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Teanne Forehand
Table of Metric Doses with Approximate Apothecary Equivalents

These approximate dose equivalents represent the quantities usually prescribed, under identical condi-
tions, by physicians using, respectively, the metric system and the apothecary system of weights and measures.
Statements of quantity or strength in the labeling of drug products, when expressedin the metric and apothecary
systems,shall utilize exact equivalents.

When prepared dosage forms such as tablets, capsules, etc, are prescribed in the metric system, the phar-
macist may dispense the corresponding approximate equivalent in the apolhecary system and vice versa, as
indicated in the following table.

For the conversion of specific quantities in converting pharmaceutical formulas, use the exact equivalents
(see pages 75 and 76). For prescription compounding, use the exact equivalents rounded to three significant fig-

 

  

 

 

  

 

 

 
 
  

ures.

Liquid Measure

Approximate Apothecary Approximate Apothecary Approximate Apothecary
Matric Equivalents Metric Equivalents Metric Equivalents

1000 mL 1 quart O mL 21/5 fluid drams 0.5 mbt 8 minims
750 mt 1/5 pints 8 mt 2 fluid drams 0.30 mL 5 minims
500 mL 1 pint 5 mb 1%, fluid drams 0.25 mL 4  minims
250 mL 8 tiuid ounces 4 mt 1 fluid dram 0.2 mL 3. minims

200 mL 7 fluid ounces 3 mL 45 minims 0.1 mL 15 minims
100 mL 3% fluid ounces 2 me 30)=ominims 0.06 mL 1) minim
50 mt 4°/; fluid ounces 1 mt 15 minims 0.05 mL 3, minim
30 mL 1 fluid ounce 0.75 mL 12 =minims 0.03 mL V> minim
15 mbt 4_fluid drams 0.6 mb 10. minims

Weight

Approximate Apothecary Approximate Apothecary Approximate Apothecary
Matric Equivalents Metric Equivalents Matric Equivalents

30 g 1 ounce 200 mg 3 grains 4 mg Vis grain
15 g 4 drams 150 mg 2% grains 3 mg Voq grain
10 g 2% drams 125 mg 2 grains 2 mg Vag grain
7.59 2 drams 100 mg 1% grains 1.5 mg Yao grain
6 g 90 grains 75mg 1%, grains 1.2. mg Veg grain
5 g 75 grains 60 mg 1 grain 1 mg Vsq rain
4 9 60 grains (1 dram) 50 mg 3, grain 800 yg Yeo grain
3 g 45 grains 40 mg “ly grain 600 jug Yioo grain
2g 30 grains (> dram) 30 mg V2 grain 500 jg Yi09 grain
1.59 22° grains 25 mg %q grain 400 pq Vso grain
1 og 15 grains 20 mg V5 grain 300 jig Vooo grain

750 mg 12. grains 15 mg V, grain 250 yg Yos9 grain
600 mg 10 grains 12mg Vs grain 200 pg ‘Yaoo grain
500 mg 7 Vo grains 10 ma Va grain 150 tg Vig grain
400 mg 6 grains 8 mg Ye grain 120 keg Ys00 grain
300 ma 5 grains 6mg Vig grain 100 yg Yeaq grain
250 mg 4 grains_ 5 mq Vio grain

NOTE: A milliliter (ML) is the approximate equivalent of a cubic centimeter (cc).
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Preface to the First Edition

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

The vast advances madein theoretical and applied chem-
istry and physics have much to do with the development of
pharmaceutical science, and these have been reflected in all
the revised editions of the Pharmacopoeias which have been
recently published. When the author was elected in 1874 to
the chair of Theory and Practice of Pharmacy in the Phila-
delphia College of Pharmacy, the outlines of study which
had been so carefully prepared for the classes by his erninent
predecessors, Professor William Procter, Jr, and Professor
Edward Parrish, were found to be not strictly in accord,
either in their arrangementof the subjects or in their method
of treatment. Desiring to preserve the distinctive charac-
teristics of each, an effort was at once made to frame a
system which should embody their valuable features, em-
brace new subjects, andstill retain that harmony ofplan and
proper sequence which are absolutely essential to the suc-
cess of any system.

Thestrictly alphabetical classification of subjects whichis
now universally adopted by pharmacopoeias and dispensa-
tories, although admirable in worksof reference, presents an
effectual stumbling block to the acquisition ofpharmaceuti-
cal knowledge through systematic study; the vast accumula-
tion of facts collected under each head being arranged lexi-
cally, they necessarily have no connection with one another,
and thus the saving of labor effected by considering similar
groups together, and the value of the associationof kindred
subjects, are lost to the student. In the method of grouping
the subjects which is herein adopted, the constant aim has
been to arrange the latter in such a manner that the reader
shall be gradually led from the consideration of elementary
subjects to those which involve more advanced knowledge,
whilst the groups themselves are so placed as to follow one
another in a natural 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 IL.
Dueweight and prominence are thus given to the Pharmaco-
poeia, the National authority, which is now so thoroughly
recognized.

In order to suit the convenience of pharmacists who prefer
to weigh solids and measureliquids, the official formulas are
expressed, in addition to parts by weight, in avoirdupois
weight and apothecaries’ measure. These equivalents are

printed in bold type near the margin, and arranged s0 as.to
fit them for quick and accurate reference.

Part II treats of Inorganic Chemical Substances. Prece-
denceis of course given to official preparation in these. The
descriptions, solubilities, and tests for identity and impuri-
ties of each substance are systematically tabulated underits
propertitle. It is confidently believed that by this method
of arrangement the valuable descriptive features of the
Pharmacopoeia will be more prominently developed, ready
reference facilitated, and close study of the details rendered
easy. Each 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 constituents, beginning with simple bodies
like cellulin, gum, etc, and progressing to the most highly
organized alkaloids, etc.

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 pharmacists.

Part VI contains a formulary of Pharmaceutical Prepara-
tions which have not been recognized by the Pharmacopoeia.
The recipes selected are chiefly those which have been here-
tofore ratherdifficult ofaccess 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 heen 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 help 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 omissions in the text. The
author’s warmest acknowledgments, are tendered to Mr AB
Taylor, Mr Joseph McCreery, and Mr George M Smith for
their valuable assistance in revising the proof sheets, and to
the latter especially for his work on the index. The outline
illustrations, by Mr John Collins, were drawn either from the
actual objects or from photographs taken by the author,

Philadelphia, October, 1885 JPR.
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Preface to the Eighteenth Edition

In anticipation of setting forth this Preface and prior to
vathering thoughts on paper (or more accurately, the word
processor!), 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. Thefirst paragraph would be just as suitable today
as penned by Professor Remington 105 years ago.

Each decade transcendsthe previous one and the pharma-
ceutical and health sciences are not laggards. Every 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 burgeoninglitera-
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 chapter
has been culled,revised and rewritten to update the material
presented.

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

The current revision contains 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 Agents 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 offendedby being
diverted to a different section of the text in order to obtain

supplementary information.
Photographs which depicted the typical “black box”’ have

been eliminated almost completely and replaced by line
drawings or schematic diagrams whichare instructive rather
than picturesque.

Most of the drug monographs have been revamped not
only as a meansof updating, but to gain a degreeofuniformi-
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 madeto ferret out every trade name by whichaproduct
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 number (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 to the science and practice of phar-
macy, the wisdom of Dr Eric Martin, editor of the 13th
Edition, in creating an Editorial Board to share the enor-
mous burden, has been evident constantly. Each of the
section editors labored diligently to comply with thelogistics
of maintaining a smooth flow of manuscripts and proofs.
Also, each section editor doubled as an authoror coauthor of
one or more chapters. It would be remiss not to extend
special mention to this group of dedicated people,

Four members of the Editorial Board are serving for the
first time after having been authorsfor 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, Part 2; and Dr Joseph Schwartz of
PCP&S, Part 8. Each of the new membersliterally “jumped
into the fray,” gave much of their precious time and have
become “blooded” membersofthe staff.

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

‘Two dauntless, prolific 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 ofthe book. Their diligence
and meticulous attention to detail has eased the task ofthis

Editor. Our relationship over the past several decades has
been 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 Editorial Board. She was
competent, cooperative and much too tolerant of the many
requests madeofher.

As with any publication a few ofthe editorialstaffbear the
brunt 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 im a lesser capacity with the
Seventeenth revision. With the current edition he reas-

sumes the role of Managing Editor and his experience in
pharmacy, journalism and the publishing business, have
provided the capabilities needed to translate a disarranged
manuscript into a format acceptable by the publisher and
pleasing to the reader.

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

The Index was developed by Mr Hoover, with the assis-

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

Philadelphia, February, 1990 ARG
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CHAPTER 19

Disperse Systems

George Zografi, PhD
Professor
School of Pharmacy, University of Wisconsin
Madison. WI 53706

HansSchott, PhD
Professor of Phormaceutics and Colloid Chemistry
School of Pharmacy, Temple University
Philadelphia, PA 19140

James Swarbrick, DSc, PhD
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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
forces are acting on any one molecule. The strength of these
forces 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-
lar bonding in hydrocarbon liquids, such as mineraloil, are
due to London dispersion forces.

Because of this, molecules situated at the interface con-
tain potential forces of interaction which are not satisfied
relative to the situation in each bulk phase. In liquid sys-
tems such unbalanced forces can be satisfied by spontaneous
movement of molecules from the interface into the bulk

phase. This leaves fewer molecules per unit area at the
interface (greater intermolecular distance) and reduces the
actual contact area between dissimilar molecules,

Any attempt to reverse this process by increasing the area
of contact between phases, ie, bringing more molecules into
the interface, causes the interface to resist expansion and to

Dr Zografi authored the section on Interfacial Phenomena. Dr
Schott authored the section on Colloidal Dispersions. Dr Swarbrick
authored the section on Particle Phenomena and Coarse Dispersions.

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 19-1A), the thread will remain col-
lapsed. If now a heated needle is used to puncture and
remove theliquid 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 remainingand, 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 normalto every
part of the looped thread. Thetotal forceon the entire loop
divided by the circumferenceofthe circle, therefore, repre-
sents the tension per unit distance of surface, or the surface
tension.

Just as work is required to extend a spring undertension,
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 seenearlier 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 opposethis tension in
the surface, We then may define the surface tension, +, of
the liquid as F/2l, where 2/ is the distance of surface over
which F is 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 doneis

W = FAx (1)

and therefore

W = y2lAx (2)
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A B

Fig 19-1. A circular wire frame with a loop of thread loosely tied to
it: (A) a liquid film on the wire frame with a loop in it: (8) the film
inside the loop is broken.!

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

Since

AA = 21Ax (3)

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

W=7yAA (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 [, 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/em 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 7 electrons

Table |—Surface Tension of Various Liquids at 20°
Surface tension,

Substance dynes/cm

Mercury 476
Water 12.8

Glycerin 63.4
Oleic acid 32.5
Benzene 28,9
Chloroform 27.1
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 Il—Interfacial Tension of Various Liquids against
Water at 20°

Interfacial tension,
Substance dynes/cm

Decane 52.3
Octane 51.7
Hexane 50.3
Carbon tetrachloride 45.0
Chloreform 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 bysatisfying 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 morefully in succeeding sections.

Solid substances such as metals, metal oxides, silicates
and salts, all containing polar groups exposed attheir 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 I[I—Values of -y,, for Solids of Varying Polarity

Solid *¥sv (dynes/cm)

Teflon 19.0
Paraffin 25.5

Polyethylene 37.6
Polymethyl methacrylate 45.4
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 beclassi-
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 surfaceis 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(CH2),COOH, crys-
tallizes from water as thin hexagonal plates with three dif-
ferent faces, as shown in Fig 19-8. 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 carboxy! 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 duringa 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.

Tn Table IT] are listed some approximate average values of
Ysv 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
systemsis 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 interfacestill 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 pureliquid 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. Thediffer-
ence between W, and W, is known as the spreading coeffi-
cient, 5; 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, 74 ergs
of interfacial free energy/cm® (interfacial tension) are lost,
but that +4 and yp, ergs/cm? of energy (surface tensions of A
and B) are gained; upon separation of bulk phase molecules

rem analogous manner, 27,4 or 2y, ergs/cm? will he gained.Thus

W,=¥a+Va- Yan (5)
and

W, = 2y4 or 2y¥z (6)

For 8 spreading on the surface of A, therefore

Sy = Yat ¥a- Yas— 2Yn (7)
or

Sp = va — (ve + Yap) (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 = 72.8 — (28.9 + 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:

Snyiw = 72.8 — (18.0 + 50.8) =

Swy = 18.0 — (72.8 + 50.8) = —105.6

4.0

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 tale or charcoal can be sprinkled over the surface of
water such thatit 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 movementofsolid particles away
from the paint 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 Jenses now appear to form even
though initial spreading occurred. Thus, in effect a sub-
stance does not. appear to spread overitself.

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 sucha
film so that their most hydrophobic portion is oriented to-
wards the spreading phase. It 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, Sp,is

Sp = 62.2 — (28.9 + 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 exposedto 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 tale
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.
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Fig 19-4. Forces acting on a nonwetting liquid drop exhibiting a
contact angle of #.8

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 = Ysu + Yiy cos @ (3)

where *ysy, ysp, and yzy 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 ysy and yg; 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 y,y cos @ 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 y;y and yg,,
therefore, will favor wetting, while the greater the value of
sy the greater the chance for wetting to occur. This is seen
in Table IV for the wetting of a low-energy surface, paraffin
(hydrocarbon), 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 givensolid,
and the more polar the solid, the smaller the contact angle
with the sameliquid.

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

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

Surface tension, Contact angle

 

Substance dynes/cm Paraffin Nylon

Water 72.8 105° 70°
Glycerin 63.4 96° 6o°
Formamide 58.2 gi 60°

‘Methylene iodide 50.8 6G° 41°
o-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
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Fig 19-5. Forces acting on a nonwettable solid at the airt+liquid+so-
lid interface: contact angle # greater than 90°.



Table V—Critical Surface Tensions of Various Polymeric
 Solids

Ya
Palymeric Solid Dynes/cmat 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(vinyl 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 +s, and y.v are large enoughrelative to ysy.

Thesignificance of reducing y,v 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 @ 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 numberofsolids,
it was shown that this surface tension (knownas the critical
surface tension, -y.) parallels expected solid surface energy
ysv; the lower -y,, the more nonpolar the surface.

Table V indicates some of these +, values for different
surface groups, indicating such a trend. Thus, water witha
surface tension of about 72 dynes/cm will not wet polyethyl-
ene (y, = 31 dynes/em), but heptane with a surface tension
of about 20 dynes/cm will. Likewise, Teflon (polytetrafluo-
roethylene) (+, = 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 autophobie 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 monomolecularfilms at the solid surface.

Capillarity

Because water showsa 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 praduce 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 moyementofa 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
is placed into mercury (contact angle on glass: 130°), not
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Fig 19-6. Capillary rise for a liquid exhibiting zero contact angle.'

 
Fig 19-7. Capillary fall for a liquid exhibiting a contact angle, #,
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 toa
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

enaions y, multiplied by the circumference of the circle, 2rr.Thus

(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, wr*h, the force W
opposing the movement upwardwill be

P= yar

W = mg = ar"dgh (11)

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

ardgh = y2xrr (12)

so that

h= te (13)
‘Thus, the greater the surface tension and thefiner 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

 
Fig 19-8. Capillary rise for a liquid exhibiting a contact angle, @,
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 @ and, therefore

_ 2y cos @
h aah

This indicates the very important fact that if # is less than
90°, but greater than 0°, the value of 4 will decrease with
increasing contact angle until at 90° (cos # = 0), kh = 0.
Above 90°, values of ft will be negative, as indicated in Fig
19-7 for mercury. Thus, based on these equations we may
concludethat capillarity will occur spontaneously in a cylin-
drical pore even if the contact angle is greater than zero, but
it will not occur at ail if the contact angle becomes 90° or
more. In solids with irregularly shaped pores the relation-
ships between parameters in Eg 14 will be the same,but they
will be more difficult to quantitate because of nonuniform
changes in pore radius throughout the porous structure.

(14)

Pressure Differences across Curved Surfaces

From the preceding discussion of capillarity another im-
portant concept follows. In order for the liquid in a eapil-
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, Pi, must be less than
that just below theflat liquid surface, Pp, by hgd, and there-
fore

P,—P; =hgd (15)

Since, according to Eq 14

_ 2y cos@
A rad

then

P)-P,=27cos7(16)r

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

2

Py- Py ==" (17)

The consequences of this relationship (known as the Laplace
equation) are important for any curved surface when r be-
comes very small and + 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 expressesis 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 P’. The
equation (Eq. 18) expressing the ratio of P/P’ to droplet
radius, r, and surface tension, y, is called the Kelvin equa-
tion where

24M
2,303RT'pr

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/cm*. 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—Ratio of Observed Vapor Pressure to Expected
Vapor Pressure of Water at 25° with Varying Droplet Size

P/P'a Droplet size; um

1.001 1
1,01 0.1
11 0.01
2.0 0.005
3.0 0.001
A. 0.00065
5.2 0.00060 

« Pis the observed vapor pressure and J’ is the expected value for “bulk”
water.

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

This same 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 equilibriumsolubili-
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 III). 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 ofthe 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 Ne, Oo, 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.

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 toa
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 comparedifferent 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 theaffinity of a given substanceis for the solid surface
or how readily does it adsorb for a given amountof pressure?
In effect, this second term is the equilibrium constant for the
process.
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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 bounceoffelastically 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 madein 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 surroundingsites.

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

=fe
(2amkT)'2

where p is the gas pressure, mis the mass of the molecule,kis
the Boltzmann gas constant, and T is the absolute tempera-
ture. Thus, the greater p, the greater the numberofcolli-
sions. Let a equal the fraction of molecules which will be
held by the surface; then ay is equal to the rate of adsorption
on the bare surface. However, if @ is the fraction of the

acini already covered, the rate of adsorption actually wille

(19)

R, = op(l — @) (20)

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

Ry = v0 (21)

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

7 = an(l — A) (22)

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

g=—PP_ 2
1+kp (23)

and, since @ may be expressed as

Vi.
V,, (24)

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

VD
V,=— 25" 1+kp (25)

A test offit to this equation can be made by expressingit in
linear form

 

P._1_ 4 Bp
V, Wak Vm

Thevalue of & is, in effect, the equilibrium constant and may
be used to compareaffinities 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 numberofsites is

(26)
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actually the total surface area ofthe solid and, therefore, the
value of V,, can be used to estimate surface area if the
volume and area/molecule of vaporare 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:

v= VineP
"(pa — pP)[1 + (€ — 1)(p/po]

where c is a constant and pp is the vapor pressure of the
adsorbing substance,® The most widely used vaporfor 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 fram 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 molecularlayer, the presence of other molecules often
makes the interpretation of adsorption mechanisms much
more difficult. than for chemisorption or physisorption ofa
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 Monomalecular 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 amountsof 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 amountofsolute.

Compression and measurementofsurface 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 19-11. insoluble monomolecular film compressed between a
fixed barrier, B, and a movablebarrier, A.®

tension is reduced upon compression because contact be-
tween air and water is reduced by the presence of the film
molecules. Beyond the point of closest packing the film
apparently collapses very much as a layerofcorks floating on
water would be disrupted when laterally compressed beyond
the point of initial physical contact.

Using a refined quantitative technique based on these
studies, Langmuir’ spread films ofpurefatty acids, alcohols,
and esters on the surface of water, Comparing a series of
saturated fatty acids, differing only in chain length, he found
that the area/molecule at collapse was independentof chain
length, corresponding to the cross-sectional area of a mole-
cule oriented in a vertical position (see Fig 19-11). He fur-
ther concluded that this molecular orientation involved as-

sociation of the polar carboxyl group with the water phase
and the nonpolar acyl chain out towards the vapor phase.

In addition to the evidence for molecular orientation,
Langmuir’s work with surface films revealed that each sub-
stance exhibits film properties which reflect the interactions
between molecules in the surface film. This is best seen by
plotting the difference in surface tension of the clean sur-
face, yo, and that of the surface covered with the film, +, vs
the area/molecule, A, produced by film compression (total
area + the number of molecules). The difference in surface
tension is called the surface pressure, x, and thus

T=%7 ¥: (28)

Figure 19-12 depicts such a plot for a typical fatty acid
monomolecular film. At areas greater than 50 A2/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 [ree to movelateral-
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 agreater extent. The rate ofchange in x
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 A2/molecule, the curve
shows a steady increase in 7, 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
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Fig 19-12. A surface pressure—area curve tor an insoluble mono-
molecular film: Region A, “gaseous” film; Region &, ‘liquid’ film;
Region C, ‘'solid” film; Region D, film collapse.



aromatic rings, side chains, and double bonds—should re-
duce molecular interactions, while the longer the alkyl chain
and the less bulky the polar group, the closer the molecules
can approach and the stronger the extent of interaction in
the film.

Soluble Filrns and Adsorption from Solution

If a fatty acid exhibits highly “gaseous” film behavior on
an aqueous surface, we should expect a relatively small
change in w with A over a considerable range of compression.
Indeed, for short-chain compounds—eg,lauric acid (12 car-
bons) and decanoic acid—not only is the change in 7 small
with decreasing A but at a point just before the expected
closest packing area the surface pressure becomes constant
without any collapse.

If lauric acid is converted to the laurate ion,or if a shorter
chain acid such as octanoic acid is used,spreading on water
and compression of the surface produces no increase in 7;
the more polar the molecule (hence, the more “gaseous” the
film), the higher the area/molecule where a constant surface
pressure occurs. :

This behavior may be explained by assuming that polar
molecules form monomolecular films when spread on water
but that, upon compression, they are caused to enter 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 behaviorwill
be greater for substances exhibiting weaker intermolecular
interaction and greater water solubility.

Starting from the other direction, it can be shown that
short-chain acids and alcohols (when dissolved in water)
reduce the 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 monomolecularfilm 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 numberof factors will produce such a favorable change
in free energy. First, the presence of the oriented monomo-
lecular film reduces the surface free energy of the air-water
interface. Second, the hydrophobic group on the molecule
is in a lower state of energy at the interface, where it no
longeris as surrounded by water molecules, than whenit isin
the bulk-solution phase. Increased interaction between
film molecules also will contribute to this process.

