-

(35)

tainer. When the size of particles undergoing sedimenta-
tion is reduced to approximately 2 um, random Brownian
movement is observed and the rate of sedimentation departs
markedly from the theoretical predictions of Stokes’ law.
The actual size at which Brownian movement becomes sig-
nificant depends on the density of the particle as well as the
viscosity of the dispersion medium.

Flocculation and Deflocculation—Zeta potential ,isa
measurable indication of the potential existing at the surface
of aparticle. When ¢, isrelatively high (25 mV or more), the
repulsive forces between two particles exceed the attractive
London forces. Accordingly, the particles are dispersed and
are said to be deflocculated. Even when brought close to-
gether by random motion or agitation, deflocculated parti-
cles resist collision due to their high surface potential.

The addition of a preferentially adsorbed ion whose
charge is opposite in sign to that on the particle leads to a
progressive lowering of ,. At some concentration of the
added ion the electrical forces of repulsion are lowered suffi-
ciently that the forces of attraction predominate. Under
these conditions the particles may approach each other more
closely and form loose aggregates, termed flocs. Such a
system is said to be flocculated.

Some workers restrict the term flocculation to the aggre-
gation brought about by chemical bridging; aggregation in-
volving a reduction of repulsive potential at the double layer
isreferred to as coagulation. Other workers regard floccula-
tion as aggregation in the secondary minimum of the poten-
tial energy curve of two interacting particles and coagulation
as aggregation in the primary minimum. In the present
chapter the term flocculation is used for all aggregation
processes, irrespective of mechanism.

The continued addition of the flocculating agent can re-
verse the above process, if the zeta potential increases suffi-
ciently in the opposite direction. Thus, the adsorption of
anions onto positively charged deflocculated particles in sus-
pension will lead to flocculation. The addition of more
anions can eventually generate a net negative charge on the
particles. When this has achieved the required magnitude,
deflocculation may occur again. The only difference from
the starting system is that the net charge on the particles in
their deflocculated state is negative rather than positive.

Table XV—Relative Properties of Flocculated and Deflocculated Particles in Suspension

Deflocculated

Flocculated

—

Particles exist in suspension as separate entities.

2. Rate of sedimentation is slow, since each particle settles
separately and particle size is minimal.

A sediment is formed slowly.

The sediment eventually becomes very closely packed, due to
weight of upper layers of sedimenting material. Repulsive
forces between particles are overcome and a hard cake is
formed which is difficult, if not impossible, to redisperse.

5. Thesuspension has a pleasing appearance, since the suspended

material remains suspended for a relatively long time. The

supernatant also remains cloudy, even when settling is
apparent.

~ e

Particles form loose aggregates.

Rate of sedimentation is high, since particles settle as a floc, which
is a collection of particles.

A sediment is formed rapidly.

The sediment is loosely packed and possesses a scaffold-like
structure. Particles do not bond tightly to each other and a
hard, dense cake does not form. The sediment is easy to
redisperse, so as to reform the original suspension.

The suspension is somewhat unsightly, due to rapid sedimentation
and the presence of an obvious, clear supernatant region. This
can be minimized if the volume of sediment is made large.
Ideally, volume of sediment should encompass the volume of the
suspension.
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Some of the major differences between suspensions of floc-
culated and deflocculated particles are presented in Table
XV.

Effect of Flocculation—In a deflocculated system con-
taining a distribution of particle sizes, the larger particles
naturally settle faster than the smaller particles. The very
small particles remain suspended for a considerable length
of time, with the result that no distinct boundary is formed
between the supernatant and the sediment. Even when a
sediment becomes discernible, the supernatant remains
cloudy.

When the same system is flocculated (in a manner to be
discussed later), two effects are immediately apparent.
First, the flocs tend to fall together so that a distinct bound-
ary between the sediment and the supernatant is readily
observed; second, the supernatant is clear, showing that the
very fine particles have been incorporated into the flocs.
The initial rate of settling in flocculated systems is deter-
mined by the size of the flocs and the porosity of the aggre-
gated mass. Under these circumstances it is perhaps better
to use the term subsidence, rather than sedimentation.

Quantitative Expressions of Sedimentation and
Flocculation

Frequently, the pharmacist needs to assess a formulation
in terms of the amount of flocculation in the suspension and
to compare this with that found in other formulations. The
two parameters commonly used for this purpose are outlined
below.

Sedimentation Volume—The sedimentation volume, F,
is the ratio of the equilibrium volume of the sediment, V,, to
the total volume of the suspension, V. Thus,

F=V/V, (36)

As the volume of suspension which appears occupied by the
sediment increases, the value of F, which normally ranges
from nearly O to 1, increases. In the system where F = (.75,
for example, 75% of the total volume in the container is
apparently occupied by the loose, porous flocs forming the
sediment. This is illustrated in Fig 19-33. When F = 1, no
sediment is apparent even though the system is flocculated.
This is the ideal suspension for, under these conditions, no
sedimentation will occur. Caking also will be absent. Fur-
thermore, the suspension is esthetically pleasing, there being
no visible, clear supernatant.

Degree of Flocculation—A better parameter for com-
paring flocculated systems is the degree of flocculation, 8,
which relates the sedimentation volume of the flocculated
suspension, F, to the sedimentation volume of the suspen-
sion when deflocculated, F... Itis expressed as

B =F/F, (37

The degree of flocculation is, therefore, an expression of
the increased sediment volume resulting from flocculation.

Deflocculated

Flocculated

Fig 19-33. Sedimentation parameters of suspensions. Defloccu-
lated suspension: Fo = 0.15 Flocculated suspension: F£=0.75;8
= 5.0.

If, for example, 8 has a value of 5.0 (Fig 19-33), this means
that the volume of sediment in the flocculated system is five
times that in the deflocculated state. If a second flocculated
formulation results in a value for 8 of say 6.5, this latter
suspension obviously is preferred, if the aim is to produce as
flocculated a product as possible. As the degree of floccula-
tion in the system decreases, 8 approaches unity, the theo-
retical minimum value.

Suspensions and their Formulation

A pharmaceutical suspension may be defined as a coarse
dispersion containing finely divided insoluble material sus-
pended in a liquid medium. Suspension dosage forms are
given by the oral route, injected intramusculary or subcuta-
neously, applied to the skin in topical preparations, and used
ophthalmically in the eye. They are an important class of
dosage form. Since some products are occasionally pre-
pared in a dry form, to be placed in suspension at the time of
dispensing by the addition of an appropriate vehicle, this
definition is extended to include these products.

There are certain criteria that a well-formulated suspen-
sion should meet. The dispersed particles should be of such
a size that they do not settle rapidly in the container. How-
ever, in the event that sedimentation occurs, the sediment
must not form a hard cake. Rather, it must be capable of
redispersion with a minimum effort on the part of the pa-
tient. Additionally, the product should be easy to pour,
pleasant to take, and resistant to microbial attack.

The three major problem areas associated with suspen-
sions are (1) adequate dispersion of the particles in the
vehicle, (2) settling of the dispersed particles, and (3) caking
of these particles in the sediment so as to resist redispersion.
Much of the following discussion will deal with the factors
that influence these processes and the ways in which they
can be minimized.

The formulation of a suspension possessing optimal phys-
ical stability depends on whether the particles in suspension
are to be flocculated or to remain deflocculated. One ap-
proach involves use of a structured vehicle to keep defloccu-
lated particles in suspension; a second depends on controlled
flocculation as a means of preventing cake formation. A

Particles

Addition of wetting agent and dispersion medium

Uniform dispersion of
deflocculated particles

R
M T 1

A B C

1 I

Addition of Addition of
flocculating agent flocculating agent

Incorporation of
structured vehicle

[ Flocculated ] {Flocculatedi

suspension suspension
as final product ||

Deflocculated
suspension
in structured vehicle
as final product

§
Incorporation of
structured vehicle

Flocculated

A suspension
in structured vehicle
as final product

Fig 19-34. Alternative approaches to the formulation of suspen-
sions.
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third, a combination of the two previous mgthods, results in
a product with optimum stability. The various schemes are
illustrated in Fig 19-34: ) )

Dispersion of Particles—The dispersion step has been
discussed eatlier in this ‘chapter. Surfiace—actlv_e _agents
commonly are used as wetting agents; maximum efficiency is
obtained when the HLB value lies wgthm the range of 7 to9.
A concentrated solution of the wetting agent in _th.e vghxcle
may be used to prepare a slurry of_ the powder; this is dllute:d
with the required amount of vth.c!e. Alcohol ax:nd glycerin
may be used sometimes in the lnl(’:lal stages to disperse the
particles, thereby allowing the vehicle to penetrate the pow-
der mass. )

Only the minimum amount of wetting agent should be
used, compatible with producing an adequate dispersion of
the particles. Excessive amounts may lead to foaming or
impart an undesirable taste or odor to the product. Ipvari-
ably, as a result of wetting, the dispersed particles in the
vehicle are deflocculated.

Structured Vehicles—Structured vehicles are generally
aqueous solutions of polymeric materials, such as the hydro-
colloids, which are usually negatively charged in aqueous
solution. Typical examples are methylcellulose, carboxy-
methylcellulose, bentonite, and Carbopol. The concentra-
tion employed will depend on the consistency desired for the
suspension which, in turn, will relate to the size and density
of the suspended particles. They function as viscosity-im-
parting suspending agents and, as such, reduce the rate of
sedimentation of dispersed particles.

The rheological properties of suspending agents are con-
sidered elsewhere (Chapter 20). Ideally, these form pseudo-
plastic or plastic systems which undergo shear-thinning.
Some degree of thixotropy is also desirable. Non-Newtoni-
aa materials of this type are preferred over Newtonian sys-
tems because, if the particles eventually settle to the bottom
of the container, their redispersion is facilitated by the vehi-
cle thinning when shaken. When the shaking is discontin-
ued, the vehicle regains its original consistency and the re-
dispersed particles are held suspended. This process of
redispersion, facilitated by a shear-thinning vehicle, presup-
poses that the deflocculated particles have not yet formed a
cake. If sedimentation and packing have proceeded to the
point where considerable caking has occurred, redispersion
is virtually impossible.

Controlled Flocculation—When using this approach

(see Fig 19-34, B and C), the formulator takes the defloccu-
lated, wetted dispersion of particles and attempts to bring
about flocculation by the addition of a flocculating agent;
most commonly, these are either electrolytes, polymers, or
surfactants. The aim is to control flocculation by adding
that amount of flocculating agent which results in the maxi-
mum sedimentation volume.
. Electrolytes are probably the most widely used flocculat-
Ing agents. They act by reducing the electrical forces of
repulsion between particles, thereby allowing the particles
to form the loose flocs so characteristic of a flocculated
Suspension. Since the ability of particles to come together
and form a floc depends on their surface charge, zeta poten-
tial measurements on the suspension, as an electrolyte is
added, provide valuable information as to the extent of floc-
culation in the system.

This principle is illustrated by reference to the following
¢xample, taken from the work of Haines and Martin.® Par-
ticles of sulfamerazine in water bear a negative charge. The
serial addition of a suitable electrolyte, such as aluminum
chloride, causes a progressive reduction in the zeta potential
of the particles. This is due to the preferential adsorption of
t!le trivalent aluminum cation. Eventually, the zeta poten-
tial will reach zero and then become positive as the addition
of AIC, is continued.
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Fig 19-35. Typical relationship between caking, zeta potential and
sedimentation volume, as a positively charged floccuiating agent is
added to a suspension of negatively charged particles. @®: 2zeta
potential; @: sedimentation volume

If sedimentation studies are run simultaneously on sus-
pensions containing the same range of AlCl; concentrations,
a relationship is observed (Fig 19-35) between the sedimen-
tation volume, F, the presence or absence of caking, and the
zeta potential of the particles. Inorder to obtain a flocculat-
ed, noncaking suspension with the maximum sedimentation
volume, the zeta potential must be controlled so as to lie
within a certain range (generally less than 25 mV). This is
achieved by the judicious use of an electrolyte.

A comparable situation is observed when a negative ion
such as P03 is added to a suspension of positively charged
particles such as bismuth subnitrate. Ionic and nonionic
surfactants and lyophilic polymers also have been used to
flocculate particles in suspension. Polymers, which act by
forming a *‘bridge” between particles, may be the most effi-
cient additives for inducing flocculation. Thus, it has been
shown that the sedimentation volume is higher in suspen-
sions flocculated with an anionic heteropolysaccharide than
when electrolytes were used.

Work by Matthews and Rhodes,5'-3 involving both ex-
perimental and theoretical studies, has confirmed the for-
mulation principles proposed by Martin and Haines. The
suspensions used by Matthews and Rhodes contained 2.5%
w/v of griseofulvin as a fine powder together with the anionic
surfactant sodium dioxyethylated dodecyl sulfate (1073 mo-
lar) as a wetting agent. Increasing concentrations of alumi-
num chloride were added and the sedimentation height
(equivalent to the sedimentation volume, see page 295) and
the zeta potential recorded. Flocculation occurred when a
concentration of 10~ molar aluminum chloride was reached.
At this point the zeta potential had fallen from —46.4 mV to
—17.0 mV. Further reduction of the zeta potential, to —4.5
mV by use of 10~2 molar aluminum chloride did not increase
sedimentation height, in agreement with the principles
shown in Fig 19-35.

Matthews and Rhodes then went on to show, by computer
analysis, that the DL VO theory (see page 285) predicted the
results obtained, namely, that the griseofulvin suspensions
under investigation would remain deflocculated when the
concentration of aluminum chloride was 10~4 molar or less.
Only at concentrations in the range of 10~ to 1072 molar
aluminum chloride did the theoretical plots show deep pri-
mary minima, indicative of flocculation. These occurred at
a distance of separation between particles of approximately
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50 A, and led Matthews and Rhodes to conclude that coagu-
lation had taken place in the primary minimum.

Schneider, et al5* have published details of a laboratory
investigation (suitable for undergraduates) that combines
calculations based on the DLVQ theory carried out with an
interactive computer program with actual sedimentation ex-
periments performed on simple systems.

Flocculation in Structured Vehicles—The ideal for-
mulation for a suspension would seem to be when flocculated
particles are supported in a structured vehicle.

As shown in Fig 19-34 (under C), the process involves
dispersion of the particles and their subsequent flocculation.
Finally, a lyophilic polymer is added to form the structured
vehicle. In developing the formulation, care must be taken
to ensure the absence of any incompatibility between the
flocculating agent and the polymer used for the structured
vehicle. A limitation is that virtually all the structured
vehicles in common use are hydrophilic colloids and carry a
negative charge. This means that an incompatibility arises
if the charge on the particles is originally negative. Floccu-
lation in this instance requires the addition of a positively
charged flocculating agent or ion; in the presence of such a
material, the negatively charged suspending agent may co-
agulate and lose its suspendability. This situation does not
arise with particles that bear a positive charge, as the nega-
tive flocculating agent which the formulator must employ is
compatible with the similarly charged suspending agent.

Chemical Stability of Suspensions—Particles that are
completely insoluble in a liquid vehicle are unlikely to un-

dergo most chemical reactions leading to degradation.
However, most drugs in suspension have a finite solubility,
even though this may be of the order of fractions of a micro-
gram per mL. As a result, the material in solution may be
susceptible to degradation. However, Tingstad and co-
workers®® developed a simplified method for determining
the stability of drugs in suspension. The approach is based
on the assumptions that (1) degradation takes place only in
the solution and is first order, (2) the effect of temperature
on drug solubility and reaction rate conforms with classical
theory, and (3) dissolution is not rate-limiting on degrada-
tion.

Preparation of Suspensions—The small-scale prepara-
tion of suspensions may be readily undertaken by the prac-
ticing pharmacist with the minimum of equipment. The
initial dispersion of the particles is best carried out by tritu-
ration in a mortar, the wetting agent being added in small
increments to the powder. Once the particles have been
wetted adequately, the slurry may be transferred to the final
container. The next step depends on whether the defloccu-
lated particles are to be suspended in a structured vehicle,
flocculated, or flocculated and then suspended. Regardless
of which of the alternative procedures outlined in Fig 19-34
is employed, the various manipulations can be carried out
easily in the bottle, especially if an aqueous solution of the
suspending agent has been prepared beforehand.

For a detailed discussion of the methods used in the large-
scale production of suspensions, see the relevant section in
Chapter 82.

Emulsions in Pharmacy

An emulsion is a dispersed system containing at least two
immiscible liquid phases. The majority of conventional
emulsions in pharmaceutical use have dispersed particles
ranging in diameter from 0.1 to 100 ym. As with suspen-
sions, emulsions are thermodynamically unstable as a result
of the excess free energy associated with the surface of the
droplets. The dispersed droplets, therefore, strive to come
together and reduce the surface area. In addition to this
flocculation effect, also observed with suspensions, the dis-
persed particles can coalesce, or fuse, and this can result in
the eventual destruction of the emulsion. In order to mini-
mize this effect a third component, the emulsifying agent, is
added to the system to improve its stability. The choice of
emulsifying agent is critical to the preparation of an emul-
sion possessing optimum stability. The efficiency of
present-day emulsifiers permits the preparation of emul-
sions which are stable for many months and even years, even
though they are thermodynamically unstable.

Emulsions are widely used in pharmacy and medicine, and
emulsified materials can possess advantages not observed
when formulated in other dosage forms. Thus, certain me-
dicinal agents having an objectionable taste have been made
more palatable for oral administration when formulated in
an emulsion. The principles of emulsification have been
applied extensively in the formulation of dermatological
creams and lotions. Intravenous emulsions of contrast me-
dia have been developed to assist the physician in undertak-
ing X-ray examinations of the body organs while exposing
the patient to the minimum of radiation. Considerable at-
tention has been directed towards the use of sterile, stable
intravenous emulsions containing fat, carbohydrate, and vi-
tamins all in one preparation. Such products are adminis-
tered to patients unable to assimilate these vital materials
by the normal oral route.

Emulsions offer potential in the design of systems capable
of giving controlled rates of drug release and of affording

protection to drugs susceptible to oxidation or hydrolysis.
There is still a need for well-characterized dermatological
products with reproducible properties, regardiess of whether
these products are antibacterial, sustained-release, protec-
tive, or emollient lotions, creams or ointments. The princi-
ple of emulsification is involved in an increasing number of
aerosol products.

The pharmacist must be familiar with the types of emul-
sions and the properties and theories underlying their prep-
aration and stability; such is the purpose of the remainder of
this chapter. Microemulsions, which can be regarded as
isotropic, swollen micellar systems are discussed in Chapter
83.