A further reduction in free energy occurs upon adsorption
because of the gain in entropy associated with a changein
water structure. Water molecules, in the presence of dis-
solved alkyl chains are more highly organized or “ice-like”
than they are as a pure bulk phase; hence, the entropy of
such structured water is lower than that of bulk water.

The process of adsorption requires that the “ice-like”
structure “melt” as the chains go to the interface and, thus,
an increase in the entropy of water occurs. The adsorption
of molecules dissolved in oil can occur but it is not influenced

by water structure changes and, hence, only thefirst factors
mentioned are important here.
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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
oceur 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
dissolvedin 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 increasedor 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 undera given set
of conditions. For relatively simple systemsit is possible to
estimate this value by application of the Gibbs equation,
which relates surface concentration to the surface-tension
change producedat 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 concentrateat the
boundary between two phases. The equation may be ex-
pressed as

a dyT= =
RT da

where [ is the moles of solute adsorbed/unit area, R is the
gas constant, 7' is the absolute temperature and dy is the
changein surface tension with a changein solute activity, da,
at activity a. For dilute solutions of nonelectrolytes, or for
electrolytes when the Debye—Hiickel equation for activity
coefficient is applicable, the value of a may be replaced by
solute. concentration, c. Since the term de/e is equal to d In
c, the Gibbs equationis often written as

Sb ee
~ RT dinc

In this way the slope of a plot of y vs Ine multiplied by 1/AT
should give rat a particular value ofc. 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)
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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, c, for substances adsorbing to the vapor-liq-
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 shownthat the Langmuir equation (Eq 25)
can befitted to such data when written in the form

Desa k’e
1l+k’e

where [nax is the maximum surface concentration attained
with increasing concentration and k’ is related to & 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:

Il = Py, RT In (1 + k’c)

re (31)

(82)

Mixed Films

It would seem reasonable to expect that the properties ofa
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 amountoffilm 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 whichare 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
alcohol is introduced along with an ionized long-chain sub-
stance. Together the molecules form a highly condensed
film despite the presence of a high numberof 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 ian; O:
a long-chain nonionic compound.

Adsorption on Solid Surfaces From Solution

Adsorption to solid surfaces from solution may occurif the
dissolved molecules and the solid surface have chemical

groups capable of interacting. Nonspecific adsorption also
will occurif the solute is surface active and ifthe surface area
of the solid is high, This latter case would be the same as
occurs at the vapor-liquid and liquid-liquid interfaces. As
with adsorption to liquid interfaces, adsorption to solid sur-
faces from solution generally leads to a monomolecular lay-
er, often described by the Langmuir equation or by the
empirical, yet related, Freundlich equation

x/M = ke” (33)

where x is the grams of solute adsorbed by M gramsofsolid
in equilibrium with a solute concentration of c. The terms k
and nm are empirical constants. However, as Giles® has
pointed out, the variety of combinations of solutes and sol-
ids, and, hence the variety of possible mechanismsofadsorp-
tion, can lead to a number of more complex isotherms. In
particular, adsorption of surfactants and polymers, of great
importance in a number of pharmaceutica! systems,is still
not well understood on a fundamental level, and may in
somesituations even be multilayered.

Adsorption from solution may be measured by separating
solid and solution and either estimating the amount of ad-
sorbate adhering to the solid or the loss in concentration of
adsorbate from solution.

In view of the possibility of solvent adsorption, the latter
approach really only gives an apparent adsorption. For
example, if solvent adsorption is great enough,it is possible
to end upwith an increased concentration of solute after
contact with the solid; here, the term negative adsorption is
used.

Solvent not only influences adsorption by competing for
the surface but, as discussed in connection with adsorption
at liquid surfaces, the solvent will determine the escaping
tendencyofa solute; eg, the more polar the molecule, the less
the adsorption that occurs from water. This is seen in Fig
19-15, where adsorption of various fatty acids from water
onto charcoal increases with increasing alky! chain length or
nonpolarity. It is difficult to predict these effects but, in
general, the more chemically unlike the solute and solvent
and the morealike the solid surface groups and solute, the

*/m,MillimolesperGramC 
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Concentration, Moles per Liter

The relation between adsorption and molecular weight ofFig 19-15.
fatty acids.®



Adserbed Ltions 
Fig 19-16. The adsorption of a cationic surfactant, LN‘, onto a
negatively charged silica or glass surface, exposing a hydrophobic
surface as the solid is exposedto 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 sol-
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. It 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-
rize surfactants according ‘to their polar portions since the
nonpolar portion is usually made up of alkyl or aryl groups.
The major polar groups found in most surfactants may be
divided as follows: anionic, cationic, amphoteric and non-
ionic. 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 thatfollows.

Types

Anionic Agents—The most. commonly used anionic sur-
factants are those containing carboxylate, sulfonate, and
sulfate ions. Those containing carboxylate ions are known
as soaps andare generally prepared by the saponification of
natural fatty acid glycerides in alkaline solution. The most
common cations associated with soaps are sodium, potassi-
um, ammonium, and triethanolamine, while the chain
length of the fatty acids ranges from 12 to 18.

The degree of water solubility is greatly influenced by the
length of the alkyl chain and the presence of double bonds.
For example, sodium stearate is quite insoluble in water at
room temperature, whereas sodium oleate under the same
conditions is quite water soluble.
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Table Vil—Effect of Aerosol OT Concentration on the

Surface Tension of Water and the Contact Angle of Waiter
with Magnesium Stearate 

Cancentration,
mx 105 Yeu a

1.0 60.1 120°
3.0 49.8 113°
5.0 45.1 104°
8.0 40.6 gg°

10.0 38.6 ga°
12.0 37.9 71°
15.0 35.0 68°
20.0 32.4 54°
25.0 29.5 ae 

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

To offset some of the disadvantages of soaps, a numberof
long-alkyl-chain sulfonates, as well as alkyl aryl sulfonates
such as sodium 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 compoundis 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 numberofalkyl sulfates are available as surfactants, but
by far the most popular memberof 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 controlis
most important for sulfate solutions.

Cationic Agents—A numberof 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 preparationsis limited to
that of antimicrobial preservation rather than as surfiac-
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 concludethat the positive charge of
these compoundsis 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 moleculesfall-
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 groupis 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 betweenionic and nonionic.

Nonionic Agents—The major class of compounds used
in pharmaceutical systemsare 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 steary! 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, Includedalso in this general class of
nonionic water-insoluble compoundsare 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 compoundsare the polyoxyethylene
sorbitan fatty acid esters which are found in both internal
and external pharmaceutical formulations. Closely related
compounds incluce polyoxyethylene glyceryl, and steroidal
esters, as well as the comparable polyoxypropylene esters.
It is also possible to have a direct ether linkage with the
hydrophohie 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 mannerthat 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 influencesits interfacial
behavior, some measure of polarity or nonpolarity should be
useful as a means of classification.

One such approachassigns a hydrophile—lipophile balance
number (HLB)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 weightof the hydrophilic group divid-
ed byfive in order to reduce the range of values, Ona 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 chemicaltype of surfac-
tant to another type when both polar and nonpolar groups
are different.

HB 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 surfactantsit is
necessary to compare physical chemical properties reflecting
polarity with those surfactants having known HLB values.

Relationships between HLB and phenomenasuch 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 tensionof the solution until a certain concentra-

tion whereit 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 Pig 19-17, which shows the
same abrupt changein 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 19-18A) appear to exhibit no tendency to adsorb to the
surface since the surface and interfacial tension above this

solute concentration do not changeto any significant extent.
Such aggregates, known as micelles, form over such a very
narrow range of concentrations that one can speak ofa criti-
cal micellization concentration (cmc). 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 séparated 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 cme (see Fig 19-13).

In dilute solution (still above the emc) the micelles can be
considered to be approximately spherical in shape (Fig 19-
18A and B), while at higher concentrations they become

 aoa332c==
oO

Qo omc
Surfactant concentration

Fig 19-17. Effect of surfactant concentration and micelle formation
on various properties of the aqueous solution of an ionic surfactant.
A: Surface tension; 8: interfacial tension; C: osmotic pressure; D:
equivalent conductivity; Er: solubility of Compound with very low
solubility in pure water."
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Fig 19-18. Different types of micelles.
cylindrical micelle of an ionic surfactant; D:

more asymmetric and eventually assume cylindrical (Fig 19-
18C)or lamellar (Fig 19-18D) structures. Itis important to
recognize that equilibrium, and hence reversibility, exists
between 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
bulkier the molecule, the higher the cme, ie the less the
tendency for micelle formation. It is also possible for oil-
soluble surfactants to show a tendency to self-associate into
“reverse micelles in nonpolar solvents, as depicted in Fig 19-
18, with their polar groups all oriented away from the
solvent. In general these micelles tended to be smaller and
to aggregate over a wider range of concentrations than seen
in water, and therefore, to exhibit no well-defined cme.

A: Spherical micelle of ar: anionic surfactant; B:
lamellar micelle of an ‘onic surfactant; E>

spherical micelle of a nonionic surfactant; Cr
reverse micelle of an anionic surfactant in oll."

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 whichare 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 19-19A). 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 Various Surfactants in Water at Room
Temperature

Surfactant
molecules/

Structure Name CMC, mM/L micalle

nC);He,COOK Potassium laurate 2d 50
n-CgHy7S04Na Sodium octant sulfonate 150 28
n-CygHo,SO,Na Sodium decane sulfonate 40 40
n-Cy\pHosSO05Na Sodium dodecane sulfonate 9 54
n-Cy,Hys08O,Na Sodium lauryl sulfate 8 62
n-C\pH2s0SO,Na Sodium lauryl sulfate* 1 96

Sodium ci-2-ethylhexy! sulfosuccinale 5 48
n-CipHg,N(CH3)3Br Decyltrimethylammonium bromide 63 36
n-CypHosN(CHa)3sBr Dodecyltrimethylammonium bromide 14 50
n-CyqHagN(CHa)yBr Tetradecyltrimethylammonium bromide d 75
nC)4HapN(CH3)3Cl Tetradecyltrimethylammonium chloride 3 64
n-CysHosNH;Cl Dodecylammonium chloride 13 55
n-CysHe,0(CHysCH90)sH Octaoxyethylene glycol monododecyl ether 0.13 132
n-CyHy50(CH,CH,0)3H" 0.10 301
n-CyoHes(CHsCH2O)2H Dodecaoxyethylene glyco! monododecy! ether O44 738
n-CygHys0(CH2CH20)12H? 0.091 116
t-OgH,7-CgHy-O(CHsCH,0)g7H Decaoxyethylene glycol mono-p,t-octy!phenyl ether (octoxynol 9) 0.27 100

* Interpolated for physiologic saline, 0.154 M NaCl.
“ At 56° instead of 20°,
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lonic surfactant (solubilized molecule has no hydrophilic groups); B:
ionic surfactant(solubilized molecule has a hydrophilic group); C: nonionic surfactant (polar solubilizate).

when cholesterol or dodecanolis solubilized by sodium lau-
ryl sulfate, their hydroxyl 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. Compoundslike 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 whichis
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. Hariley distinguishes two cat-

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 EX). 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 compoundeasy to assay. Plotting the maxi-
mum amount of a water-insoluble dye solubilized by aque-
ous surfactant, or the absorbance ofits saturated solutions,
versus the surfactant concentration producesa straight line
which intersects the surfactant concentration axis at the
emc. Above the cme, the amountofsolubilized dyeis direct-
ly proportional to the number of micelles and, therefore,



Table X—Micellar Solubillzation Capacities of Different
Surfactants for Estrone.4

Moles
surfactant/

mole

Concentration Temp, solubilized
Surfactant Tange, molarity °C estrone

Sodium laurate 0.025-0.028 40 91
Sodium oleate 0.002-0.35 40 53

Sodium lauryl sulfate 0.004-0.15 40 71
Sodiumcholate 0.09-0,23 20 238

Sodium 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

proportionalto 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 compoundsare extensively sol-
ubilized and in the process usually swell the micelles: they
augment the volume of the hydrocarbon core and increase
the numberof surfactant molecules per micelle. Their solu-
bilization frequently lowers the eme.

Microemulsions“-'6

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, Oil 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.!’
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
volumefractions of the internal phase. For instance, some
O/W systemscontain 75% (v/v) of oil dispersed in 25% water,
although lower internal phase volume fractions are more
common.

At low surfactant concentrations, viz, low multiples of the
eme, micelles are spheres (Fig 19-18A, B and E)orellipsoids.
Whenanoil is solubilized by micelles in water, it blends into
the micellar core formed by the hydrocarbon tails of the
surfactant molecules (Fig 19-19) and swells the micelles.

Spherical or ellipsoidal micelles are nearly monodisperse,
and their mean diameters are in the range of 25 to 60 A.
Microemulsion droplets also have a narrow droplet size dis-
tribution with a mean diameter range of approximately 60 to
1000 A. Since the droplet diameters are less than jy of the
wavelength of light (4200 A for violet and 6600 A for red
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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 wm (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 betweenoil and water. Thus, most emul-
sions are opaque.

The three disperse systems—micellar solutions, microe-
muusions, 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 19-18) capable of solubilizing waterin
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.'8 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. Microemulisions 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
spontaneousdispersion ofoil 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 mixedinterfacial film consisting of surfactant and
cosurfactant. This film is called the “interphase” becauseit
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 shownin Table X. Theratio, 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. In industrial formulations,

Table X—Microemulsion Formulations 

 

Gantentin
microemulsions, %

Compound Function O/;w Wid

Sodium lauryl sulfate Surfactant 13 10
1-Pentanol Cosurfactant 8 25
Xylene Oil 8 50
Water 71 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 (ferrie ferrocyanide). These compounds did not
crystallize, and diffused very slowly whendissolved 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.*!*?

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 prepareall “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.2)-248 For instance, clear,
transparent solidified jellies were prepared by cooling aque-
ous solutions of CaCl, Ba(SCN)- and Ale(SO4),, and aque-
ous-alcoholic solutions of NaCl, KCl, NH,Cl, KSCN, NaBr
and NHiNOs3which were nearly saturated at room tempera-
ture.?8

Colloid chemistry became a science in its ownright 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 intermediatein size between small molecules or ions
in solution and large, visible particles in suspension. Ost-
wald becamethefirst editor of the journal Kolloid-Zetisch-
riftin 1907. The studies of colloidal systems and surface or
interfacial phenomenaare 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
andinterfaces is called the “Division of Colloid and Surface
Chemistry,” while the pertinent session of the Gordon Re-
search Conferencesis 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 Ciassifications

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 oar vehicle. What distinguishes colloidal dis-
persions from solutions and coarse dispersionsis 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 = LOem =

1077° m) or 1-10 nm (1 nanometer = 107" m) at the lower
end, and a few micrometers (zm) at the upper end (1 #m =
104 A =10-®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).21-27

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 undergolittle 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-weightsolutions, or as col-
loidal dispersions or coarse suspensions depending on the
choice of the dispersion medium and the dispersion tech-
nique.#528

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-
tweenaparticle and a liquid or solid (interface). The ions in
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 bysimilar ions
or molecules on all sides, with balanced force fields. Thus a
surface free energy component is added to the total free
energy of colloidal particles, which becomesrelatively 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 as
the specific surface area A,,, namely, the area A (cr*) per
unit volume V (1 em®*) or per unit mass M (1 gram). Fora
sphere, A = 4 7-r2 and V=4/32r%. If the density, d, of the
material is expressed in g/cm", the specific surface area is

A dar 9 % 2;
sp ==em’ /em" = =PV 4/3ar3 =
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Table Xi—Effect of Comminution on Specific Surface Area

of a Volumeof 42/3 cm’, Divided into Uniform Spheres of

 

Radius R

Number of spheres R Asp om?/cn

1 lem 3
10% 0... cm = 1mm 3x10
10% 0.1 mm 3x 10
108 0.01 mm = 10 pm 3x 108
10" 1pm 3x 104
1015 O.1 wm 3x 10°
1018 0.01 am 3x 106
10?" OA =1nm 3x10?
10%3 1A 3X 108

Shaded region corresponds to colloidal particle-size range.

Table XI illustrates the effect of comminution on the

specific surface area of 4 7/3 cm" of a material consisting
initially of one sphere of 1 cm radius. As the material is
broken 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 10° cm®/g and 10* cm?/g,
respectively. One gram of activated charcoal, because of its
extensive porosity and internal voids, has an area equalto 4
acre.

In conclusion, colloidal systems by definition are those
polyphasic systems whereat 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 dimensionsis 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 gascous.°7 Table XI] 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. Ifthe solid particles form bridged structures pos-
sessing some mechanical strength, the systemis called a gel
(hydrogel, aleogel, acrogel).
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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?“
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. Somesolu-
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:

4 True solutions, formed by water-soluble polymers (acacia and povi-one).
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 peanutoil) 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 andthedisperse phase, lyophilic disper-
sions form spontaneously when theliquid 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.2*,24-27

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

Disperse Dispersion Medium (Vehicle)
Phase Solid Liquid Gas

Solid Zine oxide paste (zine 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
dioxide in polyethylene).

Liquid 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 TV feeding. Mille. hydrochloride solution).
Ointment USP). Butter. Mayonnaise. Betamethasone Valerate Topical

Aerosol USP, Povidone-[odine
‘ Topical Aerosol,

Gas Solid foams (foamed plastics and Foams. Carbonated beverages. No colloidal dispersions.
rubbers). Pumice. Effervescent salts in water. 
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Lyophobic Dispersions—Whenthereis 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
AMOH)3 and Mg(OH)s, and clays such as bentonite and
kaolin, possess some characteristics of both.2#24:27

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 lyophobie dispersions deals with
hydrophobic dispersions or hydrosols (hydrophobicsolids 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 toa
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 Lyaphobic 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 preparedby 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 soybeanoil-in-water emulsions used for intravenous
feeding, emulsification by ultrasound wavesis 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 removalof 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.*4.27

The mechanismsof 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 suspensionis
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 opaquedis-
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 Al(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—Thepreparation of sulfur hy-
drosols is employed to illustrate 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 addedstabilizing 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 ofpolymers(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



solid surfaces (sublimed sulfur or flowers of sulfur) can be
dispersed in water by addition of a suitable surfactant to
produce a hydrosol.

Chemical methods include the reaction between hydrogen
sulfide and sulfur dioxide, eg, by bubbling H,S into an aque-
ous SQ» solution:

2H,S+50,-38+2H,0

The same reaction occurs when aqueous solutions 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.SO, +3 Na,S,0, +4543 NaSO, + H,O

Bothreactions also produce pentathionic acid, H»S;Oy,, 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).2*76.27 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 hydrolysia of
the corresponding chlorides or nitrates:

AIC], + 3 H,O = Al(OH), + 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. colloidal dispersions. Examples are silver chloride and
nickel sulfide:

NaCl + AgNO, ~ AgCl + NaNO;

(NH,),S + NiCi, > NiS + 2 NH,Cl

Compare also the preparation of White Lotion, which con-
tains precipitated zinc sulfide and sulfur (Chapter 63). Re-
ducingsalts 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 blue.2}: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
aids. Radioactive colloids with a particle size of about 300
A, injected intravenously, locate mainly in the reticuloendo-
thelial systemsofliver, spleen and other organs and are used
in scintillation imaging. The radiation emitted by the col-
loids is madevisible by stationary or scanning devices which
show the location, size and shape of the organ being investi-
gated, as well as any tumors within. Radiocolloids are use-
ful in anticancer radiation therapy because of their low solu-
bility, radiation characteristics, and their ability to accumu-
late and remain located in certain target organs or tumors.*”

Colloidal gold Au 198 is made by reducing a solution of
gold (1®8Au) chloride either by treatment with ascorbic acid
or by heating with an alkaline glucose solution, Gelatin is
added as a protective colloid (see below), The particle size
ranges from 50 to 500 A with a mean of 300 A. The color of
the sol is cherry-red in transmitted light. Violet or bluesols
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have excessively large particle sizes and should be discarded.
Colloidalgold is used as a diagnostic and therapeutic aid (see
Chapter 33), The half-life ofAuis 2.7 days.

Technetium 99m sulfur colloid is prepared by reducing
sodium pertechnetate Tc 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

Rrepared in fairly narrow particle-size ranges from 100-200through 45-55 zm. A variety of 6- and y-emitting radio-
nuclides such as "1, ®™'T¢, 138m7y or 5'Cr 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."

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

Organic compoundsthat are weak bases, such as alkaloids,
are usually much moresoluble 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 aqueoussolutions 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 presenceofstabiliz-
ing agents, the resultant dispersions may be in the colloidal
range.

Kinetics ofParticle Formation—Whenthesolubility of
a compound in water is exceeded, its solution becomes su-
persaturated and the compound mayprecipitate 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.

Whena 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 becomestable 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 (numberof nuclei formed per
liter per second) is proportional to the relative supersatura-
tion. Nucleation seldom occursat 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 aceretion 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,

dm _ AspD1,_
dt i I= Ge

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/dt negative. In both equa-
tions, m is the mass of material crystallizing out in time t, D
is the diffusion coefficient of the molecules or ions of the

solute, 6 is the length of the diffusion path or the thickness of
the liquid layer adhering to the growing particles, and A,,, 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.2273.25-28 For instance, 0.005% polysorbate 80 or octox-
ynol 9 significantly retard the growth of methylprednisolane
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. Ata 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 beyondcolloidal 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). On subsequent 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
anecessary condition for producingcolloidal dispersions. If
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Effect of the concentration of the precipitating materialFig 19-20.
and of aging on particle size.** 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 GHIof Fig 19-20, but
displaced upwards (towards larger particle sizes) and to the
right (towards higher concentrations) .7°-"4

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.*-25.44 '

Controlled hydrolysis of salts of di- and trivalent cations
in aqueous solution at elevated temperatures has been used
to preducecolloidal 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.”

A feature of Fig 19-20 is that aging increases the particle
size. Curves ABC, DEF and GHI correspondto 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.
Very small 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 substanceis 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 throughfilter 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 remainsin
the colloidal state for years.