Emulsion Type and Means of Detection

A stable emulsion must contain at least three components;
namely, the dispersed phase, the dispersion medium, and
the emulsifying agent. Invariably, one of the two immisci-
ble liquids is aqueous while the second is an oil. Whether
the aqueous or the oil phase becomes the dispersed phase
depends primarily on the emulsifying agent used and the
relative amounts of the two liquid phases. Hence, an emul-
sion in which the oil is dispersed as droplets throughout the
aqueous phase is termed an oil-in-water, O/W, emulsion.
When water is the dispersed phase and an oil the dispersion
medium, the emulsion is of the water-in-oil, W/0, type.
Most pharmaceutical emulsions designed for oral adminis-
tration are of the O/W type; emulsified lotions and creams
are either O/W or W/O, depending on their use. Butter and
salad creams are W/0 emulsions.

Recently, so-called mulitiple emulsions have been devel-
oped with a view to delaying the release of an active ingredi-
ent. Inthese typesof emulsions three phases are present, ie,
the emulsion has the form W/O/W or G/W/O. In these

HALOBET0019440
Padagis Ex. 1045

IPR Petition - USP 11,311,482



«emulsions within emulsions,” any drug present in the in-
nermost phase must now cross two phase boundaries to
reach the external, continuous, phage.

It is important for the phgrmacngt to .know. the type of
emulsion he has prepared or is dealing with, since this can
affect its properties and performance. Unfortunately, the
several methods available can give incorrect results, and so
the type of emulsion determined by one method should
always be confirmed by means of a second method.

Dilution Test—This method depends on the fact that an
O/W emulsion can be diluted with water and a w/0 _emul-
gion with oil. When oil is added to an O/W _emulsmn or
water to a W/O emulsion, the additive is not mcorporate_d
into the emulsion and separation is apparent. 'I‘hg test is
greatly improved if the addition of the water or oil is ob-
served microscopically.

Conductivity Test—An emulsion in which the continu-
ous phase is aqueous can be expected to possess a m_uch
higher conductivity than an emulsion in which the continu-
ous phase is an oil. Accordingly, it frequently happens that
when a pair of electrodes, connected to alamp and an electri-
cal source, are dipped into an O/W emulsion, the lamp lights
due to passage of a current between the two electrodes. If
the lamp does not light, it is assumed that the system is W/O.

Dye-Solubility Test—The knowledge that a water-solu-
ble dye will dissolve in the aqueous phase of an emulsion
while an oil-soluble dye will be taken up by the oil phase
provides a third means of determining emulsion type.
Thus, if microscopic examination shows that a water-soluble
dye has been taken up by the continuous phase, we are
dealing with an O/W emulsion. If the dye has not stained
the continuous phase, the test is repeated using a small
amount of an oil-soluble dye. Coloring of the continuous
phase confirms that the emulsion is of the W/O type.

Formation and Breakdown of Dispersed Liquid
Droplets

An emulsion exists as the result of two competing process-
es, namely, the dispersion of one liquid throughout another
as droplets, and the combination of these droplets to reform
the initial bulk liquids. The first process increases the free
energy of the system, while the second works to reduce the
free energy. Accordingly, the second process is spontaneous
and continues until breakdown is complete; ie, the bulk
phases are reformed.

It is of little use to form a well-dispersed emulsion if it
quickly breaks down. Similarly, unless adequate attention
is given to achieving an optimum dispersion during prepara-
tion, the stability of an emulsion system may be compro-
mised from the start. Dispersion is brought about by weli-
fiesigned and well-operated machinery, capable of produc-
ing droplets in a relatively short period of time. Such
equipment is discussed in Chapter 83. The reversal back to
the bulk phases is minimized by utilizing those parameters
which influence the stability of the emulsion once it is
formed,

_ Dispersion Process To Form Droplets—Consider two
Immiseible liquid phases in a test tube. In order to disperse
one liquid as droplets within the other, the interface between
the two liquids must be disturbed and expanded to a suffi-
clent degree so that “fingers” or threads of one liquid pass
nto the second liquid, and vice versa. These threads are

Unstable, and become varicosed or beaded. The beadssepa-

Tate and become spherical, as iliustrated in Fig 19-36. De-
Pending on the agitation or the shear rate used, larger drop-
ets are also deformed to give small threads, which in turn
Produce smaller drops.

The time of agitation is important. Thus, the mean size of
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Fig 19-36. Effect of rate of coalescence on emulsion type. Rate 1:

O/W coalescence rate; Rate 2: W/O coalescence rate. ®: oif; O:

water. For an explanation of Rates 1 and 2, refer to the discussion of
Davies on page 304.

droplets decreases rapidly in the first few seconds of agita-
tion. The limiting size range is generally reached within 1 to
5 minutes, and results from the number of droplets coalesc-
ing being equivalent to the number of new droplets being
formed. It is uneconomical to continue agitation any fur-
ther.

The liquids may be agitated or sheared by several means.
Shaking is commonly employed, especially when the compo-
nents are of low viscosity. Intermittent shaking is frequent-
ly more efficient than continual shaking, possibly because
the short time interval between shakes allows the thread
which is forced across the interface time to break down into
drops which are then isolated in the opposite phase. Con-
tinuous, rapid agitation tends to hinder this breakdown to
form drops. A mortar and pestle is employed frequently in
the extemporaneous preparation of emulsions. It is not a
very efficient technique and is not used on a large scale.
Improved dispersions are achieved by the use of high-speed
mixers, blenders, colloid mills and homogenizers. Ultrason-
ic techniques also have been employed and are described in
Chapter 83.

The phenomenon of spontaneous emulsification, as the
name implies, occurs without any external agitation. There
is, however, an internal agitation arising from certain physi-
cochemical processes that affect the interface between the
two bulk liquids. For a description of this process, see
Davies and Rideal in the Bibliography.

Coalescence of Droplets—Coalescence is a process dis-
tinct from flocculation (aggregation), which commonly pre-
cedes it. While flocculation is the clumping together of
particles, coalescence is the fusing of the agglomerates into a
larger drop, or drops. Coalescence is usually rapid when two
immiscible liquids are shaken together, since there is no
large energy barrier to prevent fusion of drops and reforma-
tion of the original bulk phases. When an emulsifying agent
is added to the system, flocculation still may occur but co-
alescence is reduced to an extent depending on the efficacy
of the emulsifying agent to form a stable, coherent interfa-
cial film. It is therefore possible to prepare emulsions that
are flocculated, yet which do not coalesce. In addition to the
interfacial film around the droplets acting as a mechanical
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barrier, the drops also are prevented from coalescing by the
presence of a thin layer of continuous phase between parti-
cles clumped together.

Davies® showed the importance of coalescence rates in
determining emulsion type; this work is discussed in more
detail on page 304.

Emuisifying Agent

The process of coalescence can be reduced to insignificant
levels by the addition of a third component—the emulsify-
ing agent or emulsifier. The choice of emulsifying agent is
frequently critical in developing a successful emulsion, and
the pharmacist should be aware of

The desirable properties of emulsifying agents.

How different emulsifiers act to optimize emulsion stability.

How the type and physical properties of the emulsion can be affected
by the emulsifying agent.

Desirable Properties

Some of the desirable properties of an emulsifying agent
are that it should

/1. Be surface-active and reduce surface tension to below 10 dyn-
es/em.

2. Be adsorbed quickly around the dispersed drops as a condensed.
nonadherent film which will prevent coalescence.

3 Impart to the droplets an adequate electrical potential so that
mutual repulsion occurs.

4. Increase the viscosity of the emulsion.

5. Be effective in a reasonably low concentration.

Not all emulsifying agents possess these properties to the
same degree; in fact, not every good emulsifier necessarily
possesses all these properties. Further, there is no one
“ideal” emulsifying agent because the desirable properties
of an emulsifier depend, in part, on the properties of the two
immiscible phases in the particular system under consider-
ation.

Interfacial Tension—Lowering of interfacial tension is
one way in which the increased surface free energy associat-
ed with the formation of droplets, and hence surface area, in
an emulsion can be reduced (Eq 29). Assuming the droplets
to be spherical, it can be shown that

6vV
d

where V is the volume of dispersed phase in mIL and d is the
mean diameter of the particles. Inorder to disperse 100 mL
of oil as 1-um (10~*-cm) droplets in water when yow = 50
dvnes/cm, requires an energy input of

AF = 8X50X 100
1%x10™*

= 30 joules or 30/4.184 = 7.2 cal

In the above example the addition of an emulsifier that
will reduce v from 50 to 5 dynes/cm will reduce the surface
free energy from 7.2 to around 0.7 cal. Likewise. if the
interfacial tension is reduced to 0.5 dyne/cm, a common
occurrence, the original surface free energy is reduced a
hundredfold. Such a reduction can help to maintain the
surface area generated during the dispersion process.

Film Formation—The major requirement of a potential
emulsifying agent is that it readily form a film around each
droplet of dispersed material. The main purpose of this
film—which can be a monolayer, a multilayer, or a collection
of small particles adsorbed at the interface—is to form a
barrier which prevents the coalescence of droplets that come
into contact with one another. For the film to be an efficient

AF = (38)

= 30 X 107 ergs

barrier, it should possess some degree of surface elasticity
and should not thin out and rupture when sandwiched be-
tween two droplets. [f broken, the film should have the
capacity to reform rapidly.

Electrical Potential—The origin of an electrical poten-
tial at the surface of a droplet has been discussed earlier in
the chapter. Insofar as emulsions are concerned, the pres-
ence of a well-developed charge on the droplet surface is
significant in promoting stability by causing repulsion he-
tween approaching drops. This potential is likely to be
greater when an ionized emulsifying agent is employed.

Concentration of Emulsifier—The main objective of an
emulsifying agent is to form a condensed film around the
droplets of the dispersed phase. An inadequate concentra-
tion will do little to prevent coalescence. Increasing the
emulsifier concentration above an optimum level achieves
little in terms of increased stability. In practice the aimis to
use the minimum amount consistent with producing a satis-
factory emulsion.

It frequently helps to have some idea of the amount of
emulsifier required to form a condensed film, one molecule
thick, around each droplet. Suppose we wish to emulsify 50
g of an oil, density = 1.0, in 50 g of water. The desired
particle diameter is 1 gm. Thus,

Particle diameter = 1 gm =1 X 10~%cm

3
Volume of particle = I—ad- = 0.524 X 10712 cm?

Total number of particles in 50 g

“osmxign X

Surface area of each particle = 7d? = 3.142 X 1078 cm?
Total surface area = 3.142 X 1078
X 95.5 X 10'2 = 300 X 10* cm?

If the area each molecule occupies at the oil/water inter-
face is 30 A2 (30 X 10-16 cm?), we require

300 X 10* _ 1 » 1021 molecules
30 x 1016

A typical emulsifying agent might have a molecular weight
of 1000. Thus, the required weight is

1000 X 102 _ ;g 0
6.023 X 10

To emulsify 10 g of oil would require 0.33 g of the emulsify-
ing agent, etc. While the approach is an oversimplification
of the problem, it does at least allow the formulator to make
areasonable estimate of the required concentration of emul-
sifier.

Emulsion Rheology—The emulsifying agent and other
components of an emulsion can affect the rheologic behavior
of an emulsion in several ways and these are summarized in
Table XVI. It should be borne in mind that the droplets of
the internal phase are deformable under shear and that the
adsorbed layer of emulsifier affects the interactions between
adjacent droplets and also between a droplet and the contin-
wous phase.

The means by which the rheological behavior of emulsions
can be controlled have been discussed hy Rogers.5®

Mechanism of Action

Emulsifying agents may be classified in accordance with
the type of film they form at the interface hetween the two
phases.

Monomolecular Films—Those surface-active agents
which are capable of stabilizing an emulsion do so by form-
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Table XVi—Factors Influencing Emulsion Viscosity®’

al phase o .
L inm:;'olu;e concentration (¢); hydrodynamic interaction be-

tween globules; flocculation, leading to formation of globule
ates.
b :/gigtr:zgity (n1); deformation of globules in shear.
Globule size, and size distribution, technique used to pre-
are emulsion; interfacial tension between the two liquid
phases: globule behavior in shear; interaction with contin-
uous phase; globule interaction.
d. Chemical conatitution.
inuous phase
z Sont\lfrilscosit)g (m0), and other rheological properties.
b, Chemical constitution, polarity, pH; potential energy of
" interaction between globules,
¢. Electrolyte concentration if polar medium.
3. Emulsifying agent ) ) ) .

2. Chemical constitution; potential energy of interaction be-
tween globules.

b. Concentration, and solubility in internal and continuous
phases; emulsion type; emulsion inversion; solubilization of
liquid phases in micelles.

¢. Thickness of film adsorbed around globules, and its rheo-
logical properties, deformation of globules in shear; fluid
circulation within globules.

d. Electroviscous effect.

4. Additional stabilizing agents

Pigments, hydrocolloids, hydrous oxides; effect on rheologic

properties of liquid phases, and interfacial boundary region.

ing a monolayer of adsorbed molecules or ions at the oil/
water interface (Fig 19-37). In accordance with Gibbs’ law
(Eq 29) the presence of an interfacial excess necessitates a
reduction in interfacial tension. This results in a more sta-
ble emulsion because of a proportional reduction in the sur-
face free energy. Of itself, this reduction is probably not the
main factor promoting stability. More significant is the fact
that the droplets are surrounded now by a ccherent mono-
layer which prevents coalescence between approaching
droplets. If the emulsifier forming the monolayer is ionized,
the presence of strongly charged and mutually repelling
droplets increases the stability of the system. With un-
ionized, nonionic surface-active agents, the particles may
still carry a charge; this arises from adsorption of a specific
ion or ions from solution.

Multimolecular Films—Hydrated lyophilic colloids
form multimolecular films around droplets of dispersed oil
(Fig 19-37). The use of these agents has declined in recent
years because of the large number of synthetic surface-active
agents available which possess well-marked emulsifying
properties. While these hydrophilic colloids are adsorbed at
an interface (and can be regarded therefore as “surface-
active™), they do not cause an appreciable lowering in sur-
face tension. Rather, their efficiency depends on their abili-
ty to form strong, coherent multimolecular films. These act
as a coating around the droplets and render them highly
resistant to coalescence, even in the absence of a well-devel-
oped surface potential. Furthermore, any hydrocolloid not
a_dsorbed at the interface increases the viscosity of the con-
tinuous aqueous phase; this enhances emulsion stability.

Solid Particle Films—Small solid particles that are wet-
ted to some degree by both aqueous and nonaqueous liquid
Phases act as emulsifying agents. If the particles are too
hydrophilic, they remain in the aqueous phase; if too hydro-
phobic, they are dispersed completely in the oil phase. A
second requirement is that the particles are small in relation
to the droplets of the dispersed phase (Fig 19-37).

Chemical Types

Em‘ulsifying agents may also be classified in terms of their
chemical structure; there is some correlation between this
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Fig 19-37. Types of films formed by emuisifying agents at the
oil/water interface. Orientations are shown for O/W emulsions. &:
oil; [J: water.

classification and that based on the mechanism of action.
For example, the majority of emulsifiers forming monomo-
lecular films are synthetic, organic materials. Most of the
emulsifiers that form multimolecular films are obtained
from natural sources and are organic. A third group is
composed of solid particles, invariably inorganic, that form
films composed of finely divided solid particles.

Accordingly, the classification adopted divides emulsify-
ing agents into synthetic, natural, and finely dispersed sol-
ids (Table XVII). A fourth group, the auxiliary materials
(Table XVIII), are weak emulsifiers. The agents listed are
designed to illustrate the various types available; they are
not meant to be exhaustive.

Synthetic Emulsifying Agents—This group of surface-
active agents which act as emulsifiers may be subdivided
into anionic, cationic, and nonionic, depending on the charge
possessed by the surfactant.

Anionics—In this subgroup the surfactant ion bears a
negative charge. The potassium, sodium, and ammonium
salta of lauric and oleic acid are soluble in water and are good
O/W emulsifying agents. They do, however, have a dis-
agreeable taste and are irritating to the gastrointestinal
tract; this limits them to emulsions prepared for external
use. Potassium laurate, a typical example, has the structure

CH3(CHy);,CO0~ K*

Solutions of alkali soaps have a high pH; they start to precip-
itate out of solution below pH 10 because the unionized fatty
acid is now formed, and this has a low aqueous solubility.
Further, the free fatty acid is ineffective as an emulsifier and
so emulsions formed from alkali soaps are not stable at pH
values less than about 10.

The calcium, magnesium and aluminum salts of fatty ac-
ids, often termed the metallic soaps, are water insoluble and
result in W/O emulsions.
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Table XVil—Classification of Emulsifying Agents

Type Type of film

Examples

Synthetic (surface-active Monomolecular

agents)

Natural Multimolecular

Monomolecular

Finely divided solids Solid particle

Anwonic

Soaps
Potassium laurate
Triethanolamine stearate

Sulfates
Sodium lauryl sulfate
Alkyl polyoxyethylene sulfates

Sulfonates
Dioctyl sodium sulfosuccinate

Cationic:

Quaternary ammonium compounds
Cetyltrimethylammonium bromide
Lauryldimethylbenzylammonium chloride

Nonionic.

Polyoxyethylene fatty alcohol ethers

Sorbitan fatty acid esters

Polyoxyethylene sorbitan fatty acid esters

Hydrophilic colloids.

Acacia

Gelatin

Lecithin

Cholesterol

Colloidal clays:

Bentonite

Veegum

Maetallic hydroxides:
Magnesium hydroxide

Table XViil— Auxiliary Emuisifying Agents’®

Product Source and compasition

Principal use

Bentonite Colloidal hydrated aluminum silicate

Cetyl alcohol Chiefly CgHq3,0H
Glyceryl monostearate C17H3;COOCH,CHOHCH,0H
Methylcellulose Series of methyl esters of cellulose

Sodium alginate
drate extracted from giant kelp

Sodium carboxymethyl- Sodium salt of the carboxymethyl esters of cellulose

St::rui‘::lzz(iad A mixture of solid acids from fats, chiefly stearic
and palmitic

Stearyl alcohol Chiefly CgH3;0H

Veegum Colloidal magnesium aluminum silicate

The sodium salt of alginic acid, a purified carbohy-

Hydrophilic thickening agent and stabilizer for O/
W and W/O lotions and creams

Lipophilic thickening agent and stabilizer for O/W
lotions and ointments

Lipophilic thickening agent and stabilizer for O/W
lotions and ointments

Hydrophilic thickening agent and stabilizer for O/
W emulsions; weak O/W emulsifier

Hydrophilic thickening agent and stabilizer for O/
W emulsions

Hydrophilic thickening agent and stabilizer for O/
W emulsions

Lipophilic thickening agent and stabilizer for O/W
lotions and ointments. Forms a true emulsifier
when reacted with an alkali

Lipophilic thickening agent and stabilizer for O/W
lotions and ointments

Hydrophilic thickening agent and stabilizer for O/
W lotions and creams

Another class of soaps are salts formed from a fatty acid
and an organic amine such as triethanolamine. While these
O/W emulsifiers are also limited to external preparations,
their alkalinity is considerably less than that of the alkali
soaps and they are active as emulsifiers down to around pH
8. These agents are less irritating than the alkali soaps.