Mathematically the effect. of particle size on solubility is
expressed as

S=S, exp (7) (34
rpRT

 



Table Xill—Effects of Particle Size on Solubility

r (um) Ss

0.01 TS.
0.10 1.125,
1.0 1.01 S.

10 1.001 Ss

M = 500; y = 30 ergs/em*; p = 1

where S is the solubility of a spherical crystal of radius r, S.
is the solubility of an infinitely large crystal (r = ©), Mis the
molecular weight, p is the density, + is the crystal/solvent
interfacial tension, FW is the gas constant and T' is the abso-
lute temperature. Only approximations can be obtained
with this equation because the particles are not spheres, and
-+y values are different for different crystal faces. Table XIII
shows the magnitudeofparticle size effects on the solubility
for reasonable values of M, -y and p. It is evident that with
particles in the colloidal range,ie, r > 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.*?

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

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 hydrophobicdis-
persions because they tendto 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
other 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.
Among the early membranes capable of retaining colloidal
particles but permeable to small solute molecules were pig’s
bladder 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-
pPhaneis most widely used, It consists of sheets or tubes of
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cellulose made by extruding cellulose xanthate solutions
(viscose) throughslit or annular dies into a sodium bisulfate/
sulfuric acid bath which decomposes the xanthate, precipi-
tating the regenerated cellulose in a highly swollen or gel
state. Ifthe 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 somewhatbrittle. 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 diameterof 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—Thecolloidal 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 becauseofits 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. Forthe 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 wm outside diameter. The dispersion to be dialyzedis
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
sol is 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 membranesealing 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

 
Fig 19-21. Electrodialyzer showing electrodecantation.
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liquid can be changed by decantation. This process, which
may be used to speed upelectrodialysis, is called electrode-
cantation.242

Ultrafiltration—Whena 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 thefiltrate side. The membraneis usually
supported on a fine wire screen.*4-2?

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 solis
replenished continuously or intermittently with an equal
volume of water. During ultrafiltration, solids tend to accu-
mulate on and near the membrane. T'o prevent this buildup
and maintain uniform composition throughout the sol, it is
stirred.

Bundlesof hollow fibers are used for ultrafiltration in the

laboratory 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—Theblood 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 replenishmentofdialyzate
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 because 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 onthefluid 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 stackofflat cellulose sheets
separated by ridged or grooved plates, and hollow fibers,
The regenerated cellulose used in the former twois precipi-
tated from a cuprammonium solution. The hollow cellulose
acetate fibers have an outside diameter of about 270 um and
a wall thickness of 30 um.*4 The advantageof hollow fibers
is their compactness. A bundle of 10,000 fibers 18 cm long
has a surface area of 1.4 m*.

 

Particle Shape, Optical, and Transport Properties of
Lyophobic Dispersions

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

Particle Shape and Particle Size Distribution—Both
of these properties depend on the chemical and physical
nature of the disperse phase and on the method employed to
prepare the dispersion. Primary particles exist in a great
variety of shapes. Their aggregation produces an even
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
19-28. Similarly, macroscopic asbestos and cellulose fibers
consist of bundles of microscopic and submicroscopicfibrils.
Mechanical comminution or beating splits these bundles
into the componentfibrils of very small diameters as well as
cutting them shorter.

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

 
 

Fig 19-22. Scanning electron micrograph of a crude kaolin clay as
mined. Processing yields the fine particle material of Fig 19-23
(courtesy, John L Brown, Engineering Experiment Station, Georgia
Institute of Technology).



 
Fig 19-23. Transmission electron micrograph of a well crystallized,
fine—particle kaolin. Note hexagonal shape of the clay platelets
(courtesy, John _ 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 mineralacid, 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 orfibrillar 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-
ble 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 upthe disintegration of the ingested tablets.

Additional 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 wm in
length and 0.02 «wm in width, are ofcolloidal dimensions.
These 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
continuous network of rods extending throughoutthe entire
vehicle. Attraction between the elongated particles is pre-
sumably dueto flocculation in the secondary minimum (see
below). Treatment of the microcrystalline mass with sodi-
um carboxymethylcellulose facilitates its disintegration into
the primary needle-shaped particles and enhances their
thickening action.

While in the special cases of certain clays and cellulose,
comminution produces lamellar and fibrillar particles, re-
spectively, as a rule regular particle shapes are produced by
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Fig 19-24. Scanning electron micrograph of Avicel PH-102 tablet-
ing grade microcrystalline cellulose. The aggregatesof fiber bundles
are porous and compressible (courtesy, FMC Corporation; Avicelis a
registered trademark of FMC Corporation).

 
Transmission electron micrograph of Avicel RC-591Fig 19-25.

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 fumedsilica is amorphous,its inhaled dust causes no
silicosis. ‘The spheres of colloidal silicon dioxide are nonpo-
rous. While the density of the spherical particles is 2.13
g/cem®, the bulk density of their powderis a mere 0.05 g/cm’;
the powderis 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 incorporatedinto tablets or
capsules. The porosity in colloidal silicon dioxide is due
entirely to the enormous void space between the particles,
which themselves are solid.

Whenthese 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—O—Si)
and silanol (Si—OH)groups. When colloidalsilicon dioxide

Fig 19-26. Transmission electron micrograph of Aerosil OX 50,
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 50 indicates the
specific surface area in m*/g.

  

 
Transmission electron micrograph of Aerosil 130,Fig 19-27.

ground and dusted on. The spheres are fused togetherinto 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 m?/g.

powderis dispersed in nonpolarliquids, 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 thickenedliquids.

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 colloidalsili-
con dioxide is not appreciably reduced at higher tempera-
tures. Incorporation of colloidal silicon dioxide into oint-
ments and pastes, such as those of zine oxide, also reduces
the syneresis or bleeding of the liquid vehicles.

Hydrogen-bonding liquids like alcohols 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



place inside spherical surfactant micelles which swell be-
cause additional monomer keeps diffusing into the micelles.
Examples include latex-based paints. Some clays grow as
plate-like particles possessing straight edges and hexagonal
angles, eg bentonite and kaolin (see Fig 19-23). Other clays
have lath-shaped (nontronite) or needle-shaped particles
(attapulgite).

Emulsification produces spherical droplets to minimize
the oil-water interfacial area. Cooling the emulsion below
the melting point of the disperse phase freezes it in the
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 geometric
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-Seattering by Colloidal Particles—Theoptical
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 Tyndall 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 propagatesin all
directions away from the particle. In a bright room, the
light scattered by the dust particles is too weak to be notice-
able.

Colloidal particles suspendedin a liquid also scatter light.
Whenan intense, narrowly defined beam of light is passed
through a suspension,its path becomesvisible 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 ofthe particles.
Whenclear mineral oil is dispersed in an equal volume of a
clear aqueous surfactant solution, the resultant emulsion is
milky white and opaque due to light scattering. Microemul-
sions, where the emulsified droplets are about 40 nm (400 A)
in diameter, 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-
mits observation of particles much smaller than the wave-
length of light, was the only means of detecting submicro-
scopic particles before the advent of electron microscopy. A
special cardioid’ condenser produces a hollow cylinder of
light and converges it into a hollow cone focused on the
sample. The sample is at the apex of the cone, where the
light intensity is high. After passing through the sample,
the 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.
Someof 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 seatter enough light to become visible. Asym-
metric particles like flat bentonite platelets give flashing
effects as they rotate in Brownian motion, because they
scatter morelightwith their basal plane perpendicular to the
light beam than edgewise. Brownian motion, sedimenta-
tion, electrophoretic 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
powerof the ultramicrosecopeis no greater than that of the
ordinary light microscope. Particles closer together than
0.2 wm appearas 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, 7, is defined by an equation analogous to
Beer’s law for the absorption oflight (see Chapter 30) "4:25.27
namely

where J, and J, 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 compounds 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 \ is**-??

dani, — no)*
ride

Ig is the intensity of the unpolarized incidentlight; J, is the
intensity of light scattered in a direction making an angle#
with the incident beam and measured at a distance d. The

scattered light is largely polarized. The concentration ¢ is
expressed as the numberof particles per unit volume. The
refractive indices m, and nq 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 morestrongly than red
light (A = 650 nm or 6500 A). With incident white light,
colloidal dispersions of colorless particles appear blue when

[Is (1 + cos? 0)
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viewed in scattered light, ie, in lateral directions such as 90°
to the incident bearn. 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 oflight
\. When the particle size exceeds \/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.71:22.24-27 By using appropriate precautions in experi-
mental techniques and in interpretation, it is possible to
determine an averageparticle size and even the particle size
distribution of colloidal dispersions and coarser suspensions
by meansof 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. Eachcollision
changes the direction and the velocity of the molecules in-
yolved. 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

x = J2Dt
where x is the meandisplacementin the x-direction in timel
and D is the diffusion coefficient. Binstein 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
6ryrN

where F is the gas constant, 7 the absolute temperature, N
Avogadro’s number, and 7 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
em?/sec, are 4.7 * 10-6 for sucrose and 6.1 X 107" for serum
albumin in water. With a diffusion coefficient of 1 x 10-7

cem*/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 Lwmin0.05sec. 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 oftheir diffusion coefficients in water, 4.7 * 10-®/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 107!" to 10-5 cm/sec range. Steroids have only
slightly higher molecular weights than sucrose. Their much

 

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 Dopplereffect. 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,*3-26 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~!/*. Provided
that the density of the particle dp andofthe 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 (Eg 35), which can be rewritten as

on

where f#is the height through which a spherical particle
settles in time t. The rate of sedimentation is proportional
to r2. Thus, with increasing particle size, the Brownian
motion diminishes while the tendency to sedimentincreases.
The two become equalfor a critical radius when the distance
h through which the particle settles equals the mean dis-
placement x due to Brownian motion in the sametime inter-
val¢.*5 Tn 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)

en in the gastrointestinal absorption of drugs (see Chapter35).

Viscosity—Most lyophobic dispersions have viscosities
not much greater than that of the liquid vehicle, This holds
true 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. Lyophilie dis-
persions are also generally much more pseudoplastic or
shear-thinning than lyophobic dispersions (see Chapter 20).

h

Electric Properties and Stability of Lyaphabic
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



functional groups like hydroxyl, carbonyl, amino, and imino
which bind water through hydrogen bonding.

The free energy of dissolution or dispersion, AG,, of hy-
drophilic solids includes a large negative (exothermic) heat
or enthalpy of solvation, AH,, and a large increase in entro-
py, AS,. Since AG, = AH, — T'AS,, AG, has a large negative
value: the dissolution of hydrophilic macromolecules and
the dispersion of hydrophilic particulate solids in water oc-
cur spontaneously (see Chapter 16), overcoming the parallel
increases in surface area and surface free energy. Dissolu-
tion and dispersion take place so that water can come into
contact and interact with the hydrophilic groups of the sol-
ids (enthalpy of solvation), and to increase the numberof
available configurations of the macromolecules and particles
(entropy increase).

The van der Waals energies of attraction betweendis-
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 atall. Hence they do
not disperse or dissolve spontaneously in water: AG, is
positive becauseofa 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
reageregation (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; AG, is still positive so that the reverse process of
phase 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 atiractive forces to produce coagulation.*4**°2" These
stabilization mechanisms are discussed below.

The reductions in surface area and surface free energy
accompanying flocculation or coagulation are small because
irregular solid particles, being rigid, touch only at a few
points 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
solid 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-
sorbed surface-active substances retard both processes.

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

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 ofthe protein molecule are in exact balance. Atthis pH
value, called the isoelectric point, the protein particle or
molecule is neutral; its electric charge is neither negative
norpositive, but zero.22427

Many other organic polymers contain ionic groups and
are, therefore, called polyelectrolytes (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 carboxymethyleellulose, while synthetic car-

heyeres polymers include carbomer, a copolymerofacrylicacid.

Aluminum hydroxide, Al(OH)s, is dissolved by acids and
alkalis forming aluminum ions, Al’+, 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 Al®+ valences.
The portion of the surface of an aluminum hydroxide parti-
cle represented schematically below has one such positive
charge neutralized by a Cl- counterion:
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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 of8.5 to 9.1584’ there are neither [Al(OH)s|*+ nor
[Al(OH),|~ ions in the particle surface but only neutral
AIM(QH)s molecules. The particles have zero charge and
therefore need no counterions for charge neutralization.
This pH is the isoelectric 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 aluminumsilicate. Each lat-
tice layer consists of asheet of hydrated alumina sandwiched
between two silica sheets. Isomorphous replacement of
Al®+ by Mg?* or of Sit by Al5* confers net negative charges
to the thin clay lamellas in the form of cation-exchangesites
resemblingsilicate 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.

Silver iodide sols can be prepared by the reaction

AgNO, + NaI — AgI(s) + NaNO,

In the bulk of the silver iodide particles, there is a 1:1 stoi-
chiometric ratio of Ag* toI- ions. If the reaction is carried
out with an excesssilver nitrate, there will be more Ag* than
T- 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.*457 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 Nat and NO3~, 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 Nat, which are the counterions, and a much lower
concentration of NO,” ions than the bulk of the solution. A
number of Nat ions equal to the numberof 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 Nat con-
centration is highest in the immediate vicinity of the nega-
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Fig 19-28.

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-Chapmanlayer:
the sharply defined negatively charged surface is surround-
ed by a cloud of Nat counterions required for electroneutra-
lity. The combination of the two layers of oppositely
charged ions constitutes an electric double layer. It is illus-



trated in the top part of Fig 19-28. ‘The horizontal axis
represents the distance from the particle surface in both the
top and bottom parts.

The electric potential of a plane is equal to the work
against electrostatic forces required to bring a unit electric
charge from infinity (in this case, from the bulk of the solu-
tion) to that plane. Ifthe plane is the surface of the particle,
the potential is called surface or ~o potential, which mea-
sures the total potential of the double layer. This is the
thermodynamic potential which operates in galvanic cells.
On moving away from the particle surface towards the bulk
solution in the direction of the horizontal axis, the potential
drops rapidly across the Stern layer because the Nat ions in
the immediatevicinity of the surface screen Na* ions farther
removed, in the diffuse part of the double layer, from the
effect of the negative surface charge. The 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 cation concentration, and
the potential approaches zero asymptotically. In view of the
indefinite end point, the thickness 6 of the diffuse double
layer is arbitrarily assigned the value of the distance over
which the potential at the boundary between the Stern and
Gouy-Chapmanlayers 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 4 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.
Whenaparticle moves, this shell of bound water andall 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-
mainsstationary and attached to it. The electric potential
at the planeof 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 therm. In the case of two particles,
every atom of one attracts every atom of the otherparticle.
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 secondor third
power. Since energies of attraction are equal to force x
distance, they decrease approximately with thefirst or sec-
ond powerof the distance. Therefore, whenever two parti-
cles 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 orflocs.

If the dispersion consists of two kinds of particles with
positive and negative charges, respectively, the electrostatic
attraction between oppositely charged particles is superim-
posed on the attraction by van der Waals forces, and coagu-
lation is accelerated. If the dispersion contains only one
kind, as is customary,all particles have surface charges of
the same sign and density. In that case, electrostatic repul-
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Fig 19-29. Curves representing the van der Waals eneray of attrac-
tion (WA), the energy of electrostatic repulsion (ER), and the net
energy of interaction (DPBAS) between two identical charged parti-
cles, as a function of the interparticle distance.

sion tends to prevent the particles from approaching closely
enough to comewithin effective range of each other’s van der
Waals attractive forces, thus stabilizing the dispersion
against interparticle attachments or coagulation. Theelec-
trostatic repulsive energy has a range of the order of 6, _

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 1940s.2424-27.88 De-
tailed calculations are also found in Chapter 21 of RPS-17.
The so-called DLVO theory predicts and explains many but
not all experimental data, Its refinement to account for
discrepanciesis 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 powerof 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 energyis fixed
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and cannot readily be altered, The electrostatic repulsion
depends on vy 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.“4_ The ¢ potential can be
adjusted within wide limits by additives, especially ionic
surfactants, water-miscible solvents, and electrolytes (see
below). Ifthe absolute value of the [ potential is small, the
resultant potential energy is negative and van der Waals
attraction predominates over electrostatic repulsion atall
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 dispersionis beingstirred.

As the two particles approach each other, the two atmos-
pheres of counterions surrounding them begin to interpene-
trate or overlap at point A correspondingto 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
dz but move away from each other. A net positive potential
energy of about 25 kT 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 107! erg. The kinetic
energy of a particle is of the order of kT.

On the other hand, if their kinetic energy exceeds the
potential energy barrier B, the particles continue to ap-
proach each other past dp, 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
energy corresponds to a very stable situation in which the
particles adhere. Since it is unlikely that enough kinetic
energy can be supplied to the particles or that their ¢ poten-
tial can be increased sufficiently to cause them to climb out
of the potential energy well P, they are attached permanent-
ly to each other, When mostorall of the primary particles
agglomerate into secondary particles by such a process, the
sol coagulates.

Any closer approach of two particles, than the touching
distance dp, is met with a very rapid rise in potential energy
along PD because the solid particles would interpenetrate
each other, causing atomic orbitals to overlap (Born repul-
sion).

Coagulation of Hydrophobic Dispersions—Theheight
of the potential energy barrier and the range over which the
electrostatic repulsion is effective (or the thickness of the
double layer) determine the stability of hydrophobic disper-
sions. Both factors are reduced by the addition of electro-
lytes. The transition between a coagulating and a stable sol
is gradual and depends on the time of observation. By using
standard conditions, however, it is possible to classify asol as
either coagulated or coagulating, or as stable or fully dis-
persed.

To determine the value of the coagulating concentration

of a given electrolyte for a given sol, a series of test tubesis
filled with equal portions of the sol. Identical volumes of
solutions of the electrolyte, of increasing concentration, are
added with vigorous stirring. After some timeat-rest (eg, 2
hours), the mixtures are agitated again. After an additional,
shorter rest period (eg, % hour), they are inspected for signs
of coagulation. The tubes can beclassified into two groups,
one showingno signs of coagulation and the other showing at
least some signs, eg, visible flocs, Alternatively, they can be
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 andstability.
After repeating the experiment with a narrower range of
electrolyte concentrations, the coagulation value ecy of the
electrolyte, ie, the lowest concentration at which it coagu-
lates thesol, is established with good reproducibility.*4.7°27

Typical cey data for a silver iodide sol prepared with an
excess of iodide are listed in Table XIV. The following
conclusions can be drawn from theleft half of Table XIV:

1. The ey 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 ceys of cations with the same valence
are relatively minor. However, there is a slight but significant trend of
decreasing cey with increasing atomic numberin the alkali and in the
alkaline earth metal groups. Arranging these cations in the order of
decreasing coy produces the Hofmeister or lyotropic series. It governs
many other colloidal phenomena, including the effect of salts 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 electronegativily 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 ofgases therein. For
monovalent cations, the lyotropic series is

Lit > Nat > K* > NH,y* > Rbt > Cs*

A similar lyotropic series exists for anions.2)-*2.24-26
The lithium ion has a higher e¢y than the cesium ion becauseit is mare

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

 

Sol?

Electroiyte Gew mMIL Electrolyte Gey MM/L

LINO, 165 AgNO; 0.01
NaNO; 140 We (Cy2HonNH)2504 0.7
YW, NasSO, 141 Strychnine nitrate 1.7
KNO; 136 \y Morphine sulfate 2.5
Vy KaSO, 138
RbNOs 126

Mean 141

Mg(NQs)s 2.60 Quinine sulfate 0.7
MgSO4 2.57
Ca(NOs)2 2.40
Sr(NOz)s 2.38
Ba(NOs)2 2.26
Za(NOs)o 2.50
Ph(NOs)2 2.43

Mean 2.46

AI(NOa)a 0.067
La(NOs3)s 0.069
Ce(NOs)a 0.069

Mean 0.068

"From Ref 21 and unpublished data.



ed lithium ion. Moreover, because ofits greater electron cloud, the Ust
ion is more polarizable than the Li* ion. Therefore, it is more strongly
adsorbed in the Stern layer, which makesit amore effective coagulating
agent.

eS. The coagulation values depend primarily on the valence of the
counterions, decreasing by one to two orders of magnitude for each
increase of one in their valence (Schulze-Hardy rule). According to the
DLVOtheory, the coagulation values vary inversely with the sixth power
of the valence of the counterions, For mono-, di- and trivalent counter-
ions, they should be in the ratio

ti Bec dh ar
{8 6 98 or 100: 1.6: 0.14

The mean ccy’s of Table XIV are 141 : 2.45: 0.068, or 100: 1.7 - 0.05, in
satisfactory agreement with the DLVOtheory.

Thefollowing conclusion can be drawn from theright 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 ions are those whose concentration deter-
mines the surface potential. When silver nitrate is added to the negative
silver iodide dispersion, someofits silver ions are incorporated into the
negatively charged surface of the particles and lower the magnitude of
their charge by reducing the excess of I- ions in the surface. Thus,silver
salts are exceptionally effective coagulating agents because they reduce
the magnitude of the Wy as well as of the { potential. Indifferentsalts,
which reduce only the latter, require much higher salt concentrations for
comparable reductions in the ¢ potential. The other potential-deter-
mining ion of silver iodide is I~, Alkali iodides have higher cey’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 Agt ions, thereby making more negative. Bromide and chloride
ions act similarly but less effectively.

The principal potential-determining ion for proteins is H*; those for
aluminum hydroxide are OH™ (and hence H*) and Al®*, but also Fe®*
and Cr*+ 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 hydrophobic 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 ecat-
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 haye lower ecy 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-
face 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 occur, it increases the density of negative charges in the
particle surface, raising the ccy of anionic surfactants above that corre-
sponding to their valence.

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

The addition of water-miscible solvents such as alcohol,
glycerin, propylene glycol or polyethylene glycols to aqueous
dispersions lowers the dielectric constant of the medium.
This reduces the thickness of the double layer and, there-
fore, the range over whichelectrostatic repulsionis 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-
selves, solvents make the dispersions more sensitive to coag-
ulation by added electrolytes. ie, they lower the cry.

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 Wo and £ potentials of aqueoussul-
famerazine suspensions are negative abovetheir isoelectric
points; those of bismuth subnitrate are positive. As dis-
cussed on page 297, the addition of Al** to the former and of
PQ,*> to the latter in large enough amounts inverts the sign
of their { potentials; their %) 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 ds several times greater than 6. 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 andfor particles which
are large in one or two dimensions (rods and plates), the
secondary minimum may be deep enough to trap them at
distances ds 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-
persedby agitation or by removal or reduction in the concen-
tration of flocculating electrolytes.2)5-27" 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—Asdiscussed
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 Jow 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 becauseit 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 moleculeslie 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 19-308 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 hydrocarbontailsare 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
DLVOtheory.

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 CH;(CHz);5(0CH3CH3),,0H. 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 ofa floc
are in physical contact, When a surfactant is added to a
floceulated 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 adsorbedat 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
carboxymethyleellulose. 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 whichis
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 proteinsis
due to the presence of hydrophobic groupsin the side chains
at concentrations too low to causeinsolubility in water.
Proteins are denatured upon adsorption at air-water and
solid-waterinterfaces.

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 19-314, rather than
lying flat against the solid substrate. Only asmall 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; (8) near critical mi-
celle concentration/surface coverage near saturation.
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Fig 19-31. Protective action (A) and sensitization (6) of sols of
hydrophobic particles by adsorbed polymer chains.

eles 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 polymerlayer.

The mechanismsofsteric 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



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 particles forms a mechanical or steric barrier between them that
prevents the close interparticle approach necessary for coagulation, At
dense surface coverage, these layers are somewhatelastic. ‘They may be
dented by a collision between two particles but tend to spring back.

2. When two particles approach so closely that their adsorbed poly-
merlayers 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 disentanglementof the two oppos-
ing adsorbed polymer layers resulting from separation of the particles
occurs because it is energetically more favorable. The particles are thus
prevented from coagulation by entropic repulsion through the mecha-
nism ofentropic stabilization of the sol. This mechanism predominates
when the concentration of polymer in the adsorbed layeris 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 volumeof 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 te dilute the polymer loops pushes the
two particles apart, preventing coagulation.

4. If 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-
ele 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 ty coagulation by salts.*°

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 gumslike acacia and trag-
acanth are metabolized in the human body. Cellulose deriv-
atives and most synthetic protective colloids such as povi-
done are not biotransformed. 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 ofa 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 numbersare 0.005 to
0.01 for gelatin, 0.01 for casein, 0.02 to 0.5 for egg albumin,
0.15 to 0.5 for acacia, and 1 to 7 for dextrin.2".*7 Gelatin isa
more effective protective colloid than acacia or dextrin be-
cause the presence of some hydrophobic side groups makesIt
more 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
colloids depends somewhat on the substrate. When formu-
lating a disperse dosage form, one should measure the pro-
tective action on the actual solid hydrophobic phase to be
dispersed as a sol.

Sensitization is the opposite of protective action, namely,
a decrease in the stability of hydrophobic sols. It is brought
about by some protective colloids, at’ concentrations well
below those at which they exert a protective action. A pro-
tective colloid may, at very low concentrations, flocculate a
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sol in the absence ofaddedsalts and/or lower the coagulation
values of the sol.

In the ease 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 19-318.
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
polymerstabilizes or peptizes the sol.*4-"9

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 wasa cationic polyelectro-
lyte, the ¢ potential—protective colloid concentration plot
would gradually rise with increasing polymer adsorption
rather than drop.

Zetopotential,millivolts
Concentration of eee colloidLt]

Coagulationvalue (millimoleNaCl/liter) 
OQ Concentration of protective colloid

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 AandB, respectively. Clear
region underneath indicates solis deflocculated.



290 CHAPTER 19

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 reversalof the particles to
the sign of the charge of the polyelectrolyte reactivates
charge stabilization and addssteric 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 —COO™ groups over =Alt
ions into the particle surface. Steric stabilization plus elec-
trostatic repulsion makethe sol morestable against floccula-
tion by salts than it was before the polyacrylamide addition.

Polymer B in Fig 19-832 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—Whena dcelectric 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 autside the
planeof slip, in the free or mobile solvent, move toward the
other electrode. This phenomenonis called electrophore-
sis. If the charged surface is immobile, as is the case with a
packed bedof 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 ofliquid 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 producesa potential differ-
ence between the lwo 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—74! All three electro-
kinetic phenomena measure the identical { potential, which
is the potential at the planeofslip.

The particles of pharmaceutical suspensions and emul-
sions are visible in the microscope or ulframicroscope, 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 or
field strength E/d, expressed in v/em. From the average
velocity v of the particles, measured with the eyepiece micro-
meter of a microscope and a stopwatch, the { potential is
calculated by the Smoluchowski equation

(aa)(2)
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 4 or smaller (in
whichcase the particles cannot be detected in a microscope),
the factor 4is replaced by 6. The viscosity 7 and the dielec-
tric constant D refer to the aqueous medium in the double
layer and cannot be measureddirectly."* Using the values
for water at 25°, expressing the velocity in wm/sec and the
electrophoretic mobility in (4m/sec)/(volts/em), and con-
verting into the appropriate units reduces the Smoluchowski
equation to {= 12.9 uw, with &given in millivolts (mV). Ifthe
particle surface has appreciable conductance, the ¢ potential
calculated by this equation may be low.“5“!2 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.2!.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 twoliquid layers flowing in opposite directions in
order to measure the true velocity of the particles.

2. Only in very dilute dispersionsis it possible to follow the motion of
single particles in the microscope field and ta 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.

Whentheparticles cannot be observed individually with a
microscope or ultramicroscope, other electrophoresis meth-
ods are employed.24274143.44 [yn moving boundary electro-
phoresis, the movementof the boundary formed between a
sol or solution and the pure dispersion mediumin 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 identificationofdifferent colloidal com-
ponents in a mixture, the measurementof the electrophoret-
ic mobility of each, and an estimation of the relative

“amounts present.
Zoneelectrophoresis theoretically permits the complete

separation of all electrophoretically different components,
requires much smaller samples than moving boundaryelec-
trophoresis, and can be performed in simpler andless expen-
sive equipment. The method avoids convection by support-
ing the solution in an inert and poroussolid like filter paper,
cellulose acetate membrane, agar, starch or polyacrylamide

eH cut into strips, or disks or columns of polyacrylamidegel.

A strip offilter 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 endsof the strip which are



in contact with the electrode compartments. The spot or
band spreads and unfolds as each component migrates to-
wards one or the other electrode at a rate determinedpri-
marily by its electrophoretic mobility. Evaporation of wa-
ter due to the heating effect of the electric current may be
minimized by immersing the strip in a cooling liquid or
sandwiching it between impervious solid sheets. After a
sufficient time has elapsed to afford good separation, the
strip is removed and dried. The position of the spots or
bands corresponding to the individual 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-
bility 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 cerebrospinalfluid,saliva,
gastric and pancreatic juices and bile.

Immunodiffusion combined with electrophoresis is called
immunoelectrophoresis.“.* 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 trenchis 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-
electrophoresis are convenient and powerful diagnostic
techniques.

Isoelectric focusing“ 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. Ina 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, whichis
immersedin the solution of astrong 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
the pH values are intermediate and equal to their isoelectric
points.

Hydrophilic Dispersions

Most liquid disperse systems of pharmaceutical interest
are aqueous. Therefore, most lyophilic colloidal systems
discussed below consist of hydrophilic solids dissolved or
dispersed in water. Most of the producis mentioned below
are official in the USP or NF, where more detailed deserip-
tions may be found, also elsewherein 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-
cause 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 primary particles
do not dissolve or break down into individual molecules or

ions. One subdivision of particulate hydrophilic colloidsis
comprised of dispersions of cross-linked polymers whose
linear, uncross-linked analogues are water-soluble.
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Particulate Hydrophilic Dispersions

‘The disperse phaseof 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 atiraction between
individual particles is strong, the dispersions have yield val-
ues at relatively low solids content.

Benfonite is an aluminumsilicate 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 magmaconsistofsin-
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 struc-
ture, but does not swell in water because water does not.
intercalate between individuallattice layers. Kaolin plates
dispersed in water are, therefore, much thicker than those of
bentonite, ca 0.04 to 0.2 wm. 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 isa 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 phasphate 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 whythefirst two are used as substrates for adsorbed
vaccines and toxoids.

Cross-linked Polymers—Thepolymers 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% divinyl!benzene, which is sulfonat-
ed and neutralized to producethe cation-exchangeresin

Os Na* » Na*

H—CH,-f—CH—CH; CH—CHAe

1H—CH¥—CH— CH, CH —CH

SO; Na*f . SO; Na* /,
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Chains a—b and e—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-exchangeresin 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
Nat by Kt followed by excretion of the.used resin in the
feces reduces hyperkalemia resulting from acute renal fail-
ure. Partial replacement of Nat by Ht could reduce acido-
sis.

Cholestyramine resin is an anion-exchange resin contain-
ing the same backbone of cross-linked polystyrene, but sub-
stituted with —CH»,—N+(CHs),Cl~ 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-
changeresin used to increase the fecal excretionofbile 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
carboxy! 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 4/5 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 4 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 eitherlinear or slightly
branched but not cross-linked.

Classifications—Accordingto 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
polymerof glucose repeat units in the ring or pyranose form
joined by #-1,4 glucosidic 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 3 carbons. The primary hydroxyl is
more reactive. Chemical modification of cellulose consists

in reactions or substitutions of the hydroxyl groups. The
extentof 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 shownare the replacements for the hydrogen atoms
of the cellulosic hydroxyls. Official derivatives are methyl-
cellulose (DS = 1.65-1.93), —O—CHgand sodium carboxy-
methyleellulose (DS = 0.60-1.00), —O—CH,—COO-Na?t.
Hydroxyethyl cellulose (DS = 1.0), —O+CHsCH,—0+4,H
and hydroxypropyl cellulose (DS = 2.5) are manufactured

=n—CH,—04-H
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. Hydroxyvpropyl 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). In general, 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 someethers.

The molecular weight of native cellulose is so high that
soluble derivatives of approximately the same degree of po-
lymerization would dissalve 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), —O—Co2H;;cellulose acetate phthalate (DS
= 1.70 for acetyl and 0.77 for phthalyl); and pyroxylin or
cellulose nitrate (DS = 2),—O—NOxs. Collodion, a 4.0% w/v
solution of pyroxylin in a mixture of 75% (v/v) ether and 25%
(v/v) ethyl aleohol, constitutes a lyophilic colloidal system,

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

Asecondclassification of hydrophilic polymers is based on
their charge. Nonionic or uncharged polymers include
methylcellulose, hydroxyethyl and hydroxypropyl cellulose,
ethylcellulose, pyroxylin, polyethylene oxide, polyviny!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 and
as a monoamide 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 protaminesulfate.

Gel Formation—Asdescribed 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 and
forever change their conformations. Each chain is encased
in a sheath of solvent molecules that solvate its functional

groups. In the case of aqueous solutions, water molecules



are hydrogen-bonded to the hydroxy) groups of polyvinyl
alcohol, hydroxyl groups and ether links of polysaccharides,
ether links of polyethylene oxide or polyethylene glycol,
amide groups ofpolypeptides and povidone, and carboxylate
groupsofanionic polyelectrolytes. The envelope of water of
hydration prevents chains segments in close proximity from
touching and attracting one another by interchain hydrogen
bonds and van der Waals forces as they doin thesolid state.
The slippage of solvated chains past one another when the
solution 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 separating
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
polymerand a viscousliquid 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 If 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
cross-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 networkofassociated
polymer chains immobilizes the solvent and causes the soltu-
tion toset toagel. Gelatinous precipitates or highly swollen
flocs may separate when cooling more dilute polymerscolu-
tions.

Besides the chemical nature of polymer and solvent, the
three 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 strongergels.

For a typical gelatin, 10% solutions acquire yield values
and begin to gel at about 25°, 20% solutions at about 30° and
30% solutions at about 32°. The gelation is reversible: the
gels liquefy when heated above these temperatures. Gela-
tion is rarely observed above 34° regardless of concentration,
so that gelatin solutions do not gel at 387°. Conversely,
gelatin will dissolve readily in water at body temperature.
The gelation temperature or gel point of gelatin is highest at
the isoelectric point, where the attachment between adja-
cent chains by coulombic attraction or ionic bonds between
carboxylate ions and alkylammonium, guanidinium or imi-
dazolium groups is most extensive. Since the carboxy!
groups are not ionized at gastric pH, interchain ionic bonds
are practically nonexistent, and interchain attraction is lim-
ited to hydrogen bonds and van der Waals forces. The
gelation temperature or the melting point of gelatin gels
depends more strongly on temperature and concentration
than on pH,*** The combination of an acid pH consider-

DISPERSE SYSTEMS 293

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 ofsolids.

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 polymeris
lowest. Most polymer powders, such as sodium carboxy-
methylcellulose, are dispersed with high shear in co/d 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 powderis dispersed with
high shear in ¥ to '4 of the required amount of water heated
ta 80 to 90°. Once the powderis 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 salution 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 '; or less of the blend for best
results.

A pharmaceutical application ofgelation 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 polymeris soluble
in mineral oil above 90°, which is close to its melting point.
When the solution is cooled below 90°, the polymer precipi-
tates and causes gelation. The mineraloil 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 polymersolutions
may lead to precipitation and gelation. One way of effec-
tively increasing the concentration of aqueous polymersolu-
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
phenomenonis called salting out. Because ofits 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 cal-
loids. The series, for monovalentcations,is

Cs* < Rb’ < NHyt < Kt < Nat < Lit

and for divalent cations,

Bat < Sr?+ < Ca®t < 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: Kt
displaces Nat and Li*. For anions, the lyotropic series in
the order of decreasing coagulating power and decreasing
effectiveness in salting out is

F- > citrate?- > HPO,?- > tartrate?- >
SO,4?- > acetate- > Cl- > NOs” > ClO," >

Br~ > ClOy" > I- > CNS

Todides and thiocyanates and to a lesser extent bromides and
nitrates actually tend to increase the solubility of polymers
in water, salting them in.?!22246 These 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. Exceptions among hydrophilic col-
loids are methylcellulose, hydroxypropy!]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 XTV).
Moreover, the coagulation is irreversible, ie, removal of the
coagulating salt does not allow the coagulum to be redis-
persed, because the hydrophobicsols 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. Alcohol
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 polymerare usually moreresistant 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 these 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 andtriethanol-
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 soluble copper salt is added to a solution of
sodium carboxymethylcellulose, the double decomposition
can be written schematically as

R,COO-Nat + R,COO7-Na*t + CuSO, —
0.

0. AX
Ri Cu CR, + Naiei Ny, SO,

R,; and R» represent two carboxymethyleellulose chains
which are cross-linked by a chelated copper ion. Dissocia-
tion of the cupric carboxylate complex is negligible.

Particle Phenomena and Coarse Dispersions

TheDispersion Step

The pharmaceutical formulator is concerned primarily
with producing asmooth, uniform, easily flowing (pouring or
spreading) suspension or emulsion in which dispersion of
particles can be effected with minimum expenditureofener-
BY:

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

powdersandassist 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-



sion, which is the primary reversible componentresisting
droplet 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
action.

Once the process of dispersion begins there developssi-
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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 shelflife.

Setiling and Its 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
underideal 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 volumeof the sediment.

Sedimentation Rate

The rate at whichparticles in a suspension sedimentis
related to their size and density and theviscosity of the
suspension medium. Brownian movement may exert a sig-
nificant effect, as will the absence or presenceof flocculation
in the system.

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

_ 2r*(py — ondey= ——__-—
In

where v is the terminalvelocity in cm/sec, r is the radius of
the particles in cm, p; and ps 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 becomesdiffi-
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 becomessig-
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 a particle. When y- is relatively high (25 mV or more), the
repulsive forces between twoparticles exceed the attractive
Londonforces. Accordingly, the particles are dispersed and
are said to be defloceulated. Even when broughtclose 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
addedion theelectrical forces of repulsion are loweredsuffi-
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 he 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
is referred 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

Particles exist in suspension as separate entities.
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 cakeis
formed whichis difficult, if not impossible, to redisperse.

5. ‘The suspension hasapleasing appearance,since the suspended
material remains suspendedfor a relatively long time. The
supernatant also remains cloudy, even when settling is
apparent.

eoRe
Flocculated

Particles form loose aggregates.
Rate of sedimentation is high, since particles settle as a floc, which

is a collection of particles.
A sedimentis 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. his
can be minimized if the volume of sediment is made large.
Ideally, volume ofsediment 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—lIn 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.

Whenthe 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.
Theinitial 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 amountofflocculation in the suspension and
to compare this with that found in other formulations. The
two parameters commonlyused for this purpose are outlined
below.

Sedimentation Volume—Thesedimentation valume,F,
is the ratio of the equilibrium volumeof the sediment, V,,, to
the total volume of the suspension, Vo. Thus,

F=V,/Vo (36)

As the volume of suspension which appears occupied by the
sediment increases, the value of F, which normally ranges
from nearly 0 to 1, increases. In the system where F = 0.75,
for example, 75% of the total volume in the container is
apparently occupied by the loose, porous flocs forming the
sediment. Thisis illustrated in Fig 19-338. 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... It is expressed as

B=F/F. (37)

The degree of flocculation is, therefore, an expression of
the increased sediment volume resulting from flocculation.
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Fig 19-33. Sedimentation parameters of suspensions. Defloccu-
lated suspension: Fa, = 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 sedimentin the flocculated system is five
times that in the deflocculated state. If asecond flocculated

formulation results in a value for § 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, § 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-
pendedin 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 adry 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.
Muchof 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
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Fig 19-34.
sions.

Alternative approaches to the formulation of suspen-



third, a combination of the two previous methods, 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 earlier in this chapter. Surface-active agents
commonly are used as wetting agents; maximumefficiencyis
obtained when the HLBvaluelies within the range of 7 to 9.
A concentrated solution of the wetting agent in the vehicle
may be used to prepare a slurry ofthe powder;this is diluted
with the required amount of vehicle. Alcohol and glycerin
may be used sometimes in the initial 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. Invari-
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-
an 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 ©), 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 conérol 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
example, 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
the trivalent aluminum cation. Eventually, the zeta poten-
tial will reach zero and then become positive as the addition
of AlClsis continued.

DISPERSE SYSTEMS 297

Caking ; Nocaking | Caking

J‘@WNjOALVONe]vaWiIpEesZeta-potential(mv) i

|
|
|

\

|
as
Cationic flocculating

Fig 19-35. Typical relationship between caking, zeta potential and
sedimentation volume, as a positively charged flocculating agentis
added to a suspension of negatively charged particles. @: zeta
potential; MH: 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, /’, the presence or absence of caking, and the
zeta potential of the particles. In order to obtain a flocculat-
ed, noncaking suspension with the maximum sedimentation
volume, the zeta potential must be centrolied so as to lie
within a certain range (generally less than 25 mV). Thisis
achieved by the judicious use of an electrolyte.

A comparable situation is observed when a negative ion
such as PO,*~ is added to a suspensionof 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
whenelectrolytes were used.

Work by Matthews and Rhodes,*!"4 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 (10~% 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
—17.0mV. Further reduction of the zeta potential, to —4.5
mV by use of 10~-® molar aluminumchloride 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~* molar orless.

Only at concentrations in the range of 10~* to 10~* molar
aluminum chloride did the theoretical plots show deeppri-
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 al®* have published details of a laboratory
investigation (suitable for undergraduates) that combines
calculations based on the DLVOtheory carried out with an
interactive computer program with actual sedimentation ex-
periments performed on simple systems.

Flocculation in Structured Vehicles—The ideal for-

mulationfor 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 employis
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 beof the orderof fractions of a micro-
gram per mL. Asa 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 whetherthe 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.

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

Emulsions in Pharmacy
An emulsionis 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 zm. 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 ernul-
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 developedto 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 normaloral 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, regardless 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

eoesont swollen micellar systems are discussed in Chapter83.

Emulsion Type and Meansof 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 aqueouswhile 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 theoil is dispersed as droplets throughout the
aqueous phase is termed an oil-in-water, O/W, emulsion.
Whenwater is the dispersed phase and an oil the dispersion
medium, the emulsion is of the water-in-oil, W/O, 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/Oemulsions.

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



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

It is important for the pharmacist 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 dependson the fact that an
O/W emulsion can be diluted with water and a W/O emul-
sion with oil. When oil is added to an O/W emulsion or
water to a W/O emulsion, the additive is not incorporated
into the emulsion and separation is apparent. The 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 much
higher conductivity than an emulsion in which the continu-
ous phase is an oil. Accordingly, it frequently happens that
whena pair of electrodes, connected to a lamp and an electri-
cal source, are dipped into an O/W emulsion, the lamplights
due to passage of a current between the two electrodes, If
the lamp doesnotlight, 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 Breakdownof 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
freeenergy. Accordingly, the second process is spontaneous
and continues until breakdown is complete; ie, the bullc
phases are reformed.

It is of little use to form a well-dispersed emulsionif it
guickly breaks down. Similarly, unless adequate attention
is given toachieving an optimum dispersion during prepara-
tion, the stability of an emulsion systern may be compro-
mised from the start. Dispersion is brought about by well-
designed 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
immiscible 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 expandedto a suffi-
cient degree so that “fingers” or threads of one liquid pass
into the second liquid, and vice versa. These threads are
unstable, and become varicosed or beaded, The beads sepa- ,
rate and become spherical, as illustrated in Fig 19-36. De-
pending on the agitation or the shear rate used, larger drop-
lets are also deformed to give small threads, which in turn
produce smaller drops.

‘The time of agitation isimportant. Thus, the meansize 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/Ocoalescencerate. @: oil; O:
water. Foran explanation of Rates 1 and 2, refer to the discussion of
Davies on page 304.

droplets decreases rapidly in the first few seconds ofagita-
tion. The limiting size range is generally reached within 1 ta
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 shakingis 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 nota
very efficient technique and is net 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-
eedes it. While flocculation is the clumping together of
particles, coalescence is the fusing of the agglomerates into a
larger drop, ordrops. 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 onthe efficacy
of the emulsifying agent to form a stable, coherent interfa-
cial film. It is therefore possible io 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,

Emulsifying 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 agentis
frequently critical in developing a successful emulsion, and
the pharmacist should be aware of

The desirable properties of emulsifying agents.
How different ernulsifiers act to optimize ernulsion stability.
How the type and physical properties of the emulsion can be affected

by the emulsifying agent.