Sulfated alcohols are neutralized sulfuric acid esters of
such fatty alcohols as lauryl and cetyl alcohol. These com-
pounds are an important group of pharmaceutical surfac-
tants. They are used chiefly as wetting agents, although
they do have some value as emulsifiers, particularly, when
used in conjunction with an auxiliary agent. A frequently
used compound is sodium lauryl sulfate.

CHg(CHg) 1()CH2()SO3— Nat

Sulfonates are a class of compounds in which the sulfur
atom is connected directly to the carbon atom, giving the
general formula

CH3(CH,),CH,SO3~ Nat

Sulfonates have a higher tolerance to calcium ions and do
not hydrolyze as readily as the sulfates. A widely used
surfactant of this type is dioctyl sodium sulfosuccinate.

Cationics—The surface activity in this group resides in
the positively charged cation. These compounds have
marked bactericidal properties. This makes them desirable
in emulsified anti-infective products such as skin lotions and
creams. The pH of an emulsion prepared with a cationic
emulsifier lies in the pH 4-6 range. Since this includes the
normal pH of the skin, cationic emulsifiers are advantageous
in this regard also.

Cationic agents are weak emulsifiers and are generally
formulated with a stabilizing or auxiliary emulsifying agent
such as cetostearyl alcohol. The only group of cationic
agents used extensively as emulsifying agents are the quater-
nary ammonium compounds. An example is cetyltrimethy!-
ammonium bromide.
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CH3(CH3)1:<CHoN*(CHz)s  Br~

-~ ifiers should not be used in the same for-

Caqomc;iz,uxigionic emulsifiers as they will interact.
mulation incompatibility may not be immediately apparent
While the itate, virtually all of the desired antibacterial
as 2 .preciﬁ generally have been lost.
acmlww'cs__’l‘hese undissociated surfactants find wide-

Nozttz::e as emulsifying agents when they possess the
spree palance of hydrophilic and lipophilic groups within
properl ule. Their popularity is based on the fact that,
the mo f:; ax{ionic and cationic types, nonionic emulsifiers
unhkettsusceptible to pH changes and the presence of elec-
areln&s The number of nonionic agents available is legion;
t;o ¥nost frequently used are the glyceryl esters, polyoxyeth-
tlene glycol esters and ethers, and the sorbitan fatty acid
ot :ers and their polyoxyethylene derivatives.
e A glyceryl ester, such as glyceryl monostearate, is too
lipophilic toserveasa good emulsifier; it is widely used as an
auxiliary agent (Table XVIII) and has the structure

CH,00CC\:Hy
CHOH

CH.OH
Sorbitan fatty acid esters, such as sorbitan monopalmitate

HO _OH
i;‘
EO:LC-CH, R
)

OH
[R s (Cishy1COO)
are nonion.c oil-soluble emulsifiers that promote W/0 emul-
sions. The polyoxyethylene sorbitan fatty acid esters, such
as polyoxyethylene sorbitan monopalmitate, are hydrophilic
water-soluble derivatives that favor O/W emulsions.

HO(C,HoOh, IOCH, 1R OH

H
~0 <'|:(0<;,H,),0H
HCIOC,HY 2 R
[Sum of w,x,v and 2z s 20,
R 15(C\pH1,1C00 |

Polyoxyethylene glycol esters, such as the monostearate,
C17H35CO0(CH,0CH,), H, also are used widely.

Very frequently, the best results are obtained from blends
of nonionic emulsifiers. Thus, an O/W emulsifier custom-
arily will be used in an emulsion with a W/O emulsifier.
When blended properly, the nonionics produce fine-tex-
tured stable emulsions.

Natural Emulsifying Agents—Of the numerous emulsi-
fying agents derived from natural (ie, plant and animal)
Sources, consideration will be given only to acacia, gelatin,
lecithin, and cholesterol. Many other natural materials are
only sufficiently active to function as auxiliary emulsifying
agents or stabilizers.

Acacia is a carbohydrate gum that is soluble in water and
forms O/W emulsions. Emulsions prepared with acacia are
stable over a wide pH range. Because it is a carbohydrate it
18 necessary to preserve acacia emulsions against microbial
&ttac_k‘by the use of a suitable preservative. The gum can be
Precipitated from aqueous solution by the addition of high
Concentrations of electrolytes or solvents less polar than
Wwater, such as alcohol.

Gelz_itip, a protein, has been used for many years as an
emulmfymg agent. Gelatin can have two iscelectric points,
depepdlng on the method of preparation. So-called Type A
gelatlp, derived from an acid-treated precursor, has an iso-
electric point of between pH 7 and 9. Type B gelatin, ob-
tained from an alkali-treated precursor, has an isoelectric
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point of approximately pH 5. Type A gelatin acts best as an
emulsifier around pH 3, where it is positively charged; on the
other hand, Type B gelatin is best used around pH 8, where
it is negatively charged. The question as to whether the
gelatin is positively or negatively charged is fundamental to
the stability of the emulsion when other charged emulsifying
agents are present. In order to avoid an incompatibility, all
emulsifying agents should carry the same sign. Thus, if
gums (such as tragacanth, acacia or agar) which are negative-
ly charged are to be used with gelatin, Type B material
should be used at an alkaline pH. Under these conditions
the gelatin is similarly negatively charged.

Lecithin is a phospholipid which, because of its strongly
hydrophilic nature, produces O/W emulsions. It is liable to
microbial attack and tends to darken on storage.

Cholesterol is a major constituent of wool alcohols, ob-
tained by the saponification and fractionation of wool fat.
It is cholesterol that gives wool fat its capacity to absorb
water and form a W/0 emulsion.

Finely Dispersed Solids—This group of emulsifiers
forms particulate films around the dispersed droplets and
produces emulsions which, while coarse-grained, have con-
siderable physical stability. It appears possible that any
solid can act as an emulsifying agent of this type, provided it
is reduced to a sufficiently fine powder. In practice the
group of compounds used most frequently are the colloidal
clays.

Several colloidal clays find application in pharmaceutical
emulsions; the most frequently used are bentonite, a colloi-
dal aluminum silicate, and Veegum (Vanderbilt), a colloidal
magnesium aluminum silicate. )

Bentonite is a white to gray, odorless, and tasteless powder
that swells in the presence of water to form a translucent
suspension with a pH of about 9. Depending on the se-
quence of mixing it is possible to prepare both O/W and W/O
emulsions. When an O/W emulsion is desired, the benton-
ite is first dispersed in water and allowed to hydrate so as to
form a magma. The oil phase is then added gradually with
constant trituration. Since the aqueous phase is always in
excess, the O/W emulsion type is favored. To prepare a
W/0O emulsion, the bentonite is first dispersed in oil; the
water is then added gradually.

While Veegum is used as a solid particle emulsifying
agent, it is employed most extensively as a stabilizer in
cosmetic lotions and creams. Concentrations of less than
1% Veegum will stabilize an emulsion containing anionic or
nonionic emulsifying agents.

Auxiliary Emulsifying Agents—Included under this
heading are those compounds which are normally incapable
themselves of forming stable emulsions. Their main value
lies in their ability to function as thickening agents and
thereby help stabilize the emulsion. Agents in common use
are listed in Table XVIIL

Emulsifying Agents and Emulsion Type

For a molecule, ion, colloid, or particle to be active as an
emulsifying agent, it must have some affinity for the inter-
face between the dispersed phase and the dispersion medi-
um. With the mono- and multilayer films the emulsifier is
in solution and, therefore, must be soluble to some extent in
one or both of the phases. At the same time it must not be
overly soluble in either phase, otherwise it will remain in the
bulk of that phase and not be adsorbed at the interface.
This balanced affinity for the two phases also must be evi-
dent with finely divided solid particles used as emulsifying
agents. If their affinity, as evidenced by the degree to which
they are wetted, is either predominantly hydrophilic or hy-
drophobic, they will not function as effective wetting agents.

The great majority of the work on the relation between
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Table XiX—Approximate HLB Values for a Number of

Ermulsifying Agents

Generic or chemical name HLB
Sorbitan trioleate 1.8
Sorbitan tristearate 2.1
Propylene glycol monostearate 34
Sorbitan sesquioleate 3.7
Glycerol monostearate (non self-emulsifying) 3.8
Sorbitan monooleate 43
Propylene glycol monolaurate 4.5
Sorbitan monostearate 4.7
Glyceryl monostearate (self-emulsifying) 5.5
Sorbitan monopalmitate 8.7
Sorbitan monolaurate 8.6
Polyoxyethylene-4-lauryl ether 3.5
Polyethylene glycol 400 monostearate 11.6
Polyoxyethylene-4-sorbitan monolaurate 13.3
Polyoxyethylene-20-sorbitan monooleate 15.0
Polyoxyethylene-20-sorbitan monopalmitate 15.6
Polyoxyethylene-20-sorbitan monolaurate 16.7
Polyoxyethylene-40-stearate 16.9
Sodium oleate 18.0
Sodium lauryl sulfate 40.0

emulsifier and emulsion type has been concerned with sur-
face-active agents that form interfacial monolayers. The
present discussion, therefore, will concentrate on this class
of agents.