Desirable Properties

Someof the desirable properties of an emulsifying agent.
are that it should

i: Be surface-active and reduce surface tension to below 10 dyn-es/cm.

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.
6. 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

Gy V
d

where V is the volume of dispersed phase in mL and d is the
mean diameterof the particles, In order to disperse 100 mL
of oil as 1-~m (10~4-cm) droplets in water when yo;w = 50
dynes/cm, requires an energy input of

Ar = &% 50 X 100
1x107

= 30 joules or 80/4.184 = 7.2 cal

In the above example the addition of an emulsifier that
will reduce -y 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 requirementof 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 coalescenceof droplets that come
into contact with one another. Forthe film to be an efficient

1 =
(38)

= 30 X 10’ ergs

 

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

Electrical Potential—Theorigin 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 be-
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 aim is to
use the minimum amount consistent. with producinga 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 um. Thus,

Particle diameter = 1 wm = 1% 10-4 em
3

Volumeof particle = ne = 0.524 % 10712 cm?
Total numberof particles in 50 g

=5055 x 102
0.524 xX 10-22

Surface area of each particle = rd? = 3,142 ¥ 10-8 cm?

Total surface area = 3.142 x 10-8

x 95.5 X 1012 = 300 & 104 em?

If the area each molecule occupies at the oil/water inter-
face is 30 A? (30 & 10716 cm2), we require

300X10*_ 4 x 192! molecules
30 x 1018

Atypical emulsifying agent might have a molecular weight
of 1000. Thus, the required weightis

1000 x 107! _ 1 66,
6.023 x 10%

To emulsify 10 ¢ of oil would require 0.33 g of the emulsify-
ing agent, etc. While the approachis an oversimplification
of the problem,it does at least allow the formulator to make
a reasonable 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 interna! 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-
uous phase.

The means by which the rheological behavior of emulsions
can be controlled have been discussed by Rogers.58

Mechanism of Action

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

Monomolecular Films—Those surface-active agents
which are capable of stabilizing an emulsion do so by form-



Table XVi—Factors Influencing Emulsion Viscosity?’

1. Internal phase
a. Volume concentration (); hydrodynamic interaction be-

tween globules; flocculation, leading to formation of globule
aggregates.

b. Viscosity (7;); deformationof globules in shear.
c. Globule size, and size distribution, technique used to pre-

pare emulsion; interfacial tension between the two liquid
phases: globule behavior in shear; interaction with contin-
uous phase; globule interaction.

d. Chemical constitution,
2. Continuous phase

a. Viscosity (49), and other rheological properties.
b. Chemical constitution, polarity, pH; potential energy of

interaction between globules.
ec. Electrolyte concentration if polar medium.

3, Enmulsifying agent
a. 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.

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

d. Electroviscouseffect.

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. Ofitself, this reduction is probably not the
main factor promoting stability. More significant is the fact.
that the droplets are surrounded now by a coherent mono-
layer which prevents coalescence between approaching
droplets. Ifthe emulsifier forming the monolayeris 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 agenis has declined in recent
years becauseof the large numberof 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 dependson 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
adsorbed 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 nonaqueousliquid
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 requirementis that the particles are small in relation
to the droplets of the dispersed phase (Fig 19-37).

Chemical Types

Emulsifying agents may also be classified in terms of their
chemical structure; there is some correlation between this
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Solid particlefiiO/W emulsion iim  
Fig 19-37. Types of films formed by emulsifying agents at the
oil/water interface. Orientations are shown for O/W emulsions. f&:
oil; O: water.

classification and that based on the mechanism ofaction.

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 offinely 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 matertals
(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, dependingon the charge
possessed by the surfactant.

Antonics—In this subgroup the surfactant ion bears a
negative charge. The potassium, sodium, and ammonium
salts of lauric andoleic 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, atypical example, has the structure

CHa(CHy);oCOO- Kt

Solutionsofalkali 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 XVilI—Classitication of Emulsifying Agents 

Type Type of film Examples 

Synthetic (surface-active Monomolecular
agents)

Natural Multimolecular

Monomolecular

Finely dividedsolids Solid particle

Antonie:

Soaps
Potassium laurate
Triethanolamine stearate

Sulfates
Sodiumlauryl 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
Metallic hydroxides:

Magnesium hydroxide

Table XVili—Auxiliary Emulsitying Agents*® 

 Product Source and composition Principal use

Bentonite Colloidal hydrated aluminum silicate Hydrophilic thickening agent and stabilizer for O/
W and W/O lotions and creams

Cetyl alcohol Chiefly C),;Hy;0H Lipophilic thickening agent and stabilizerfor O0/W
: lotions and ointments

Glyceryl monostearate CyHy,COOCH2CHOHCH20H Lipophilic thickening agent and stabilizer for O/W

Methylcellulose Series of methyl esters of cellulose

Sodium alginate
drate extracted from giant kelp

Sodium carboxymethyl-
cellulose

Stearic acid
and palmitic

Steary! alcohal Chiefly Cy,Hs7OH

Veegum

The sodium salt of alginic acid, a purified carbohy-

Sodium salt of the carboxymethyl esters of cellulose

A mixture of solid acids from fats, chiefly stearic

Colloidal magnesium aluminum silicate

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. Forme 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 compoundis sodium lauryl sulfate.

CHy(CHy) wCH,OSO,— Nat

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

CH;(CHz),CH2SO,- 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 diocty! 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 cetosteary] alcohol. The only group of cationic
agents used extensively as emulsifying agents are the quater-
nary ammonium compounds. An exampleis cetyltrimethyl-
ammonium bromide.



CHa(CH2)i4CH2N*(CHy)3 Bre

Cationic emulsifiers should not be used in the same for-

mulation with anionic emulsifiers as they will interact.
While the incompatibility may not be immediately apparent
as a precipitate, virtually all of the desired antibacterial
activity will gencrally have beenlost.

Nontonics—These undissociated surfactants find wide-
spread use as emulsifying agents when they possess the
proper balance of hydrophilicand lipophilic groups within
the molecule. Their popularity is based on the fact that,
unlike the anionic and cationic types, nonionic emulsifiers
are not susceptible to pH changes and the presenceofelec-
trolytes. The numberofnonionic agents available is legion;
the most frequently used are the glyceryl esters, polyoxyeth-
ylene glycol esters and ethers, and the sorbitan fatty acid
esters and their polyoxyethylene derivatives.

A glyceryl ester, such as glyceryl monostearate, is too
lipophilic to serve as a good emulsifier; it is widely used as an
auxiliary agent (Table XVIII) and has the structure

CH,O0CC,;Hy

CHOH

CH,OH

Sorbitan fatty acid esters, such as sorbitan monopalmitate

HO _/OH

: . e
Q —CHa

OH
(fF 6 (isha) / COO}

are nonionic oil-soluble emulsifiers that promote W/O emul-
sions. The polyoxyethylene sorbitan fatty acid esters, such
as polyoxyethylene sorbitan monopalmitate, are hydrophilic
water-soluble derivatives that favor O/W emulsions.

HOICHAOhy (OCH)OHa'

a) C(OCZHalyOH
HIClOCSH) 2A

[Sum of Wwox¥ afd a us 205
A is (Cy)CO0 |

Polyoxyethylene glycol esters, such as the monostearate,
Cy7Ha,COO(CH20CHz3),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 carbohydrateit |
is necessary to preserve acacia emulsions against microbial
attack 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
water, such as alcohol.

Gelatin, a protein, has been used for many years as an
emulsifying agent. Gelatin can have twoisoelectric points,
depending on the method of preparation. So-called Type A
gelatin, 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, whereit 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 fundamentalto
the stability of the emulsion whenother 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 ofits 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 woolfat.
lt. is cholesterol that gives wool fat its capacity to absorb
water and form a W/O 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 agentof this type, providedit
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 aluminumsilicate.

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 mixingit 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 amagma. 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/O emulsion, the bentonite is first dispersed in oil; the
wateris then addedgradually.

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 XVII,

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 X1X—Approximate HLB Values for a Numberof
 Emulsifying Agents

Generic or chemical name HLB

Sorbitan trioleate L8
Sorbitan tristearate . 2.1
Propylene glycol monostearate 3.4
Sorbitan sesquioleate 3.7
Glycerol monostearate (non self-emulsifying) 3.8
Sorbitan monooleate 4.3

Propylene glyco! monolaurate 4.5
Sorbitan monostearate 4.7

Glyceryl monostearate (self-emulsifying) 5.5
Sorbitan monopalmitate 6.7
Sorbitan monolaurate 3.6

Polyoxyethylene-4-lauryl ether 9.5
Polyethylene glycol 400 monostearate 11-6
Polyoxyethylene-4-sorbitan monolaurate 13.3
Polyoxvethylene-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.

Griffin® developed a scale based on the balance between
these two opposing tendencies. ‘This so-called HLB scaleis
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. Theutility of the
HLB 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 oi] 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 producedinitially 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. Ifthe 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 morestable.

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

Rate 1=C,e“/"" (39)

The term C,is a collision factor which is directly proportion-
al to the phase volumeoftheoil relative to the water, and is
an inverse function of the viscosity of the continuous phase
(water). WW), 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. This

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 inoil, namely

Rate 2=C,e"2"? (40)
Here, the collision factor Cz is a function of the water/oil
phase volumeratio divided by the viscosity of the oil phase.
The energy barrier W2is, as before, related to the fraction of
the interface covered by the surface-active agent. Another
contributing factor is the number of —CH;:— 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
HLBofless than 7 will be preferentially soluble in the oil
phase and will favor formation of a W/O 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 askin 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—Withthe increasing numberofavail-
able emulsifiers, particularly the nonionics, the selection of
emulsifiers for a product was essentially a trial-and-error
procedure. Fortunately, the work of Griffin®?“" 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
usec and has come to be known as the HLB system. It is
used most in the rational selection of combinations of non-



Table XX—Relationship between HLB Range and
Suriactant Application 

 HLB range Use

0-3 Antifoaming agents
4~6 W/O emulsifying agents
7-9 Wetting agents
8-18 O/W emulsifying agents

13-15 Detergents
10-18 Solubilizing agents

Table XXl—Required HLB Values for Some Common
Emulsion Ingredients
 Substance w/o aw

Acid, stearic — 17
Aleohal, cetyl are 13
Lanolin, anhydrous 8 15
Oil, cottonseed Aes 76

mineraloil, light 4 10-12
mineraloil, heavy 4 10.5

Wax, beeswax 5 10-16
microcrystalline 24% 9.5
paraffin shart 9

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

As 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 valuesin the range of
4—6 are given consideration when a W/O emulsionis desired.
Sometypical 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 HLB”
values; ie, the HLB value required by a particular materialif
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 conceptis the fact
that the HLB values are algebraically additive. Thus, by
using a low HLB surfactantwith one having a high HLBitis
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 HLS WV.5)) weenie 50gEmulsifying agents 22.0 00.0200 cee een eee enw ene fg
Sorbitan monooleate (HLB 4.3)
Polyoxyethylene 20 sorbitan monoleate (HLB 15,0)

PRSCGE Se oe engin ies pig lel ality afer apie ane a lath ipl age ollyedpeta Sp 100 ¢

Bysimple algebra it can be shownthat 4.5 parts by weight of
sorbitan monooleate blended with 6.2 parts by weight of
polyoxyethylene 20 sorbitan monooleate will result in a
mixed emulsifying agent having the required HLB of 10.5.
Since the formula calls for 5 g, the required weights are 2.1 ¢
and 2.9, respectively, The oil-soluble sorbitan monooleate
is dissolved in the oil and heated to 75°; the water-soluble
polyoxyethylene 20 sorbitan monooleate is added to the
aqueous phase which is heated to 70°. At this point the oil
phase is mixed with the aqueous phase and the whole stirred
continuously until cool.

The formulator is not restricted to these two agents to
produce a blend with an HLB of 10.5. Table XXII shows
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Table XXil—Nonionic Blends having HLB Values of 10.5

Required amounts
Surfactant (%) to give

blend HLB HLB = 10.5

Sorbitan tristearate 21 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 51.5

the various proportions required, using otherpairs 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 been shownthat the ability of a compound to
spread at a surface is related to its HLB. In another ap-
proacha 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 XXII). Provided the molecular structure
of the surfactant is known, one simply adds the various
group numbers in accordance with the following formula:

Table XXII—HLB Group Numbers®!

Group number

Hydrophilic groups
—S0,-Nat 38.7
—Coo-Kt 4L1
—COO-Nat 19,1
N (tertiary amine) 9.4
Ester (sorbitan ring) 6.8
Ester (free) 2d
—COOH 2.1
Hydroxyl (free) 19
={}= 1.3

Hydroxyl (sorbitan ring) 0.5
Lipophilic groups

—CH—
—CH.—

CH;— —0.475

Derived groups
—(CH»—CH;—0)— +033
—(CH;—CH,z—CH;—0)— 0.16
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HLB = (hydrophilic group numbers) —
m(group number/—CH2— 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 ofthe 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 forrnulator 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
Cwater/Con partition coefficient and found good agreement
for a series of sorbitan surfactants. Schottshowed, 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 givingthe desired degree of physical stability
is chosen.

Mixed 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, the 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 pointhas 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 filmsat 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 preseni 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 alignmentis 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 aleohol, 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
agentis placed in the mortar and dispersed in water to form
amucilage. The oil is added in small amounts with continu-
ous trituration, each portion of the oi] 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 a40%
cod liver oil emulsion requires the following:

C568 FYGE AL seed weg ieee style Se te lenteaee re eae ee 242
FORGE esate ae tee edad eee peublshapee eer 6¢
Water,qs ......-.- a Hats ag tah gy an mr (ah ay a epee pele sae waa) ard 60 mL

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 im 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 thefina! 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 oilis 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 methodis rapid.

With both methods the oil: water:gum ratio may vary,
depending on the type ofoil 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—Anincreasing numberof 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 Acacla Tragacanth 

Fixed oils (excluding liquid petrolatum

 

and 4 40
linseed oil)

Water 2 20
Gum 1 1

Volatile ails, plas liquid petrolatum and 2-3 20-30
linseed oil

Water 2 20
Gum 1 1 



mulation are separated into those that are oil-soluble and
those that are water-soluble. These are dissolved in their
respective solvents by heating to about 70 to 75°. When
solution is complete, the two phases are mixed and the prod-
uct is stirred until cool. This method, which requires noth-
ing more than two beakers, a thermometer and a source of
heat, is necessarilyused in the preparation of emulsions
containing waxes and other high-melting-point materials
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 homogenizerfail to produce an adequate
product, the formulation, rather than the technique, should
be suspected.

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

Stability of Emulsions

There are several criteria which must be met in a well-

formulated emulsion. Probably the most important and
most readily apparent requirementis that the emulsion pos-
sess 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, inasolution. Gen-
erally, this is because of partitioning effects between theoil
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
limited to the question of physical stability. Reviews of this
topic have been published by Garrett® and Kitchener and
Mussellwhite."4 For information on the effect that emulsifi-

cation can have on the biologic activity and chemicalstabil-
ity of materials in emulsions, see Wedderburn,® Burt®® and
Swarbrick.*

The theories of emulsion stability have been discussed by
Eccleston®™ in an attempt to understand the situation in
both a simple O/W emulsion and complex commercial sys-
tems.

The three major phenomenaassociated with physical sta-
bility are

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

2. The aggregation and possible coalescence of the dispersed drop-
lets to reform the separate, bulk phases.

3. Inversion, in which an O/W emulsion inverts to become a W/O
emulsion, and vice versa.

Creaming and Sedimentation—Creamingis the upward
movement of dispersed droplets relative to the continuous

DISPERSE SYSTEMS 307

phase, while sedimentation, the reverse process,is the down~
ward movementofparticles. In any emulsion 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 suspendeddroplets, 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 approachis 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 andthe 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 solicd-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 anyvisible signs of
instability are apparent. The methods available have been
reviewed by Groves and Freshwater.™

Inversion—Anemulsionis 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 formedis a lipophilic emulsifi-
er and favors the formation of a W/O product.

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 numberof 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 onsetofactivity, 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 shelflife.

The principles on which biopharmaceutics is based are
dealt with in some detail in Chapters 35 to 87. 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
somedetail.

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 suspensionofsalicyla-
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 theinitial in vitro dissolution

rates for the several dosage forms studied and the initial
rates of 12 vive 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, ef 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 vitra
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.
Preduct A also provided higher serum levels in in vivo tests
half an hourafter 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’*® 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 foundto 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.”7

Bioavailability from Emulsions—Thereare 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. Ifa drug with low aqueoussolubility can be formulat-
ed so as to be in solutionin 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 beforeit arrives at the mucosal surface of the gastro-
intestinal tract, For example, with an oil-in-water emul-
sion, the drug mustdiffuse 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,ef al’ 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 oi] phase per se but more probably becauseof the linoleic
and oleic acids present having a specifical effect on gastroin-
testinal motility.
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The dosage forms described in this chapter may be pre-
pared by dissolving the active ingredient(s) in an aqueous or
nonaqueous solvent, by suspending the drug (if it is insolu-
ble in pharmaceutically or therapeutically acceptable sol-
vents) in an appropriate medium or by incorporating the
medicinal agent into one of the two phases of an oil and
water system. Such solutions, suspensions and emulsions
are further defined in subsequent paragraphs but some, with
similar properties, are considered elsewhere. These dosage
forms are useful for a number of reasons. They can be
formulated for different routes of administration: oral use,
introduction into body cavities or applied externally. The
dose easily can be adjusted by dilution, and the oral liquid
form readily can be administered to children or people un-
able to swallow tablets or capsules. Extracts eliminate the
need to isolate the drug in pure form, allow several ingredi-
ents to be administered from a single source (eg, pancreatic
extract) and permit the preliminary study of drugs from
natural sources. Occasionally, solutions of drugs such as
potassium chloride are used to minimize adverse effects in
the gastrointestinal tract.

The preparation of these dosage forms involves several
considerations on the part of the pharmacist: purpose of
the drug, internal or externaluse, concentration of the drug,
selection of the liquid vehicle, physical and chemical stabil-
ity of the drug, preservation of the preparation and use of
appropriate excipients such as buffers, solubilizers, sus-
pending agents, emulsifying agents, viscosity controlling
agents, colors and flavors. The theory of many of these
preparationsis discussed in earlier chapters in Part 2, Phar-
maceutics. Because of the complexity of some manufac-
tured products, compounding may be carried out with the
aid of linear programming models in order to obtain the
optimal product. The appropriate chapters (see the index)
should be consulted for information on the preparation and
characteristics of those liquid preparations that are intend-
ed for ophthalmic or parenteral use.

Muchhas been written during the past decade about the
biopharmaceutical propertiesof, in particular, the solid dos-
age forms. In assessing the bioavailability of drugs in tab-
lets and capsules, many researchers first, have studied the
absorption of drugs administered in solution. Since drugs
are absorbed in their dissolved state, frequently it is found
that the absorption rate of oral dosage forms decreases in the
following order: aqueous solution > aqueous suspension >
tablet or capsule. The bioavailability of a medicament, for
oral ingestion and absorption, should be such that eventual-
ly all of the drug is absorbed as it passes through the gastro-
intestinal tract, regardless of the dosage form. There are a
number of reasons for formulating drugs in forms in which
the drug is not in the molecular state. These are: improved
stability, improved taste, low water solubility, palatability
and ease of administration. It becomes apparent, then, that
each dosage form will have advantages and disadvantages.

The pharmacist handles liquid preparations in one of
three ways. He may dispense the product in its original
container, buy the product in bulk and repackageit at the
time a prescription is presented by the patient or compound
the solution, suspension or emulsion in the dispensary.
Compounding may involve nothing more than mixing mar-
keted products in the mannerindicated on the prescription
or, in specific instances, may require the incorporation of
active ingredients in a logical and pharmaceutically accept-
able manner into the aqueous or nonaqueous solvents which
will form the bulk of the product.

The pharmacist, in the first instance, depends on the
pharmaceutical manufacturer to produce a product that is
effective, elegant and stable when stored under reasonably
adverse conditions. Most manufacturers attempt to guar-
antee efficacy by evaluating their products in a scientifically
acceptable manner but, in some instances, such efficacy is
relative. For example, cough mixtures marketed by two
different manufacturers may contain the same active ingre-
dients andit becomesdifficult to assess the relative merits of
the two products. In such instances the commercial advan-
tage gained by one over the other may be based on product
elegance. Thus, color, odor, taste, pourability and homoge-
neity are important pharmaceutical properties.

The stability of the active ingredient in the final productis
of prime concern to the formulator. In general, drug sub-
stances are less stable in aqueous media than in the solid
dosage form andit is important, therefore, to properly buff-
er, stabilize or preserve, in particular those solutions, sus-
pensions and emulsions that contain water. Certain simple
chemical reactions can occur in these products. These may
involve an ingredient-ingredient interaction (which implies
a poor formulation), a container-product interaction (which
may alter product pH andthus, for pH-sensitive ingredients,
be responsible for the subsequent formation of precipitates)
or a direct reaction with water (ie, hydrolysis). The stability
of pharmaceutical products is discussed in Chapter 81.

The more complicated reactions usually involve oxygen.
Vitamins, essential oils and almost all fats and oils can be
oxidized. Formulators usually use the word autoxidation
when theingredient(s) in the product react. with oxygen but
without drastic external interference. Such reactions first

must be initiated by heat,light (including ultraviolet radiant
energy), peroxides or other labile compounds or heavy met-
als such as copper or iron. This initiation step results in the
formationof a free radical (R*) which then reacts with oxy-
gen.

R* + 0, ~ RO,* (peroxy radical)

RO,* + RH ~ ROOH + R*

Thefree radical thus is regenerated and reacts with more
oxygen, This propagation step is followed by the termina-
tion reactions.
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RO,* + RO,* — inactive product

RO,* + R* — inactive product

R* + R* = inactive product

Theeffect of trace metals can be minimized by usingcitric
acid or EDTA(ie, sequestering agents). Antioxidants, on
the other hand, may retard or delay oxidation by reacting
with the free radicals formed in the product. Examples of
antioxidants are the propyl, octyl and dodecy]estersofgallic
acid, butylated hydroxyanisole (BHA) and the tocopherols
or vitamin E. For a more detailed approach to the preven-
tion of oxidative deterioration in pharmaceuticals, the pa-
pers by Ostendorf! and Chalmers,” should be consulted. A
description of many antioxidants is given in Chapter 66,

The problem of drug stability has been well-defined by
pharmaceutical scientists but during the past few years a
secondary and, in some respects, more serious problem has
confronted the manufacturer of liquid preparations. Such
pharmaceutically diverse products as baby lotions and milk
of magnesia have been recalled from the market because of
microbial contamination. In a surveyof retail packages of
liquid antacid preparations containing magnesium hydrox-
ide, it was found that 30.5% of the finished bottles were
contaminated with Pseudomonas aeruginosa. The aerobic
plate count ranged from less than 100 to 9,300,000 orga-
nisms/g. Other examples could be cited but the range of
microorganisms which can contaminate the liquid prepara-
tion includes the Salmonella sp, EF coli, certain Psewdomo-
nas sp, including P aeruginosa, and Staphylococcus aureus.
Bruch? describes the types of microorganismsfoundin vari-
ous products and attempts to evaluate the hazards associat-
ed with the use of nonsterile pharmaceuticals. Coates*in a
series of papers describes various interactions which must be
considered when preservatives are selected.

The USP recommendsthat certain classes of products be
tested routinely for microbial contamination, eg, natural
plant, animal and some mineral products, for freedom from
Salmonella sp; oral solutions and suspensions, for freedom
from E coli; articles applied topically, for freedom from P
aeruginosa and S aureus and articles for rectal, urethral or
vaginal administration, for total microbial count.

Products may become contaminated for a number ofrea-
sons.

The raw materials used in the manufacture of solutions, suspensions
and emulsions are excellent growth media for bacteria. Water, in partic-
ular, must be handled with care but substances such as gums, dispersing
agents, surfactants, sugars and flavors can be the carriers of bacteria
which ultimately contaminate the product.

Equipment. Bacteria grow well in the nooks and crevices of pharma-
ceutical equipment (and in the simple equipment used in the dispen-
sary). Such equipment should be cleaned thoroughly prior to use.

Environment. and personnel can contribute to product contamination.
Hands and hair are the most importantcarriers of contaminants. Gen-
eral cleanliness thus is vital. Head coverings must be used by those
involved in the manufacturing process and face masks should be used by
those individuals suffering from colds, coughs; hay fever and otheraller-
gic manifestations. *

Packaging should be selected so that it will not contaminate the prod-
uct and also will protect it from the environment.

The factors cited above relate to good manufacturing
practice. However, the formulator can add a preservative to
the product and decrease the probability of product con-
tamination.If the product contains water, it almost is man-
datory to include a preservative in the formulation. It must;
be stressed that this in no way replaces good in-plant control
but merely provides further assurance that the productwill
retain its pharmaceutically acceptable characteristics until
it is used by the patient.

The major criteria that should be considered in selecting a
preservative: it should be effective against a wide spectrum
of microorganisms,stable for its shelf life, nontoxic, nonsen-

sitizing, compatible with the ingredients in the dosage form
and relatively free of taste and odor.

Preservatives may be used alone or in combination to
prevent the growth of microorganisms. Ethanolis a highly
effective preservative. It is used at the 15% level in acidic
media and at the 18% level in neutral or slightly alkaline
media. Isopropyl alcoholis a fairly effective agent but it can
be used only in topical preparations. Propylene glycol, a
dihydric alcohol, has germicidal activity similar to that of
ethanol, It normally is used in a 10% concentration.

A 0.5% solution of phenol is a good preservative but it is
toxic, has its own characteristic odor and reacts chemically
with manyof the drugs and adjuvants which are incorporat-
ed into liquid preparations.

The use of hexachlorophene, a germicidal agent which is
effective mainly against gram-positive organisms,is restrict-
ed to those preparations which are intended for external use
only. Several years ago, an incorrectly formulated baby
powder (which was found to contain 6.5% hexachlorophene)
was responsible for the deaths of 30 French infants. Be-
cause of this and other evidence it can be used as a preserva-
tive only if its concentration in the final product is 0.1% or
less. However, certain liquid preparations (eg, Hexachloro-
phene Liquid Soap USP-0.25%)are available.

Organic mercury compounds are powerful biostatic
agents. Their activity may be reduced in the presence of
anionic emulsifying or suspending agents. They are not
suitable for oral consumption but are used at. the 0.005%
concentration level in ophthalmic, nasal and topical prepa-
rations.

Benzoic acid is effective only at pH 4 or less. Its solubility
in certain aqueous preparations is poor and, in those in-
stances, sodium benzoate may be used. ‘Sorbic acid has a
broad range of antimycotic activity but its antibacterial
properties are more limited. It is effective only at a pH of
less than 5.

Quaternary ammonium surface-active agents, eg, benzal-
konium chloride, exhibit an objectionable taste and have
been reported to be incompatible with a numberof anionic
substances, In concentrations of 1:5000 to 1:20,000 they are
used in ophthalmic preparations.

3-Phenylpropan-1-ol (hydrocinnamy] alcohol) is claimed
to be more effective than 2-phenylethanol and benzyl alco-
hol in inhibiting the growth of P aeruginosa, and it has been
suggested that this substancemay be a suitable preservative
for oral suspensions and mixtures.

The methyl! and propyl esters of p-hydroxybenzoic acid
(the parabens) are used widely in the pharmaceutical indus-
try. They are effective over a wide pHrange (from about 3
to 9) and are employed up to about the 0.2% concentration
level. The two esters often are used in combination in the

same preparation. This achieves a higher total concentra-
tion and the mixtureis active against a widerange of organ-
isms. The hydroxybenzoates are effective against most or-
ganisms; however, their activity may be reduced in the pres-
ence of nonionic surface-active agents because of binding.

It now should be obvious that when the pharmacist dis-
penses or compounds the various liquid preparations: he
assumes responsibility, with the manufacturer,for the main-
tenance of product stability. The USP includes asection on
stability considerations in dispensing, which should be stud-
iedin detail. Certain points are self-evident. Stock should
be rotated and replaced if expiration dates on the label so
indicate. Products should be stored in the manner indicat-

ed in the compendium; eg, in a cool place or a tight, light-
resistant container. Further, products should be checked
for evidence of instability. With respect to solutions,elixirs,
and syrups, color change, precipitation and evidence of mi-
crobial or chemical gas formation are majorsignsof instabil-
ity. Emulsions may cream butif they break (ie, there is 4
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separation of an oil phase) the product is considered to be
unstable. Sedimentation and caking are primary indica-
tions of instability in suspensions. The presence of large
particles may mean that excessive crystal growth has oc-
curred.

The USPstates that repackaging is inadvisable. Howev-
er, if the product must be repackaged, care and the container
specified by the compendium must be used. For example, a
plastic container should never be used if a light-resistant
container is specified. If a productis diluted,or where two
products are mixed, the pharmacist. should use his knowl-
edge to guard against incompatibility and instability. Oral

1521

antibiotic preparations constituted into liquid form should
never be mixed with other products. Since the chemical
stability of extemporaneously prepared liquid preparations
often is unknown,their use should be minimized and every
care taken to insure that product characteristics will not
change during the time it must be used by thepatient.

Because ofthe numberofexcipients and additives in these
preparations,it is recommended that all the ingredients be
listed on the container to reduce the risks which confront
hypersensitive patients when these products are adminis-
tered.

Solutions

Aqueous Solutions

A solution is a homogeneous mixture that is prepared by
dissolving a solid, liquid or gas in another liquid and repre-
sents a group of preparations in which the molecules of the
solute or dissolved substance are dispersed among those of
the solvent. Solutions also may be classified on the basis of
physical or chemical properties, method of preparation, use,
physical state, numberof ingredients and particle size. The
narrower definition herein limits the solvent to water and

excludes those preparations that are sweet and/or viscid in
character. This section includes, therefore, those pharma-
ceutical forms that are designated as Water, Aromatic Wa-
ters, Aqueous Acids, Solutions, Douches, Enemas, Gargles,
Mouthwashes, Juices, Nasal Solutions, Otic Solutions and
Irrigation Solutions.

Water

The major ingredient in most of the dosage forms de-
scribed herein is water. It is used both as a vehicle and as a

solvent for the desired flavoring or medicinal ingredients.
Its tastelessness, freedom from irritating qualities and lack
of pharmacological activity makeit ideal for such purposes.
There is, however, a tendency to assume that its purity is
constant and that it can be stored, handled and used with a
minimum of care. While it is true that municipal supplies
must comply with Environmental Protection Agency (EPA)
regulations (or comparable regulations in other countries),
drinking water must be repurified before it can be used in
pharmaceuticals. For further information on water, see
Chapter 21.

Five of the six solvent waters described in the USP are

used in the preparation of parenterals, irrigations or inhala-
tions. Purified watermust be used for all other pharmaceu-
tical operations and, as needed, in all USP tests and assays.
It must meet rigid specifications for chemical purity. Such
water may be: prepared by distillation, by use of ion-ex-
change-resins or by reverse osmosis.

A wide variety of commercially available stills are used to
producedistilled water. The end use ofthe product dictates
thesizeof the still and extent of pretreatmentof the drink-
ing water introduced into the system. A descriptionofstills
is provided in Chapter 84. Such water may besterile pro-
vided the condenseris sterile, but to becalled sterile it must
be subjected to a satisfactory sterilization process. Howev-
er, it has been shown that P aeruginosa (and other microor-
ganisms) can grow in the distilled water produced in hospi-
tals. The implications of this are obvious. Sterile water
maybesterile at the time of production but may lose this
characteristic if it is stored improperly. Hickman etal,* by
regrouping the components of conventional distillation

equipment, have described a method for the continuous
supply of sterile, ultrapure water. Quality-control proce-
dures for monitoring the microbiological quality of water
should be performed in the pharmaceutical manufacturer’s
productionfacilities.

The major impurities in water are calcium, iron, magne-
sium, manganese, silica and sodium. The cations usually
are combined with the bicarbonate, sulfate or chloride an-
ions. “Hard” waters are those that contain calcium and

magnesium cations. Bicarbonates are the major impurity in
“alkaline” waters.

Ion-exchange (deionization, demineralization) processes
will remove most of the major impurities in waterefficiently
and economically. A cation exchanger, H2R,first converts
bicarbonates, sulfates and chlorides to their respective acids.

CaSO, Ca

MgSO,|+ H.R Mg| R + H,SO,
Na,SO, Nay

Ca(HCO,), Ca

Mg(HCO,),| + HoR — Mg} R + 2H,CO,

2NaHCO, Na,

Carbonic acid decomposes to carbon dioxide(which is re-
moved by aeration in the decarbonator) and water.

The anion exchanger may contain either a weakly basic or
astrongly basic anion resin. These adsorb sulfuric, hydro-
chloric and nitric acids. Chemical reactions may involve
complete adsorption or an exchange with someother anion.

H,SO, — A = A * H.S0,
If the resin contains a hydroxyl radical, water is formed
during the purification process.

H.SO, + 2A0H — A,SO, + 2H,0

Weakly dissociated carbonic andsilicic acids can be removed
only by peaseabasic anion resins.

Unit capacity varies with the nature of the installation, butit
is possible to process as much as 15,000 gal of water/min.

Deionization processes do not necessarily produce Puri-
fied Water which will comply with EPA requirements for
drinking water. Resin columns retain phosphates and or-
ganic debris. Hither alone or in combination, these sub-
stances can act as growth media for microorganisms. Obser-
vations have shown that deionized water containing 90 or-
ganisms/mL contained, after 24-hour storage, 104
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organisms/mL. Columnscan be cleaned partially of pseu-
domonadsby recharging, but a 0.25% solution of formalde-
hyde will destroy most bacteria. The column must be
washed thoroughly and checked for the absence of aldehyde
(with a Schiffs Reagent) before it. can be used to generate
deionized water.

Ultraviolet radiant energy (240-280 nm), heator filtration
can be used to limit the-growth, kill or remove microorga-
nisms in water. The latter method employs membranefil-
ters and can be used to remove bacteria from heat-labile

materials as described under membranefilters in Chapter
78.

The phenomenonofosmosis involves the passage of water
from a dilute solution across a semipermeable membraneto
amore concentrated solution. Flow of water can be stopped
by applying pressure, equal to the osmotic pressure, to the
concentrated solution. The flow of water can be reversed by
applying a pressure, greater than the osmotic pressure. The
process of reverse osmosis utilizes the latter principle; by
applying pressure, greater than the osmotic pressure, to the
concentrated solution, eg, tap water, pure water may be
obtained (see Reverse Osmosis in Chapter 77).

Cellulose acetate is used in the manufacture of semiper-
meable membranes for purifying water by reverse osmosis.
This polymer has functional groups that can hydrogen-bond
to water or other substances such as alcohol. The water

molecules which enter the polymerare transported from one
bonding site to the next under pressure. Because of the thin
layer of pure water strongly adsorbed at the surface of the
membrane, salts, to a large extent, are repelled from the
surface, the higher-valent ions being repelled to a greater
extent, thus causing a separation of ions from the water.
Organic molecules are rejected on thebasis of a sieve mecha-
nism related to their size and shape. Small organic mole-
cules, with a molecular weight smaller than approximately
200, will pass through the membrane material. Since there
are few organic molecules with a molecular weight of less
than 200 in the municipal water supply, reverse osmosis
usually is sufficient for the removal of organic material.
Theporesizes of the selectively permeable reverse-osmosis
membranes are between 5 and 100 A. Viruses and bacteria
larger than 100 A are rejectedifno imperfections exist in the
membrane. The membranes may and do develop openings
which permit the passage of microorganisms. Because of
the semistatic conditions, bacteria can grow both upstream
and downstream ofthe membrane. Improvements in mem-
branes are being made continually in type and manufactur-
ing process such as the use of polyamide materials. It is
expected that the preparation of water with negligible or no
bacteria present will be achieved by this process.

The selection of water-treatment equipment depends
upon the quality of water to be tested, the quality of water
required and the specific pharmaceutical purpose of the
water. Frequently, two or more methods are used to pro-
duce the water desired, for example,filtration and distilla-
tion, or filtration, reverse osmosis and ion exchange.

Aromatic Waters

Aromatic waters, known also as medicated waters, are
clear, saturated aqueous solutions of volatile oils or other
aromatic or volatile substances. Their odors and tastes are

similar to those of the drugs or volatile substances from
which they are prepared, and the preparations should be free
from empyreumatic (smoke-like) and other foreign odors.
They are used principally as flavored or perfumed vehicles.
The volatile substances from which they are to be made
should be of pharmacopeial quality or, in the case of nonoffi-
cial preparations, of the best quality if the finest flavors are
to be obtained.

Aromatic waters may be prepared by one of twoofficial
processes.

Distillation—Different authorities give different directions for pre-
paring aromatic waters bydistillation. For fresh drugs the proportions
range from 1 part of drug to 2 of distillate, to 2 parts of drug to 1 of
distillate. For dried drugs such as cinnamon, anise, dill, caraway and
fennel the proportion is 1 part of drug to 10 of distillate, For dried leaf
drugs such as peppermint the proportion is 3 parts of drug to 10 of
distillate. The drug should be contused or coarsely ground and com-
bined with a sufficient quantity of Purified Water. Most of the water
thenis distilled; care should be taken to avoid charring or scorching the
substances to prevent the formation of empyreumatic odors. On com-
pletion of the distillation, any excess oil in the distillate is removed and,
if necessary, the clear-water portionis filtered.

Solution—Aromatic waters may be prepared by shaking repeatedly2
g or (2 mLif a liquid) of the volatile substance with 1000 mL of purified
water for 15 min. The mixture is set aside for 12 hr,filtered through
wettedfilter paper and made te volume (1000 mL) by adding purified
water throughthe filter. Peppermint Water USP can be prepared by
eitherof the two official methods,

Alternately aromatic waters also may be preparedby in-
corporating thoroughly the volatile oil with 15 g oftale, or
with a sufficient quantity of purified siliceous earth or
pulped filter paper. Purified water (1000 mL) is added and
the mixture is agitated for 10min. The waterthen is filtered
(and, if necessary, refiltered) and its volume adjusted to
1000 mL by passing purified water through thefilter.

This is the process most frequently employed since the
water can be prepared promptly, only 10 minutes of agita-
tion being required. The use oftalc, purified siliceous earth
or pulped filter paper greatly increases the surface of the
volatile substance, insuring more rapid saturation of the
water. These dispersing substances also form an efficient
filter bed which produces a clear solution. They also are
unreactive.

Other methods have been suggested for preparing aromat-
ic waters based on the use of soluble concentrates or on

incorporation of solubilizing agents such as polysorbate 20
(Tween 20, Atlas). However, such preparations are suscep-
tible to mold growth and,in concentrations higher than 2%,
impart an objectionableoily taste.

Concentrated waters (eg, peppermint,dill, cinnamon,car-
away and anise) may be prepared as follows:

Dissolve 20 mL of the volatile oil in 600 mL of 90% ethanol. Add
sufficient purified water in successive small portions to produce 1000

Shake vigorously after each addition. Add 50 g ofsterilized puri-
fied tale, shake occasionally for several hours andfilter.

If anise concentrate is being prepared, the volume of
ethanol must be increased to 700 mL.

The aromatic water is prepared by diluting the concen-
trate with 39 times its volume of water. In general, these
methods yield aromatic waters that are slightly inferior in
quality to those prepared by distillation or solution,

The chemical composition ofmany ofthe volatile oils used
in preparing pharmaceuticals andcosmetics now is known.
Similarly, many synthetic aromatic substances have a char-
acteristic odor; eg, geranyl phenyl acetate has a honey odor.
Such substances,either aloneor in combination, can be used
in nonofficial preparations and, by combining them in defi-
nite proportions,it is possible to produce substitutes for the
officially recognized oil. Imitation Otto of Rose (which con-
tains phenylethyl alcohol, rhodinol, citronellol and other
ingredients) is an example of the types of substitutes which
are now available. Additional information regarding the
appropriate preparation of aromatic waters is provided in
RPS-17, Chapter 84.

Incompatibilities—Theprincipal difficulty experienced
in compoundingprescriptions containing aromatic waters is
due to a “salting out” action of certain ingredients, such as
very soluble salts, on the volatile principle of the aromatic
water. A replacement of part of the aromatic water with
purified water is permissible when no otherfunctionis being
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served than that of a vehicle... Otherwise, a-dilution of the
product, with a suitable increase in dosage, is indicated.

Preservation—Aromatic waters will deteriorate with
time and should, therefore, be made in small quantities and
protected fromintense light, excessive heat and stored in
airtight, light-resistant containers. Deterioration may be
dueto volatilization, decomposition or mold growthandwill
produce solutions that are cloudy andhavelost all traces of
their agreeable odor. Distilled water usually is contaminat-
ed with mold-producing organisms. Recently distilled and
boiled water should, therefore, be used in the preparation of.
medicated waters. No preservative should be added to
medicated waters. Ifthey become cloudyor otherwise dete-
riorate, they should be discarded.

Aqueous Acids
Theofficial inorganic acids and certain organic acids,al-

though of minor significance as therapeutic agents, are of
great importance in chemical and pharmaceutical manufac-
turing. This isespecially true of acetic, hydrochloric and
nitric acids.

Percentage Strengths—Many of the more important
inorganic acids are available commercially in the form of
concentrated aqueous solutions. The percentage-strength
varies from one acid to another anddepends on the solubili-
ty andstability ofthe solutein water and on the manufactur-
ing process. Thus, theofficial Hydrochloric Acid contains
from 36.5 to 38% by weight of HCl, whereas Nitric Acidcontains from 69 to’ 71% by weight of,HNO;.

Because the strengths of these concentrated acids are stat-
ed in termsof % by weight,it is essential that specific gravi-
ties also be provided if one is to be able to calculate conve-
niently the amount of absolute acid contained in a unit
volume of the solution as purchased. The mathematical
relationship involved is given by the equation M= Vx Sx
F, where M is the mags in g of absolute acid contained in V
mL of solution having a specific gravity S and a fractional
percentage strength F. As an example, Hydrochloric Acid*-
containing 36.93% by weight of HCl has a specific gravity of
1.1875. Therefore,the amountof absolute HCl supplied by
100 mL of this solution is given by:

M= 100.* 1.1875 X 0.3693 = 43.85 ¢g HCl

Incompatibilities—Although many of the reactions
characteristic of acids offer opportunities for incompatibil-
ities, only a few are of sufficient importance to require more
than casual mention. Acids and acid salts decompose car-
bonates with liberation of carbon dioxide and, in a closed
container, sufficient pressure may be developed to produce
an explosion. Inorganic acids react with salis of organic
acids to produce the free organic acid and a salt of the
inorganic acid. If insoluble, the organic acidwill be precipi-
tated. Thus, salicylic acid and benzoic acid are precipitated
from solutions of salicylates and benzoates. Boric acid like-
wise is precipitated from concentrated solutions of borates.
By a similar reaction, certain soluble organic compoundsare
converted into an insoluble form, Phenobarbital sodium,
for example, is converted into phenobarbital which will pre-
cipitate in aquéous solution.

The ability of acids to combine with alkaloids and other
organic compounds containing a basic nitrogen atom is used
in preparing soluble salts of these substances.

It should be borne in mind that certain solutions, syrups,
elixirs and other pharmaceutical preparations, may contain
free acid, which causes these preparations to exhibit the
incompatibilities characteristic of the acid.

Acids also possess the incompatibilities of the anions
which they contain and,in the case of organic acids, these are
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frequently ofprime importance. These are discussed under
the specific anions.

Diluted Acids—The diluted acids in the USP are aque-
ous solutionsofacids, ofa suitable strength (usually 10% w/v
but Diluted Acetic Acid is 6% w/v) for internal administra-
tion or for the manufacture of other preparations.