Hydrophile-Lipophile Balance—As the emulsifier be-
comes more hydrophilic, its solubility in water increases and
the formation of an O/W emulsion is favored. Conversely,
W/O emulsions are favored with the more lipophilic emulsi-
fiers. This led to the concept that the type of emulsion is
related to the balance between hydrophilic and lipophilic
solution tendencies of the surface-active emulsifying agent.

Griffin5® developed a scale based on the balance between
these two opposing tendencies. This so-called HLB scale is
a numerical scale, extending from 1 to approximately 50.
The more hydrophilic surfactants have high HLB numbers
(in excess of 10), while surfactants with HLB numbers from
1 to 10 are considered to be lipophilic. Surfactants with a
proper balance in their hydrophilic and lipophilic affinities
are effective emulsifying agents since they concentrate at
the oil/water interface. The relationship between HLB val-
ues and the application of the surface-active agent is shown
in Table XV. Some commonly used emulsifiers and their
HLB numbers are listed in Table XIX. The utility of the
HL.B system in rationalizing the choice of emulsifying agents
when formulating an emulsion will be discussed in a later
section.

Rate of Coalescence and Emulsion Type—Davies%® in-
dicated that the type of emulsion produced in systems pre-
pared by shaking is controlled by the relative coalescence
rates of oil droplets dispersed in the oil. Thus, when a
mixture of oil and water is shaken together with an emulsify-
ing agent, a multiple dispersion is produced initially which
contains oil dispersed in water and water dispersed in oil
(Fig 19-36). The type of the final emulsion which results
depends on whether the water or the oil droplets coalesce
more rapidly. If the O/W coalescence rate (Rate 1) is much
greater than W/O coalescence rate (Rate 2), a W/O emulsion
is formed since the dispersed water droplets are more stable
than the dispersed oil droplets. Conversely, if Rate 2 is
significantly faster than Rate 1, the final emulsion is an O/W
dispersion because the oil droplets are more stable.

According to Davies, the rate at which oil globules coalesce
when dispersed in water is given by the expression

Ratel = Ce” VAT (39)

The term C, is a collision factor which is directly proportion-
al to the phase volume of the oil relative to the water, and is
an inverse function of the viscosity of the continuous phase
(water). W), defines an energy barrier made up of several
contributing factors that must be overcome before coales.-
cence can take place. First, it depends on the electrical
potential of the dispersed oil droplets, since this affects
repulsion. Second, with an O/W emulsion, the hydrated
layer surrounding the polar portion of emulsifying agent
must be broken down before coalescence can occur. Thig
hydrated layer is probably around 10 A thick with a consis-
tency of butter. Finally, the total energy barrier depends on
the fraction of the interface covered by the emulsifying
agent.

Equation 40 describes the rate of coalescence of water
globules dispersed in oil, namely

—~Wy/RT

Rate 2 = Cye (40)

Here, the collision factor C, is a function of the water/oil
phase volume ratio divided by the viscosity of the oil phase.
The energy barrier W, is, as before, related to the fraction of
the interface covered by the surface-active agent. Another
contributing factor is the number of —CHas— groups in the
emulsifying agent; the longer the alkyl chain of the emulsifi-
er, the greater the gap that has to be bridged if one water
droplet is to combine with a second drop.

Davies® showed that the HLB concept is related to the
distribution characteristics of the emulsifying agent be-
tween the two immiscible phases. An emulsifier with an
HLB of less than 7 will be preferentially soluble in the oil
phase and will favor formation of a W/0O emulsion. Surfac-
tants with an HLB value in excess of 7 will be distributed in
favor of the aqueous phase and will promote O/W emulsions.

Preparation of Emulsions

Several factors must be taken into account in the success-
ful preparation and formulation of emulsified products.
Usually, the type of emulsion (ie, O/W or W/Q) is specified;
if not, it probably will be implied from the anticipated use of
the product. The formulator’s attention is focused primari-
ly on the selection of the emulsifying agent, or agents, neces-
sary to achieve a satisfactory product. No incompatibilities
should occur between the various emulsifiers and the several
components commonly present in pharmaceutical emul-
sions. Finally, the product should be prepared in such a way
as not to prejudice the formulation.

Selection of Emulsifying Agents

The selection of the emulsifying agent, or agents, is of
prime importance in the successful formulation of an emul-
sion. In addition to its emulsifying properties, the pharma-
cist must ensure that the material chosen is nontoxic and
that the taste, odor, and chemical stability are compatible
with the product. Thus, an emulsifying agent which is en-
tirely suitable for inclusion in a skin cream may be unaccept-
able in the formulation of an oral preparation due to its
potential toxicity. This consideration is most important
when formulating intravenous emulsions. .

The HLB System—With the increasing number of avail-
able emulsifiers, particularly the nonionics, the selection of
emulsifiers for a product was essentially a trial-and-error
procedure. Fortunately, the work of Griffin$360 provided a
logical means of selecting emulsifying agents. Griffin's
method, based on the balance between the hydrophilic and
lipophilic portions of the emulsifying agent, is now Widely
used and has come to be known as the HLB system. It1s
used most in the rational selection of combinations of non-
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xX—Relationship between HLB Range and

ble
Ta Surfactant Application
HLB range Use

0-3 Antifoaming agents
416 W/O emulsifying agents
7-9 Wetting agents
8-18 O/W emulsifying agents

13-15 Detergents

10-18 Solubilizing agents

Table XXi—Required HLB Values for Some Common
Emulsion ingredients

Substance W/0 o/wW
Acid, stearic Ce 17
Alcohol. cetyl A 13
Lanolin, anhydrous 8 15
0il, cottonseed el 7.5

mineral oil, light 4 10-12
mineral oil, heavy 4 10.5
Wax, beeswax 5 10-16
microcrystalline A 9.5

paraffin . 9

ionic emulsifiers, and we shall limit our discussion accord-
ingly.

iﬁ shown in Table XX, if an O/W emulsion is required,
the formulator should use emulsifiers with an HLB in the
range of 8-18. Emulsifiers with HLB values in the range of
4-6 are given consideration when a W/O emulsion is desired.
Some typical examples are given in Table XIX.

Another factor is the presence or absence of any polarity in
the material being emulsified, since this will affect the polar-
ity required in the emulsifier. Again, as a result of extensive
experimentation, Griffin evolved a series of “required HL.B”
values; ie, the HLB value required by a particular material if
it is to be emulsified effectively. Some values for oils and
related materials are contained in Table XXI. Naturally,
the required HLB value differs depending on whether the
final emulsion is O/W or W/O.

Fundamental to the utility of the HLB concept is the fact
thz‘lt the HLB values are algebraically additive. Thus, by
using a low HLB surfactant with one having a high HLB it is
possible to prepare blends having HLB values intermediate
between those of the two individual emulsifiers. Naturally,
one should not use emulsifiers that are incompatible. The
following formula should serve as an example.

0/W Emulsion
Liquid petrolatum (Required HLB 10.5) . .. .... 50g
Emulsifyingagents ......... ............. P 5g
Sorbitan monooleate (HLB 4.3}

Polyoxyethylene 20 sorbitan monoleate (HLB 15.0)
ater. gqs

Bysimple algebra it can be shown that 4.5 parts by weight of
sorhitan monooleate hlended with 6.2 parts by weight of
Polyoxyethylene 20 sorbitan monooleate will result in a
fixed emulsifying agent having the required HLB of 10.5.
a;‘écg the formulz? calls for 5 g, the required weights are 2.1 g
is di 9g, respectively. The oil-soluble sorbitan monooleate
pol 1830lved in the oil and heated to 75°; the water-soluble
a Yoxyethylene 20 sorbitan monooleate is added to the
?lueogs Dhase which is heated to 70°. At this point the oil
E as8e is mixed with the aqueous phase and the whole stirred

Ontinuously until cool.
Drode formulator is not restricted to these two agents to
uce a blend with an HLB of 10.5. Table XXII shows
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Table XXli—Nonionic Blends having HLB Values of 10.5

Required amounts

Surtactant (%) to give
blend HLB HLB = 105
Sorbitan tristearate 2.1 34.4
Polyoxethylene 20 sorbitan 14.9 65.6
monostearate
Sorbitan monopalmitate 6.7 57.3
Polyoxyethylene 20 sorbitan 15.6 42.7
monopalmitate
Sorbitan sesquioleate 3.7 48.5
Polyoxyethylene lauryl ether 16.9 5L.5

the various proportions required, using other pairs of emul-
sifying agents, to form a blend of HLB 10.5. When carrying
out preliminary investigations with a particular material to
be emulsified, it is advisable to try several pairs of emulsify-
ing agents. Based on an evaluation of the emulsions pro-
duced, it becomes possible to choose the best combination.

Occasionally, the required HLB of the oil may not be
known, in which case it becomes necessary to determine this
parameter. Various blends are prepared to give a wide
range of HLB mixtures and emulsions are prepared in a
standardized manner. The HLB of the blend used to emul-
sify the best product, selected on the basis of physical stabil-
ity, is taken to be the required HLB of the oil. The experi-
ment should be repeated using another combination of
emulsifiers to confirm the value of the required HLB of the
oil to within, say, +1 HLB unit.