Thestrengthsof theofficial undiluted acids are expressed
as percentages w/w, whereas the strengths of the official
diluted acids.are expressed as percent w/v. It, therefore,
becomes necessary to consider the specific gravities of the
concentrated acids when calculating the volumerequired to

make a given quantity of diluted acid. The following equa-
tion will give the number of mLrequired to make 1000 mL of
diluted acid:

Stre of diluted acid « 1000

Strength of undiluted acid X sp er of undiluted acid

Thus,if one wishes to make 1000 mL of Diluted Hydrochlo-
Tic Acid USPusing Hydrochloric Acid which assays 37.5%
HCl (sp gr 1.18), the amount requiredis

10.* 1000

37.5 X 1.18

Diluted Hydrochloric Acid USP is used in the treatment
of achlorhydria. However, it may irritate the mucous mem-
brane of the mouth and attack the enamel of the teeth. The
usual dose is 5 mL, well-diluted with water. In the treat-

= 226 mL

. mentofachlorhydria no attempt is made to administer more
than a relief-producing dose. The normal pH of the gastric
juice is 0.9 to 1.5 and,inorderto attain this level, particular-
ly in severe casesofgastric malfunction, somewhat larger

-doses of the acid would be required.

Solutions

A solution is a liquid preparation that contains one or
more’soluble chemical substances dissolved in water. The

solute usually is nonvolatile. Solutions are used for the
specific therapeutic effect of the solute, either internally or
externally. Although the emphasis here is on the aqueous
solution, certain preparations of this type (syrups, infusions
and decoctions) have distinctive characteristics and, there-
fore, are described later.in the chapter.

Solvents, solubility and general methodsfor the incorpo-
ration of a solute in a solvent are discussed in Chapter 16.
‘Solutions are usually bottled automatically with equipment
of the type shown in Fig 83-1.
 

in the compendia for most solutions. These procedures fall
into three main categories.

Simple Solutions—Solutions of this type are prepared by dissolving
the solute in asuitable solvent. The solvent may contain other ingredi-
ents which stabilize or solubilize the active ingredient. Calcium Hy-
droxide Topical Solution (Lime Water), Sodium Phosphates Oral Solu-
tion and Strong Iodine Solution are examples.

Calcium Hydroxide Topical Solution contains, in each 100 mL, not
less than 140 mg of Ca(OH):. The solution is prepared by agitating
vigorously 3 g of calcium hydroxide with 1000 mL ofcool, purified water.
Excess calcium hydroxideis allowed to settle out and the clear, superna-
tant liquid dispensed,

increase in solvent temperature usually implies an increase in
solute solubility. This rule does not apply, however,to the solubility of
calcium hydroxide in water, which decreases with increasing tempera-
ture. The official solution is prepared at 25°.

Solutions containing hydroxides react with the carbon dioxide in the
atmosphere.

OH7 + CO, ae HCO,”

OH- + HCO,- + CO,2- + H,O

Ca’* + CO,2- — CaCO,
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Calcium Hydroxide Topical Solution, therefore, should be preserved in
well-filled, tight containers, at a temperature not exceeding 25°.

Strong Iodine Solution contains, in each 100 mL, 4.5-5.5 g ofiodine,
and 9.5-10.5 g of potassium iodide. It is prepared by dissolving 50 g of
iodine in 100 mL of purified water containing 100 g of potassium iodide.
Sufficient purified water then is added to make 1000 mLofsolution.

Oneg of iodine dissolves in 2950 mL of water. However, solutions of
iodides dissolve large quantities of iodine. Strong Iodine Solutionis,
therefore, a solution of polyiodides in excess iodide.

VP tnl, > Vast
Doubly charged anions may be found also

2I~ + nl, > TP(on4)
Strong Iodine Solutionis classified as an antigoitrogenic. The usual
dose is 0.3 mL,3 times a day. ;

Several antibiotics (eg, cloxacillin sodium,nafcillin sodium and vanco-
mycin), because they are relatively unstable in aqueous solution, are
prepared by manufacturers as dry powders or granules in combination
with suitable buffers, colors, diluents, dispersants, flavors and/or preser-
vatives. These preparations, Cloxacillin Sodium for Oral Solution, Naf-

Fig 83-1. A rotary gravity bottle filler (courtesy, US Bottiers).

 

cillin for Oral Solution and Vancomycin: for Oral Solution meet the
requirements of the USP. Upondispensing to the patient, the pharma-
cist adds the appropriate amount of water. The products are stable for
up to 14 days when refrigerated. This period usually providessufficient
time for the patient to complete the administrationof all the medication.

Solution by Chemical Reaction—These solutions are prepared by
reacting two or more solutes with each other in a suitable solvent. An
example is Aluminum Subacetate Topical Solution.

Aluminum sulfate (145 g) is dissolved in 600 mL of cold water. The
solution is filtered, and precipitated calcium carbonate (70 g) is added, in
several portions, with constantstirring. Acetic acid (160 mL) is added
slowly and the mixture set aside for 24 hr. The productis filtered and
the magma on the Biichnerfilter washed with cold water until the total
filtrate measures 1000 mL.

The solution contains pentaquohydroxo- and tetraquodihydroxoalu-
minum (IIT) acetates and sulfates dissolved in an aqueous medium satu-
rated with calcium sulfate. The solution contains a small amount of

auere acid. It is stabilized by the addition of not more than 0.9% boricacid.

The reactions involved in the preparation of the solution are given
below. The hexaquo aluminum cationsfirst are converted to the nonir-
ritating [Al(H,O);(OH)|** and [Al(H,0)4(OH)»|* cations.
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[Al(H,0),]** + CO,2- > [Ai(H,0),(OH)]2* + HCO,"

[AI(H,0),]** + HCO,” —> [AI(H,0),(OH)]?*

+ H,0 + CO,

As the concentration of the hexaquo cations decreases, secondary reac-
tions involving carbonate and bicarbonate occur.

[Al(H,0),(OH)]?+ CO,2-  [Al(H,0),(OH),]* + HCO,-

[Al(H,0),(OH)]?* + HCO,” — [Al(H,0),(OH).]*

+H,CO,

‘The pHofthe solution now favors the precipitationof dissolvedcalcium
ions as the insoluble sulfate. Acetic acid now is added. The bicarbon-
ate which is formed in the final stages of the procedure is removed as
carbon dioxide.

Aluminum Subacetate Topical Solution is used in the preparation of
Aluminum Acetate Topical Solution (Burow's Solution). The latter
solution contains 15 mL of glacial acetic acid, 545 mL of Aluminum
SubacetateTopical Solution and sufficient water to make 1000mL. Itis
defined as a solution of aluminum acetate in approximately 5%, by
weight, of acetic acid in water. It is stabilized by the addition of notmore than 0.6% boric acid.

Solution by Extraction—Drugs or pharmaceutical necessities ofveg-
etable or animal origin often are extracted with water or with water
containing othersubstances. Preparations of this type may be classified
as solutions but, more often, are classified as extracts.

Douches

A doucheis an aqueous solution directed against a part or
into a cavity of the body. It functions as a cleansing or
antiseptic agent. An eye douche, used to remove foreign
particles and discharges from the eyes,is directed gently at
an oblique angle and allowed to run from the inner to the
outer corner of the eye. Pharyngeal douches are used to
prepare the interior of the throat for an operation and
cleanse it in suppurative conditions. Similarly, there are
nasal douches and vaginal douches: Douches usually are
directed to the appropriate body part byusing bulb syringes
(Chapter 104).

Douches most frequently are dispensed in the form of a
powder with directions for dissolvingin a specified quantity
of water (usually warm). However, tablets for preparing
solutions are available (eg, Dobell’s Solution Tablets) or the
solution may be prepared by the pharmacist. If powders or
tablets are supplied, they must be free from insoluble mate-
rial, in order to produce a clear solution. Tablets are pro-
duced by the usual processes (see Chapter 89) but any lubri-
cants or diluents used must be readily soluble in water.
Boric acid maybe used as a lubricant and sodium chloride
normally is used as a diluent. Tablets deteriorate on expo-
sure to moist air and should be storedin airtight containers.

Preparations of this type may contain alum,zinc sulfate,
boric acid, phenol or sodium borate. The ingredients in one
douche are alum (4 g),zinc sulfate (4 g), liquefied phenol (5
mL), glycerin (125 mL) and water (qs to make 1000 mL of
solution). Sodium borate (borax, sodium tetraborate) is
used in the preparation of Compound Sodium Borate Solu-
tion NF XI (Dobell’s Solution). Its aqueous solution is
alkaline to litmus paper. In the presence of water, sodium
metaborate, boric acid and sodium hydroxide are formed.

Na,B,O, + 3H,O — 2NaBO, + 2H,BO,
NaBO, + 2H,O > NaOH + H,BO,

Theofficial solution contains sodium borate, sodium bicar-
bonate, liquefied phenol and glycerin. The reaction be-
tween boric acid and glycerin is given in the section on
Mouthwashes. See also the section on Honeysfor a discus-
sion on the toxic manifestationsassociated with the topical
application of boric acid and borax,
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Douches are not official as a class of preparations but
several substances in the compendia frequently are em-
ployed as such in weak solutions, eg, benzalkonium chloride
is used in various douches and Compound Sodium Borate
Solution is used as a nasal or pharyngeal douche. A sodium
bicarbonate vaginal douche has been used to improve the
postcoital test.

Vaginal douches are used for cleansing the vagina and
hygienic purposes. Liquid concentrates or powders, which
may be prepared in bulk or as single-use packages, should be
diluted or dissolved in the appropriate amount of warm
water priortouse. The ingredients used in vaginal douches
includeantimicrobial agents such as benzalkonium chloride,
the parabens or chlorothymol, anesthetics or antipruritics
such as phenol or menthol. Astringents such as zinc sulfate
or potassium alum, surface-active.agents such as sodium
lauryl sulfate and chemicals to alter the pH such as sodium
bicarbonate or citric acid also are used.

Enemas

These preparations are rectal injections employed to evac-
uate the bowel (evacuation enemas), influence the general
system by absorption (retention enemas) or to affect locally
the seat of disease. They may possess anthelmintic, nutri-
tive, sedative or stimulating properties, or they may contain
radiopaque substances for roentgenographic examination of
the lower bowe!. Someofficial retention enemas are those of
aminophylline, hydrocortisone and methylprednisolone ace-
tate, Since they are to be retained in the intestine, they
should not be used in larger quantities than 150 mL for an
adult. Usually, the volumeis considerably smaller, such as a
fewmL. Microenemaisa term used to describe these small-

volume preparations. Vehicles for retention microenemas
have been formulated with small quantities of ethanol and
propylene glycol, and no significant difference in irritation,
as compared with water, wasfound. A number of drugssuch
as valproic acid, indomethacin and metronidazole have been
formulated as microenemas for the purpose of absorption.
The absorption of large molecular weight drugs, such as
insulin, is under current investigation.

Starch enema may be used either byitself or as a vehicle
for other forms of medication. A thin paste is made by
triturating 80 g of powdered starch with 200 mL of cold
water. Sufficient boiling water is added to make 1000 mL of
enema. The preparation then is reheated to obtain a trans-
parentliquid.

Sodium chloride, sodium bicarbonate, sodium monohy-
drogen phosphate and sodium dihydrogen phosphate are
used in enemas to evacuate the bowel. These substances
may be used alone, in combination with each other or in
combination with irritants such as soap. Enema of Soap
BPC 1963 is prepared by dissolving 50 ¢ of soft soap in
sufficient purified water to make 1000 mL of enema. Fleet
Enema, a commercially available enema containing 16 g of
sodium acid phosphate and 6 g of sodium phosphate in 100
mL, is marketed as a single-dose disposable unit. Evacua-
tion enemas usually are given at body temperature in quan-
tities of 1 to 2 pt injected slowly with a syringe.

Sulfasalazine rectal enema has been administered for the

treatmentof ulcerative colitis and may be prepared bydis-
persing the tablets (1-g strength) in 250 mL water. Barium
sulfate enema contains 120 g of barium sulfate, 100 mL of
acacia mucilage and sufficient starch enema to make 500
mL.

Gargles

Gargles are aqueous solutions. usedfor treating the phar-
ynx and nasopharynx by forcing air from the lungs through
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the gargle which is held in the throat, Many gargles must be
diluted with water prior to use. Although mouthwashes are
considered as a separate class of pharmaceuticals, many are
used as gargles, either as is, or diluted with water.

Potassium Chlorate and Phenol Gargleis official in the
PC. It contains potassium chlorate, 30 g, patent blue V
(Color Index No 42051) commercial food grade (0.01 g),
liquified phenol (15 mL) and water for preparations gs to
1000 mL. It should be diluted with 10 volumes. of warm

water before use. The product should be labeled so thatit
cannot be mistaken for preparations intended for internal
administration.

A flavored solution containing 7.5% povidone-iodine and
35% alcohol (Jsodine) is available commercially as a mouth-
wash or gargle after suitable dilution.

Mouthwashes

A mouthwash is an aqueous solution which is most often
used for its deodorant, refreshing or antiseptic effect or for
control of plaque. It may contain alcohol, glycerin, synthet-
ic sweeteners and surface-active, flavoring and coloring
agents. Commercial preparations contain such local anti-
infective agents as hexetidine and cetylpyridinium chloride.
They may beeither acidic or basic in reactionand, in some
instances, may be effective in reducing bacterial concentra-
tions and odors in the mouthfor short periodsof time.

The products of commerce (eg, Cepacol, Listerine, Micrin
or Scope) vary widely in composition. Compound Sodium
Borate Solution NF XI (Dobell’s Solution) is used as an
antiseptic mouthwash and gargle. Antiseptic Solution and
Mouthwashare described in NF XII. The latter wash con-

tains sodium borate, glycerin and potassium bicarbonate.
The reactions which take place when these substances are
dissolved in water are given below.

 

CH,OH CH.OH HOCH;

2CHOH + B(OH),-|CH—O  O—CGH |H++3H,0
a?

B
fs

CH,OH CHO O0—CH;

CH.OH HOCH;7 -
-KHCO,

H—O H|K+<—

ps. |
CH.O O—CH,

4+ H,O + CO.

Compound Sodium Chloride Mouthwash, and Zinc Sul-
phate and Zinc Chloride Mouthwash are described in the
BPC. The former wash contains sodium chloride, sodium
bicarbonate, concentrated peppermint emulsion and dou-
ble-strength chloroform water.

Mouthwashes may be used for a number of purposes: for
example, cetylpyridinum chloride and dibucaine hydrochlo-
ric mouthwashes provide satisfactory relief of pain in pa-
tients with ulcerative lesions of the mouth, mouthwashesor
creams containing carbenoxoloneare highly effective dosage
forms for the treatment of orofacial herpes simplex infec-
tions, and undetected oral cancer has been recognized using
toluidine blue in the form of a mouthrinse.

Juices

A juice is prepared from fresh ripe fruit, is aqueous in
character and is used in making syrups which are employed

as vehicles. The freshly expressed juice is preserved with
benzoic acid and allowed to stand at room temperature for
several days, until the pectins which naturally are present
are destroyed by enzymatic action, as indicated by thefil-
tered juice yielding a clear solution with alcohol. Pectins,if
allowed to remain, would cause precipitation in the final
syrup.

Cherry Juice is described in the current USP and Rasp-
berry Juice in USP XVIIL Concentrated Raspberry Juice
PC is prepared from theclarified juice of raspberries. Pec-
tinase is stirred into pulped raspberries and the mixture
allowedto stand for 12 hours. The pulp is pressed, the juice
clarified and sufficient sucrose addedto adjust the weight at
20° to 1.050 to 1.060 g permL.. The juice then is concentrat-
ed to one-sixth of its original volume. Sufficient sulfurous
acid or sodium metabisulfite is added as a preservative.

Artificial flavors now have replaced many of the natural
fruit juices. Although they lack the flavor of the natural
juice, they are more stable and easier toincorporate into the
final pharmaceutical form.

Recent information on cranberry juice indicates that it
maybe effective in controlling some urinary tract infections
and urolithiosis.

Nasal Solutions

Nasal solutions are usually aqueous solutions designed to
be administered to the nasal passages in drops or sprays.
While many of the drugs are administered for their local
sympathomimetic effect such as Ephedrine Sulfate or Na-.
phazoline Hydrochloride Nasal Solution USP, to reduce na-
sal congestion, a few otherofficial preparations, Lypressin
Nasal Solution USP and Oxytocin Nasal Solution USP,are
administered in spray form for their systemic effect for the
treatment of diabetes insipidus and milk letdown prior to
breast feeding, respectively. The current route of adminis-
tration of peptides and proteins is limited to parenteral
injection because of inactivation within the gastrointestinal
tract. Asa result, there is considerable research on intrana-
sal delivery of these drugs such as analogs of enkephalins or
luteinizing hormone releasing hormone and insulin..

Nasal solutions are prepared so that they are similar in
many respects to nasal secretions, so that normal ciliary
action is maintained. Thus, the aqueous nasal solutions
usually are isotonic and slightly buffered to maintain a pH of
5.5 to 6.5, In addition, antimicrobial preservatives, similar
to those used in ophthalmic preparations, and appropriate
drug stabilizers, if required, are included in the formulation.

Commercial nasal preparations, in addition to the drugs
listed above also include antibiotics, antihistamines and
drugs for asthma prophylaxis.

A formula for Ephedrine Nasal Drops PC is

Ephedrine hydrochloride ...............0.-.45 0.5 g
Chlorobutanol ... 2... .06 0. ccc cece cece ees 05¢
Sodium Chloride .... 2.2... 2.002 .0cceeuescneee 05¢
Water for preparations .....-....00c00su008.,.to 100 mL

Current studies indicate that nasal sprays are deposited
mainly in the atrium and cleared slowly into the pharynx
with the patient in an upright position. Drops spread more
extensively than the spray and three drops cover mostof the
walls ofthe nasal cavity, with the patient in a supine position
and headtilted back and turnedleft and right. It is suggest-
ed that drop delivery, with appropriate movement by the
patient, leads to extensive coverage of the walls of the nasal
cavity.

Otic Solutions

These solutions occasionally are referred to as aural prep-
arations. Other otic preparations often include formula-
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tions such as suspensions and ointmentsfor topical applica-
tion in the ear.

The main classes of drugs used for topical administration
to the ear include analgesics, eg, benzocaine; antibiotics, eg,
neomycin; and anti-inflammatory agents, eg, cortisone.
The USP preparations include Antipyrine and Benzocaine
Otic Solution. The Neomycin and Polymyxin B Sulfates
and Hydrocortisone Otic Solutions contain appropriate
buffers and dispersants usually in an aqueous solution.
These preparations include the main types of solvents used,
namely glycerin or water. The viscous glycerin vehicle per-
mits the drug to remain in the ear for a long time. Anhy-
drous glycerin, being hygroscopic, tends to remove moisture
from surrounding tissues, thus reducing swelling. Viscous
liquids like glycerin or propylene glycol either are used alone
or in combination with a surfactant to aid in the removal of

cerumen (ear wax).
In order to provide sufficient time for aqueous prepara-

tions to act, it is necessary for the patient to remain on his
side for a few minutes so the drops do not run out of theear.
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Otic preparations are dispensed in a container which per-
mits the administration of drops.

Irrigation Solutions

These solutions are used to wash or bathe surgical inci-
sions, woundsor body tissues.. Because they come in con-
tact with exposed tissue, they must meet stringent require-
ments for Injections of the USP such as sterility, particulate
matter and the requirements of the Pyrogen Test. These
products are prepared by dissolving the active ingredientin
Water for Injection. They are packaged in single-dose con-
tainers, preferably Type I or Type TJ glass, or suitable plastic
containers, and then sterilized. See Chapter 78for steriliza-
tion procedures. A numberofirrigations are described in
the USP: Acetic Acid Irrigation for bladder irrigation,
Aminoacetic Acid Irrigation for urethral surgery and Sodi-
um Chloride Irrigation for washing wounds. Other drugs
such as amphotericin B also may be formulated as irriga-
tions.

Sweei or Other Viscid Aqueous Solutions

Solutions which are sweetorviscid include syrups, honeys,
mucilages and jellies. All of these are viscous liquids or
semisolids. The basic sweet or viscid substances giving
body to these preparations are sugars, polyols or polysaccha-
rides (gums).

Syrups

Syrups are concentrated solutions of sugar such as sucrose
in water or other aqueous liquid, When Purified Water
alone is used in making the solution of sucrose, the prepara-
tion is known as Syrup, ot simple syrup. In addition to
sucrose, certain other polyols, such as glycerin or sorbitol,
may be added to retard crystallization of sucrose or to in-
crease the solubility of added ingredients. Alcohol often is
included as a preservative and also as a solvent for flavors;
further resistance to microbial attack can be enhanced by
incorporating antimicrobial agents. When the aqueous
preparation contains some added-medicinal substance, the
syrup is called a medicated syrup. A flavored syrup is one
which usually is not medicated, but which contains various
aromatic or pleasantly flavored substances and is intended
to be used as a vehicle or flavor for prescriptions.

Flavored syrups offer unusual opportunities as vehicles in
extemporaneous compounding and are accepted readily by
both children and adults. Because they contain no, or very
little, alcohol they are vehicles of choice for many of the
drugs that are prescribed by pediatricians. Their lack of
alcohol makes them superior solvents for water-soluble sub-
stances. However, sucrose-based medicines continuously
administered to children apparently cause an increase in
dental caries and gingivitis; consequently, alternate formu-
lations-of the drug either unsweetened or sweetened with
noncariogenic substances should be considered. A knowl-
edge of the sugar content of liquid medicines is useful for
patients who are ona restricted calorie intake; a list has been
prepared by Bergen,®

Syrups possess remarkable masking properties for bitter
or saline drugs. Glycyrrhiza syrup has been recommended
for disguising the salty taste of bromides, iodides and chlo-
rides. This has been attributed to its colloidal character and

its double sweetness—the immediate sweetness of the sugar
and the lingering sweetness of the glycyrrhizin. This syrup
is also of value in masking bitterness in preparations con-
taining the B complex vitamins. Acacia Syrup USP, be-
cause of its colloidal character, is of particular value as a

vehicle for masking the disagreeable taste of many medica-
ments, Raspberry Syrup PC is one of the most efficient
flavoring agents andis especially useful in masking the taste
of bitter drugs. Many factors, however, enter into the
choice of a suitable flavoring agent. Literature reports are
often contradictory and there appears to be no substitute for
the taste panel. The literature on this subject has been
reviewed by Meer,’ andthis reference and Chapter 66 should
be consulted for further information on the flavoring of
pharmaceuticals and the preparation of a numberofofficial
syrups. A series of papers by Schumacher deals with im-
proving the palatability of bulk-compounded products using
flavoring and sweetening agents.®

In manufacturing syrups the sucrose must be selected
carefully and a purified water, free from foreign substances,
and clean vessels and containers must be used. The opera-
tion must be conducted with care to avoid contamination,if
the products are to be stable.