There are methods for finding the HLB value of a new
surface-active agent. Griffin®® developed simple equations
which can be used to obtain an estimate with certain com-
pounds. It has beenshown that the ability of a compound to
spread at a surface is related to its HLB. In another ap-
proach a linear relation between HLB and the logarithm of
the dielectric constant for a number of nonionic surfactants
has been observed. An interesting approach has been devel-
oped by Davies€ and is related to his studies on the relative
rates of coalescence of O/W and W/O emulsions (page 304).
According to Davies, hydrophilic groups on the surfactant
molecule make a positive contribution to the HLB number,
whereas lipophilic groups exert a negative effect. Davies
calculated these contributions and termed them HLB Group
Numbers (Table XXIII). Provided the molecular structure
of the surfactant is known, one simply adds the various
group numbers in accordance with the following formula:

Table XXill—HLB Group Numbers®'

Group number
Hydrophilic groups
—S80, Na* 38.7
—CO0-K+ 21.1
—CO0~Nat 19.1
N (tertiary amine) 9.4
Ester (sorbitan ring) 6.8
Ester (free) 2.4
—COOH 2.1
Hydroxyl (free) 1.9
—0— 1.3
Hydroxyl (sorbitan ring) 0.5
Lipophilic groups
—CHa—
CH;— ~(0.475
=CH—
Derived groups
—(CHs>—CH.,—0)— +0.33
—(CHy—CH,;—CH.,—0)— ~0.15
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HLB = Z(hydrophilic group numbers) —
m{group number/—CH,— group) + 7

where m is the number of —CH,— groups present in the
surfactant. Poor agreement is found between the HLB val-
ues calculated by the use of group numbers and the HLB
values obtained using the simple equations developed by
Griffin. However, the student should realise that the abso-
lute HLB values per se are of limited significance. The
utility of the HLB approach (using values calculated by
either Griffin’s or Davies’ equations) is to (i) provide the
formulator with an idea of the relative balance of hydrophi-
licity and lipophilicity in a particular surfactant, and (ii)
relate that surfactant’s emulsifying and solubilizing proper-
ties to other surfactants. The formulator still needs to con-
firm experimentally that a particular formulation will pro-
duce a stable emulsion.

Later, Davies and Rideal®! attempted to relate HLB to the
Cuater/Cou partition coefficient and found good agreement
for aseries of sorbitan surfactants. Schott®2showed, howev-
er, that the method does not apply to polyoxyethylated oc-
tylphenol surfactants. Schott concluded that “so far, the
search for a universal correlation between HLB and another
property of the surfactant which could be determined more
readily than HLB has not been successful.”

The HLB system gives no information as to the amount of
emulsifier required. Having once determined the correct
blend, the formulator must prepare another series of emul-
sions, all at the same HLB, but containing increasing con-
centrations of the emulsifier blend. Usually, the minimum
concentration giving the desired degree of physical stability
is chosen.

Mizxed Emulsifying Agents—Emulsifying agents are
frequently used in combination since a better emulsion usu-
ally is obtained. This enhancement may be due to several
reasons, one or more of which may be operative in any one
system. Thus, vhe use of a blend or mixture of emulsifiers
may (1) produce the required hydrophile-lipophile balance
in the emulsifier, (2) enhance the stability and cohesiveness
of the interfacial film, and (3) affect the consistency and feel
of the product.

The first point has been considered in detail in the previ-
ous discussion of the HLB system.

With regard to the second point, Schulman and Cockbain
in 1940 showed that combinations of certain amphiphiles
formed stable films at the air/water interface. It was postu-
lated that the complex formed by these two materials (one,
oil-soluble; the other, water-soluble) at the air/water inter-
face was also present at the O/W interface. This interfacial
complex was held to be responsible for the improved stabil-
ity. For example, sodium cetyl sulfate, a moderately good
O/W emulsifier, and elaidyl alcohol or cholesterol, both sta-
bilizers for W/O emulsions, show evidence of an interaction
at the air/water interface. Furthermore, an O/W emulsion
prepared with sodium cetyl sulfate and elaidyl alcohol is
much more stable than an emulsion prepared with sodium
cetyl sulfate alone.

Elaidyl alcohol is the trans isomer. When oleyl alcohol,
the cis isomer, is used with sodium cetyl sulfate, there is no
evidence of complex formation at the air/water interface.
Significantly, this combination does not produce a stable
O/W emulsion either. Such a finding strongly suggests that
a high degree of molecular alignment is necessary at the O/W
interface to form a stable emulsion.

Finally, some materials are added primarily to increase
the consistency of the emulsion. This may be done to in-
crease stability or improve emolliency and feel. Examples
include cetyl alcohol, stearic acid and beeswax.

When using combinations of emulsifiers, care must be
taken to ensure their compatibility, as charged emulsifying

agents of opposite sign are likely to interact and coagulate
when mixed.

Small-Scale Preparation

Mortar and Pestle—This approach invariably is used
only for those emulsions that are stabilized by the presence
of a multimolecular film (eg, acacia, tragacanth, agar, chon-
drus) at the interface. There are two basic methods for
preparing emulsions with the mortar and pestle. These are
the Wet Gum (or so-called English) Method and the Dry
Gum (or so-called Continental) Method.

The Wet Gum Method—In this method the emulsifying
agent is placed in the mortar and dispersed in water to form
amucilage. The oilis added in small amounts with continu-
ous trituration, each portion of the oil being emulsified be-
fore adding the next increment. Acacia is the most fre-
quently used emulsifying agent when preparing emulsions
with the mortar and pestle. When emulsifying a fixed oil,
the optimum ratio of oil: water : acacia to prepare the initial
emulsionis4:2:1. Thus, the preparation of 60 mL of a 40%
cod liver oil emulsion requires the following:

Codliverail ....... ... ..o i, . %g

Acacia . .
Water, qs .

The acacia mucilage is formed by adding 12 mL of water to
the 6 g of acacia in the mortar and triturating. The 24 g of
oil is added in increments of 1-2 g and dispersed. The
product at this stage is known as the primary emulsion, or
nucleus. The primary emulsion should be triturated for at
least 5 min, after which sufficient water is added to produce
a final volume of 60 mL.

The Dry Gum Method—In this method, preferred by
most pharmacists, the gum is added to the oil, rather than
the water as with the wet gum method. Again, the approach
is to prepare a primary emulsion from which the final prod-
uct can be obtained by dilution with the continuous phase.
If the emulsifier is acacia and a fixed oil is to be emulsified,
the ratio of oil: water:gum is again 4:2:1.

Provided dispersion of the acacia in the oil is adequate, the
dry gum method can almost be guaranteed to produce an
acceptable emulsion. Because there is no incremental addi-
tion of one of the components, the preparation of an emul-
sion by this method is rapid.

With both methods the oil: water:gum ratio may vary,
depending on the type of oil to be emulsified and the emulsi-
fying agent used. The usual ratios for tragacanth and acacia
are shown in Table XXIV.

The preparation of emulsions by both the wet and dry
gum methods can be carried out in a bottle rather than a
mortar and pestle.

Other Methods—An increasing number of emulsions are
being formulated with synthetic emulsifying agents, espe-
cially of the nonionic type. The components in such a for-

Table XXIV—Usual Ratios of Oil, Water and Gum Used to
Produce Emulsions

System Acacia Tragacanth

Fixed oils (excluding liquid petrolatum

and 4 40
linseed oil)

Water . 2 20

Gum 1 1

Volatile oils, plus liquid petrolatum and 2-3 20-30
linseed oil

Water 2 20

Gum 1 1
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ion are separated into those that are oil-soluble and
that are water-soluble. These are dissolved in their
tive solvents by heating to about 70 to 75°. When
solution is complete, the two‘phases are mi.xed and_the prod-
uct is stirred until cool. This method, which requires noth-
ing more than two beaker§, a thermomete.r and a source of
heat. is necessarily used in thfs preparation pf emulsn?ns
containing waxes and other hlgh-melting-gomt mayerlals
that must be melted before they can be dispersed in the
emulsion. The relatively simple methodology involved in
the use of synthetic surfactant-type emulsifiers is one factor
which has led to their widespread use in emulsion prepara-
tion. This, in turn, has led to a decline in the use of the
natural emulsifying agents.

With hand homogenizers an initial rough emulsion is
formed by trituration in a mortar or shaking in a bottle.
The rough emulsion is then passed several times through the
homogenizer. A reduction in particle size is achieved as the
material is forced through a narrow aperture under pressure.
A satisfactory product invariably results from the use of a
hand homogenizer and overcomes any deficiencies in tech-
nique. Should the homogenizer fail to produce an adequate
product, the formulation, rather than the technique, should
be suspected.

For a discussion of the techniques and equipment used in
the large-scale manufacture of emulsions, see Chapter 83.

mulat!
those
respec

Stability of Emulsions

There are several criteria which must be met in a well-
formulated emulsion. Probably the most important and
most readily apparent requirement is that the emulsion pos-
sese adequate physical stability; without this, any emulsion
soon will revert back to two separate bulk phases. In addi-
tion, if the emulsified product is to have some antimicrobial
activity (eg, a medicated lotion), care must be taken to en-
sure that the formulation possesses the required degree of
activity. Frequently, a compound exhibits a lower antimi-
crobial activity in an emulsion than, say, in a solution. Gen-
erally, this is because of partitioning effects between the oil
and water phases, which cause a lowering of the “effective”
concentration of the active agent. Partitioning has also to
be taken into account when considering preservatives to
prevent microbiological spoilage of emulsions. Finally, the
chemical stability of the various components of the emulsion
should receive some attention, since such materials may be
more prone to degradation in the emulsified state than when
they exist as a bulk phase.

_In the present discussion, detailed consideration will be
hmgted to the question of physical stability. Reviews of this
topic have been published by Garrett? and Kitchener and
Mussellwhite.6* For information on the effect that emulsifi-
cation can have on the biologic activity and chemical stabil-
1ty of materials in emulsions, see Wedderburn, Burt and

warbrick 67

The theories of emulsion stability have been discussed by
Eccleston® in an attempt to understand the situation in
t:x;h a simple O/W emulsion and complex commercial sys-

s.

.The three major phenomena associated with physical sta-
blllty are

1. : i
0 the The upward or downward movement of dispersed droplets relative
ly continuous phase, termed creaming or sedimentation, respective-

leti. ¢ The aggregation and possible coalescence of the dispersed drop-
0 reform the separate. bulk phases.

eraul Inversion, 1n which an O/W emulsion inverts to become a W/0O
Sion. and wice persa.

g}l‘eaming and Sedimentation—Creaming is the upward
€ment of dispersed droplets relative to the continuous
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phase, while sedimentation, the reverse process, is the down-
ward movement of particles. Inanyemulsion one process or
the other takes place, depending on the densities of the
disperse and continuous phases. This is undesirable in a
pharmaceutical product where homogeneity is essential for
the administration of the correct and uniform dose. Fur-
thermore, creaming, or sedimentation, brings the particles
closer together and may facilitate the more serious problem
of coalescence.

The rate at which a spherical droplet or particle sediments
in a liquid is governed by Stokes’ law (Eq 35). While other
equations have been developed for bulk systems, Stokes’
equation is still useful since it points out the factors that
influence the rate of sedimentation or creaming. These are
the diameter of the suspended droplets, the viscosity of the
suspending medium, and the difference in densities between
the dispersed phase and the dispersion medium.

Usually, only the use of the first two factors is feasible in
affecting creaming or sedimentation. Reduction of particle
size contributes greatly toward overcoming or minimizing
creaming, since the rate of movement is a square-root func-
tion of the particle diameter. There are, however, technical
difficulties in reducing the diameter of droplets to below
about 0.1 um. The most frequently used approach is to raise
the viscosity of the continuous phase, although this can be
done only to the extent that the emulsion still can be re-
moved readily from its container and spread or administered
conveniently.

Aggregation and Coalescence—Even though creaming
and sedimentation are undesirable, they do not necessarily
result in the breakdown of the emulsion, since the dispersed
droplets retain their individuality. Furthermore, the drop-
lets can be redispersed with mild agitation. More serious to
the stability of an emulsion are the processes of aggregation
and coalescence. In aggregation (flocculation) the dis-
persed droplets come together but do not fuse. Coalescence,
the complete fusion of droplets, leads to a decrease in the
number of droplets and the ultimate separation of the two
immiscible phases. Aggregation precedes coalescence in
emulsions; however, coalescence does not necessarily follow
from aggregation. Aggregation is, to some extent, revers-
ible. While not as serious as coalescence, it will accelerate
creaming or sedimentation, since the aggregate behaves as a
single drop.

While aggregation is related to the electrical potential on
the droplets, coalescence depends on the structural proper-
ties of the interfacial film. In an emulsion stabilized with
surfactant-type emulsifiers forming monomolecular films,
coalescence is opposed by the elasticity and cohesiveness of
the films sandwiched between the two droplets. In spite of
the fact that two droplets may be touching, they will not fuse
until the interposed films thin out and eventually rupture.
Multilayer and solid-particle films confer on the emulsion a
high degree of resistance to coalescence, due to their me-
chanical strength.

Particle-size analysis can reveal the tendency of an emul-
sion to aggregate and coalesce long before any visible signs of
instability are apparent. The methods available have been
reviewed by Groves and Freshwater.89

Inversion—An emulsion is said to invert when it changes
from an O/W to a W/O emulsion, or vice versa. Inversion
sometimes can be brought about by the addition of an elec-
trolyte or by changing the phase-volume ratio. For exam-
ple, an O/W emulsion having sodium stearate as the emulsi-
fier can be inverted by the addition of calcium chloride,
because the calcium stearate formed is a lipophilic emulsifi-
er and favors the formation of a W/O preduct.

Inversion often can be seen when an emulsion, prepared
by heating and mixing the two phases, is being cooled. This
takes place presumably because of the temperature-depen-
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dent changes in the solubilities of the emulsifying agents.
The phase inversion temperature, or PIT, of nonionic sur-
factants has been shown by Shinoda, et al™ to be influenced
by the HLB number of the surfactant. The higher the PIT
value, the greater the resistance to inversion.

Apart from work on PIT values, little quantitative work

has been carried out on the process of inversion; neverthe-
less, it would appear that the effect can be minimized by
using the proper emulsifying agent in an adequate concen-
tration. Wherever possible, the volume of the dispersed
phase should not exceed 50% of the total volume of the
emulsion.

Bioavailability from Coarse Dispersions

In recent years, considerable interest has focused on the
ability of a dosage form to release drug following administra-
tion to the patient. Both the rate and extent of release are
important. Ideally, the extent of release should approach
100%, while the rate of release should reflect the desired
properties of the dosage form. For example, with products
designed to have a rapid onset of activity, the release of drug
should be immediate. With a long-acting product, the re-
lease should take place over several hours, or days, depend-
ing on the type of product used. The rate and extent of drug
release should be reproducible from batch to batch of the
product, and should not change during shelf life.

The principles on which biopharmaceutics is based are
dealt with in some detail in Chapters 35 to 37. While most
published work in this area has been concerned with the
bioavailability of solid dosage forms administered by the
oral route, the rate and extent of release from both suspen-
sions and emulsions is important and so will be considered in
some detail.

Bioavailability from Suspensions—Suspensions of a
drug may be expected to demonstrate improved bioavail-
ability compared to the same drug formulated as a tablet or
capsule. This is because the suspension already contains
discrete drug particles, whereas tablet dosage forms must
invariably undergo disintegration in order to maximize the
necessary dissolution process. Frequently, antacid suspen-
sions are perceived as being more rapid in action and there-
fore more effective than an equivalent dose in the form of
tablets. Bates, et al’! observed that a suspension of salicyla-
mide was more rapidly bioavailable, at least during the first
hour following administration, than two different tablet
forms of the drug; these workers were also able to demon-
strate a correlation between the initial (n vitro dissolution
rates for the several dosage forms studied and the initial
rates of in vivo absorption. A similar argument can be
developed for hard gelatin capsules, where the shell must
rupture or dissolve before drug particles are released and can
begin the dissolution process. Such was observed by Antal,
et al™ in a study of the bioavailability of several doxycycline
products, including a suspension and hard gelatin capsules.
Sansom, et al* found mean plasma phenytoin levels higher
after the administration of a suspension than when an equiv-
alent dose was given as either tablets or capsules. It was
suggested that this might have been due to the suspension
having a smaller particle size.

In common with other products in which the drug is
present in the form of solid particles, the rate of dissolution
and thus potentially the bioavailability of the drug in a
suspension can be affected by such factors as particle size
and shape, surface characteristics, and polymorphism.
Strum, et al™ conducted a comparative bioavailability
study involving two commercial brands of sulfamethiazole
suspension (Product A and Product B). Following adminis-
tration of the products to 12 normal subjects and taking
blood samples at predetermined times over a period of 10 hr,
the workers found no statistically significant difference in
the extent of drug absorption from the two suspensions.
The absorption rate, however, differed, and from in vitro
studies it was concluded that product A dissolved faster than
product B and that the former contained more particles of

smaller size than the latter, differences that may be respon-
sible for the more rapid dissolution of particles in product A.
Product A also provided higher serum levels in in vivo tests
half an hour after administration. The results showed that
the rate of absorption of sulfamethiazole from a suspension
depended on the rate of dissolution of the suspended parti-
cles, which in turn was related to particle size. Previous
studies’ 7 have shown the need to determine the dissolu-
tion rate of suspensions in order to gain information as to the
bioavailability of drugs from this type of dosage form.

The viscosity of the vehicle used to suspend the particles
has been found to have an effect on the rate of absorption of
nitrofurantoin but not the total bioavailability. Thus Soci
and Parrott were able to maintain a clinically acceptable
urinary nitrofurantoin concentration for an additional two
hours by increasing the viscosity of the vehicle.”

Bioavailability from Emulsions—There are indications
that improved bioavailability may result when a poorly ab-
sorbed drug is formulated as an orally administered emul-
sion. However, little study appears to have been made in
direct comparison of emulsions and other dosage forms such
as suspensions, tablets, and capsules; thus it is not possible
to draw unequivocal conclusions as to advantages of emul-
sions. If a drug with low aqueous solubility can be formulat-
ed so as to be in solution in the oil phase of an emulsion, its
bioavailability may be enhanced. It must be recognized,
however, that the drug in such a system has several barriers
to pass before it arrives at the mucosal surface of the gastro-
intestinal tract. For example, with an oil-in-water emul-
sion, the drug must diffuse through the oil globule and then
pass across the oil/water interface. This may be a difficult
process, depending on the characteristics of the interfacial
film formed by the emulsifying agent. In spite of this poten-
tial drawback, Wagner, et al’8 found that indoxole, a nonste-
roidal anti-inflammatory agent, was significantly more bioa-
vailable in an oil-in-water emulsion than in either a suspen-
sion or a hard gelatin capsule. Bates and Sequeira™ found
significant increases in maximum plasma levels and total
bioavailability of micronized griseofulvin when formulated
in a corn oil/water emulsion. In this case, however, the
enhanced effect was not due to emulsification of the drug in
the oil phase per se but more probably because of the linoleic
and oleic acids present having a specifical effect on gastroin-
testinal motility.
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