It is important that the concentration of sucrose approach
but not quite reach the saturation point. In dilute solutions
sucrose provides an excellent nutrient for molds, yeasts and
other microorganisms. In concentrations of 65% by weight
or more, the solution will retard the growth of such microor-
ganisms. However, asaturated solution may lead to crystal-
lization of a part of the sucrose under conditions of changing
temperature.

Whenheat is used in the preparation of syrups, there is
almost certain to be an inversion of a slight portion of the
sucrose. Sucrose solutions are dextrorotary but, as hydroly-
sis proceeds, the optical rotation decreases and becomes
negative when the reaction is complete. This reaction is
termed inversion because invert sugar (dextrose plus levu-
lose) is formed. The speed of inversion is increased greatly
by the presence of acids; the hydrogen ion acts as a catalyst
in this hydrolytic reaction. Invert sugar is more readily
fermentable than sucrose and tends to be darker in color.

Nevertheless, its two reducing sugars are of value in retard-
ing the oxidation of other substances.

Invert Syrup is described in the PC. It is prepared by
hydrolyzing sucrose with hydrochloric acid and neutralizing
the solution with calcium or sodium carbonate. Thesucrose
in the 66.7% w/w solution must be at least 95% inverted.
The monograph states that invert syrup, when mixed in
suitable proportions with syrup, prevents the deposition of
crystals.of sucrose under most conditions of storage.

The levulose formed during inversion is sweeter than su-
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crose and, therefore, the resulting syrup is sweeter than the
original syrup. The relative sweetness of levulose, sucrose
and dextroseis in the ratio of 173:100:74. Thus, invert sugar
is 1/100 (173 + 74), = 1,23 times as sweet as sucrose. The
levulose formed during the hydrolysis also is responsible for
the darkening of syrup. It is sensitive to heat and darkens
readily, particularly in solution. When syrup or sucroseis
overheated, it caramelizes. See Caramel (page 1290). Oc-
casionally, it is appropriate to use a sugar-free liquid prepa-
ration; a list of these has been published.?

Preparation—Syrups are prepared in various ways, the
choice of the proper method depending on the physical and

chemical characteristics of the substances entering into the
preparation.

Solution with Heat—This is the usual method of making syrups
when the valuable constituentis neither volatile nor injured by heat, and
whenit is desirable to make the syrup rapidly. The sucrose usually is
added to the purified water or aqueous solution and heated until solution
is effected, then strained and sufficient purified water added to make the
desired weight or volume. If the syrup is made from an infusion, a
decoction or an aqueous solution containing organic matter, such as sap
from maple trees, it usually is proper to heat the syrupto the boiling
point to coagulate albuminous matter; subsequently, this is separated by
straining. Ifthe albumin or other impurities were permitted to remain
in the syrup, fermentation probably would be induced m warm weather.
Saccharometers are very useful in making syrups by the hot process in
cases where the proper specific gravity of the finished syrup is known.
They maybe floated in the syrup while boiling, and thus the exact degree
of concentration determined without waiting to cool the syrup and hav-
ing to heat it again to concentrate it further. When taking a reading of
the specific gravity of the hot syrup, allowance must be made for the
variation from the official temperature (specific gravities in the USP are
taken at 25°).

Excessive heatingof syrups at the boiling temperatureis undesirable
since more or lesg inversion of the sucrose occurs with an increased
tendency to ferment. Syrups cannot be sterilized in an autoclave with-
out some caramelization. This is indicated by a yellowish or brownish
color resulting from the formation of caramel by theaction of heat uponsucrose.

The formula and procedure given for Acacia Syrup (page 1301) illus-
trates this method of preparation.

Agitation without Heat—This process is used in those cases where
heat would cause the loss of valuable, volatile constituents. In making
quantities up to 2000 mL the sucrose should be added to the aqueous
solution in a bottle of about twice the size required for the syrup. This
permits active agitation and rapid solution. Stoppering the bottle is
important, as it prevents contaminationand loss during the process.
The bottle should be allowed to lie on its side when not being agitated.
Glass-lined tanks with mechanical agitators, especially adapted to dis-
solving of sucrose, are used for making syrups in large quantities.

This method and that previously described are used for the prepara-
tion of a wide variety of preparations that are popularly described aa
syrups. Most cough syrups, for example, contain sucrose and one or
more active ingredients. However, the exact composition of such prod-
ucts is not given on thelabel. Furthermore, some of these products are
listed in the USP but no directions are given for their preparation. For

example, aeenee Syrup USP (glyceryl guaiacolate syrup)is officialbut the only known ingredients are guaifenesin (glyceryl guaiacolate)
and ethanol(notless than 3% or more than 4%).

The PC, on the other hand, gives a method for the preparation of
Codeine Phosphate Syrup. This contains codeine phosphate (5 g), wa-
ter for preparations (15 mL), chloroform spirit (25 mL) and sufficient
syrup to make 1000 mL. It can be used for the relief of cough. Another
syrup for this purpose is Codeine LinctusPC. ‘This is really a medicated
syrup which possesses demulcent, expectorant or sedative properties.
Unlike the syrup,it is colored andflavored. The formula for Codeine
Linctus PCis: ,

Codeine Phosphate ..........000008 vaaenaad aE
Compound Tartrazine Solution ...........0+ 10 mL
Benzoic Acid Solution .........000ecencunes 20 mL
Chloroform Spirit .........0.....00000 ceca 20 mL
Water for Preparations ...,.......s0000eeee 20 mL
Lemon Syrup ......c ccc c eee e eee eene tenes 200 mL
Sora s.5 Fup eae dg ekkbar ce ceceseskappenres to 1000 mL

Dissolve the codeine phosphate in the water, add 500 mL of the syrup
and mix. Add the other ingredients and sufficient syrup to produce
1000 mL.

Forpediatric use, 200 mL ofthis linctus is diluted with sufficient syrup
to make 1000 mL. If sugar is contraindicated in the diet, Diabetic
Codeine Linctus can be used:

Codeine Phosphate ..............2-...-220- aE
Citric Acid monohydrate ..................- jg
Lemon Spirit 2.2.0.0... 0.00... c cece eeu imL
Compound Tartrazine Solution ....... naama es 10 mL
Benzoic Acid Solution .:........... veh anne 20 mL
Chloroform Spirit ..... oe Tee eee 20 mL
Water for Preparations ........2.-....0000 20 mL
Sorbitol Solution .......-.,...---.......... to 1000 mL

Dissolve the codeine phosphate and thecitric acid in the water, add
750 mL of the sorbitol solution and mix. Add the other ingredients and
sufficient sorbitol solution to produce 1000 mL,

Sorbitol Solution is the sweetening agent and contains 70% w/w of total
solids, consisting mainly of D-sorbitel. It has about half the sweetening
powerofsyrup. In the US the FDA has banned theuseofchloroform in
medicines and cosmetics because of reported carcinogenicity in animals.

Basic formulations can be varied easily to produce the highly adver-
tised articles of commerce. The prescription-only drug (eg, codeine
phosphate or methadone) must, of course, be omitted from the formula-
tion but, in certain countries, such as Canada, a decreased quantity of
codeine phosphate is permitted inan OTC cough syrup. In addition to
the ingredients cited orlisted in theofficial compendia (eg, tolu, squill or
ipecacuanha), many cough syrups contain an antihistamine.

Many other active ingredients (eg, ephedrine sulfate, dicyclomine
hydrochloride, chloral hydrate or chlorpromazine hydrochloride) are
marketed as syrups. Like cough syrups, these preparationsare flavored,
colored and recommended in those instances where the patient cannot
swallow the solid dosage form.

Addition of a Medicating Liquid to Syrup—This methodis resort-
ed to in those cases in which fluidextracts, tinctures or other liquids are
addedto syrup to medicate it. Syrups made in this way usually develop
precipitates since alcoholis often an ingredient of the liquids thus used,
and the resinous and oily substancesdissolved by the alcoholprecipitate
when mixed with the syrup, producing unsightly preparations. A modi-
fication of this process, frequently adopted, consists ofmixing the fluid-
extract or tincture with the water, allowing the mixture to stand to
permit the separation of insoluble constituents, filtering and then dis-
solving the sucrose inthefiltrate. It is obvious thatthis procedure is not
permissible when the precipitated ingredients are the valuable medici-
nal agents.

The formula and procedure given for Aromatic Eriodictyon Syrup
USP(page 1301) illustrate this method of preparation.

Percolation—In this procedure, purified water, or an aqueous solu-
tion, is permitted to pass slowly through a bed ofcrystalline sucrose, thus
dissolving it and forming asyrup. A cotton pledget is placed in the neck
of the percolator and the water or aqueous solution added, By means of
a suitable stopcock the flow is regulated so that drops appear in rapid
succession. If necessary, a portion of the liquidis recycled through the
percolator to dissolve all the sucrose. Finally, sufficient purified water
is passed through the cotton to make the required volume.

To be successful in using this process, care in several particulars must
be exercised; (1) the percolator used should be cylindrical or semicylin-
drical and cone-shaped as it nears the lowerorifice; (2) a coarse granular
sugar must be used, otherwise it will coalesce into a compact mass, which
the liquid cannot permeate; (3) the purified cotton must be introduced
with care.

If pressed in too tightly, the cotton will stop the process effectually;if
inserted tao loosely, the-liquid will pass through the cotton rapidly and
the filtrate will beweak and turbid (from imperfectfiltration); it should
be inserted completely within the neck of the percolator, since a protrud-
ing end, inside the percolator, up through the sucrose, will permit the last
portions ofwater to pass outat the lowerorifice without dissolving all the
sucrose. For specific directions see Syrups (page 1301). The process of
percolation is applied on a commercial scale for the making of official.
syrups as well as those for confectionary use.

Percolation is thepreferred method for the preparation ofSyrup USP
(page 1301). The sucrose, in this instance,is placed in the percolator.
However, a slightly modified approach must be used if a drug of vegeta-
ble origin is to be incorporated into the syrup. For example, wild cherry
bark is first percolated with water; the collection vessel contains sucrose
(800 g) and glycerol (60 mL). When the total volumeis 1000 mL, the
percolate is agitated: to produce Wild Cherry Syrup PC.

Reconstitution—In order to improvestability and minimize microbi-
al contamination, dry syrup formulations can be prepared and Purified -
Water USPadded just prior to dispensing or use. Powder mixtures,
wholly granulated products and partially granulated products have been
investigated for this purpose by Ryder.!"

The powder mixture preparation requires less equipment and energy
to prepare. Chemical stability problems are minimal, since no heat or
solvents are used in the process and a low moisture content can be
obtained in the final product; unfortunately, powder mixtures are prone
to homogeneity problems. In the case of the wholly granulated product
all the ingredients are included in the granulation stage. The drug may
be incorporated into the dry product before granulation or dissolved or
suspendedin the granulating fluid, After formation, the granules are
dried and then screened to break down oversize particles. The advan-
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tages of granulated over powder mixtures include better appearance,
better flow, fewer segregation problems andless dust during processing,
Partially granulated mixtures are used to gain some of the advantages of
granulation without the disadvantages. Usually the drug, and otherfine
particles, are included at the granulation stage, perhaps with somedilu-
ents to Improveflow and reduce segregation and dust. Materials select-
ed for mixing with the dried granules would include thermolabile excipi-
ents, such as flavors, and free flowing materials, such as sugars.

Preservation—Syrups should be made in quantities
which can be consumed within a few months, except in those
cases where special facilities can be employed for their per-
servation; a low temperature is the best method. The USP
indicates that syrups should not be exposed to excessive
heat. Concentration without super-saturation is also a con-
dition favorable to preservation. The USPstates that syr-
ups may contain preservatives to prevent bacterial and mold
growth such as glycerin, methylparaben, benzoic acid and
sodium benzoate, particularly when the concentration of
sucrose in the syrup is low. Combinationsof alkyl esters of
p-hydroxybenzoic acid are effective inhibitors of yeasts
which have been implicated in the contamination of com-
mercial syrups. Any attempt to restore syrups spoiled
through fermentation by heating them and “working them
over” is reprehensible.

Theofficial syrups should be preserved in well-dried bot-
tles, preferably those which have been sterilized. These
bottles should not hold more than is likely to be required
during 4 to 6 weeks and should be filled completely, stop-
pered carefully and stored in a cool, dark place.

Syrups Prepared from Juices

Blackberry, pineapple and strawberrysyrups may be pre-
pared by following the directions in Raspberry Syrup PC.
One volume of the concentrated raspberry juice is diluted
with 11 volumes of syrup. Black Current Syrup PCis pre-
pared in a similar manner but also can be prepared from
black currants, with certain modifications. The pectin in
the juice is destroyed with pectinase. The syrup is prepared
from 700 gof sucrose and 560 mL ofclarified juice and is
preserved with sulfurous acid or sodium metabisulfite. The
addition of a dye is permitted, provided it complies with the
pertinent government regulations, Cherry Syrup USP is
prepared from cherry juice by the addition of alcohol, su-
crose and water (page 1301).

Honeys

Honeys are thick liquid preparations somewhatallied to
the syrups, differing in that honey, instead of syrup, is used
asa base. They are unimportantas a class of preparations
today but at one time, before sugar was available and honey
was the most common sweetening agent, they were used
widely. PC lists two preparations containing honey. The
first, Oxymel, or “acid honey,” is a mixture of acetic acid
(150 mL), purified water (150 mL) and honey(sufficient to
produce 1000 mL of product). Squill Oxymel contains
squill, water, acetic acid and honey and is prepared by a
maceration process.

One nonofficial preparation contains borax (10.5 g), glye-
erin (5.25 g) and sufficient honey to make 1000 g. It has
been indicated that this type of product can cause serious
boric acid intoxication in babies. It should not be used in
pharmaceutical practice. Thick and thin sugar pastes con-
taining Caster sugar (very fine granular sugar), icing sugar
(additive-free), polyethylene glycol 400 and hydrogen perox-
ide (in a final concentration of 0.15%) have been prepared
and shown to be beneficial in the process of wound healing.

Mucilages

Theofficial mucilages are thick, viscid, adhesive liquids,
produced by dispersing gum in water, or by extracting the
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mucilaginous principles from vegetable substances with wa-
ter. The mucilages all are prone to decomposition, showing
appreciable decrease in viscosity on storage; they should
never be madein quantities larger than can be used immedi-
ately, unless a preservative is added. Acacia Mucilage NF
XII contains benzoic acid and Tragacanth Mucilage BPC
(1978) contains alcohol and chloroform water. Chloroform
in manufactured products for internal use is banned in some
countries.

Acacia Mucilage may be prepared by placing 350 ¢ of
acacia in a graduated bottle, washing the drug with cold
purifiedwater, allowing it to drain and adding enough warm
purified water, in which 2 g of benzoic acid has been dis-
solved, to make the product measure 1000.mL. The bottle
then is stoppered, placed on its side, rotated occasionally
and the preduct strained when the’acacia has dissolved.

Tragacanth Mucilage BPC (1973) is prepared by mixing
12.5 g of tragacanth with 25 mL alcohol (90%) in a dry bottle
and then quickly addingsufficient chloroform water to 1000
mL and shaking vigorously. The alcohol is used to disperse
the gum to prevent agglomeration on addition of the water.

Mucilages are used primarily to aid in suspending insolu-
ble subtances in liquids; their colloidal character andviscosi-

ty help prevent immediate sedimentation. Examples in-
clude sulfur in lotions, resin in mixtures and oils in emul-
sions. Both tragacanth and acacia either are partially or
completely insoluble in alcohol. Tragacanth is precipitated
from solution by alcohol, but acacia,-on the other hand,is
soluble in diluted alcoholic solutions. A 60% solution of

acacia may be prepared with 20% alcohol and a 4% solution
of acacia may be prepared even with 50% alcohol.

The viscosity of tragacanth mucilage is reduced by acid,
alkali or sodium chloride, particularly if the mucilage is
heated. It shows maximum viscosity at pH 5. Acacia is
hydrolyzed by dilute mineral acids to arabinose, galactose,
aldobionic and galacturonic acids. Its viscosity is low butis
maintained over a wide pH range.

Recent research on mucilages includes the preparation of
mucilage from plantain and the identification of its sugars,
the preparation and suspending properties of cocoa gum,the
preparation of glycerin ointments using flaxseed mucilage
and the consideration of various gums and mucilages ob-
tained from several Indian plants for pharmaceutical pur-
poses.

Several synthetic mucilage-like substances such as polyut-
nyl alcohol, methylcellulose, carboxymethylcellulose andrelated wubstenices) as describedin Chapter66, are used as
mucilage substitutes, emulsifying and suspending agents.
Methylcellulose (page 1306) is used widely as a bulk laxative
sinceit absorbs water and swells to a hydrogel in the intes-
tine, in much the same manneras psyllium or kRaraya gum.
Methylcellulose Oral Solution is a flavored solution of the
agent. It may be prepared by adding slowly the methylcel-
lulose to about one-third the amount of boiling water, with
stirring, until it is thoroughly wetted. Cold water then
should be added and the wetted material allowedto dissolve

while stirring, The viscosity of the solution will depend
upon the concentration and the specifications ofthe methyl-
cellulose. The synthetic gums are nonglycogenetic and may
be used in the preparation of diabetic syrups. Several for-
mulas for such syrups, based on sodium carboxymethylcellu-
lose, haye been proposed.

Uniformly smooth mucilages sometimes are difficult to
prepare due to the uneven wetting of the gums. In general,
it is best to use fine gum particles and disperse them with
good agitation in a little 95% alcoholor in cold water (except
for methylcellulose). The appropriate amount of water
then can be added with constant stirring. A review of the

chemistry.and properties of acacia and other gums has been
prepared.!!
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Jellies

Jellies are a class of gels in which the structural coherent
matrix contains a high portion of liquid, usually water.
Theyare similar to mucilages, in that they may be prepared
from similar gums, but they differ from the latter in having a
jelly-like consistency. A whole gum of the best quality,
rather than apowdered gum,is desirable in order to obtain a
clear preparation of uniform consistency. Tragacanth is the
gum used in the preparation of Ephedrine Sulfate Jelly NF
XII. While the specific thickening agent in the USPjellies
is not indicated, reference usually is made in the monograph
to a water-soluble viscous base. These preparations also
may be formulated with water from acacia, chondrus, gela-
tin, carboxymethylcellulose and similar substances.

Jellies are used as lubricants for surgical gloves, catheters

and rectal thermometers. Lidocaine Hydrochloride Jelly
USPis used as a topical anesthetic., Therapeutic vaginal
jellies are available and certain jelly-like preparations are
used for contraceptive purposes, which often contain sur-
face-active agents to enhance the spermatocidal properties
of the jelly. Aromatics, such as methy] salicylate and euca-

lsptol, often are added to give the preparation a desirableor.

Jellies are prone to microbial contamination and iharefaks
contain preservatives, eg, methyl p-hydroxybenzoate is used
as a preservative in a base for medicatedjellies. This base
contains sodium alginate, glycerin, calcium gluconate and
water. The calcium ions cause a cross-linking with sodium
alginate to form a gel of firmer consistency. A discussion of
gels is provided later in the chapter.

Nonaqueous Solutions

It is difficult to evaluate fairly the importance of nonaque-
ous solvents in pharmaceutical processes. That they are
important in the manufacture of pharmaceuticals is an un-
derstatment. However, pharmaceutical preparations, and,
in particular, those intended for internal use, rarely contain
more than minor quantities of the organic solvents that are
common to the manufacturing or analytical operation. For
example, industry uses large quantities of chloroform in
some operations but the solvent is of only minor importance
with respect to the final product. One mL of chloroform
dissolves in about 200 mL of water and the solution so
formed finds some use as a vehicle (see the section on Aro-
matic Waters). Chloroform has been an ingredient in a
number of cough syrupsin the past but it has been banned in
the US by the FDA in manufactured products intended for
internal use. Solvents such as acetone, benzene and petro-

leum ether must not be ingredients in preparations intendedfor internal use.

Products of commerce may contain solvents such as
ethanol, glycerin, propylene glycol, certain oils arid liquid
paraffin. Preparations intended for external use may con-
tain ethanol, methanol, isopropyl alcohol, polyethylene gly-.
cols, various ethers and certain esters. A good example of
preparations of this type are the rubefacient rubbing alco-
hols. Rubbing Alcohol must be manufactured in accor-
dance with the requirements of the Bureau of Alcohol, To-
bacco and Firearms, US Treasury Dept, using Formula 23-H
denatured alcohol. This mixture contains 8 parts by volume
of acetone, 1.5 parts by volume of methyl isobutyl ketone
and 100 parts by volume of ethanol. Besides the alcohol in
the Rubbing Alcohol, the final product must contain water,
sucrose octaacetate or denatonium benzoate and may con-
tain color additives, perfume oils anda suitable stabilizer.
The alcohol content, by volume, is notless than 68.5% and
not more than 71.5%. The isopropyl alcohol content in
lsopropyl Rubbing Alcohol can vary from 68.0% to 72.0% and.
the finished product may contain color additives, perfume
oils and suitable stabilizers.’

Although the lines between aqueous and nonaqueous
preparations tend to blur in those cases wherethe solventis
water-soluble, it is possible to categorize a numberof prod-
ucts as nonaqueous. This section is, therefore, devoted to
groups of nonaqueous solutions; the alcoholic or hydroalco-
holic solutions (eg, elixirs and spirits), ethereal solutions (eg,
collodions), glycerin solutions (eg, glycerins), oleaginous so-
lutions (eg, liniments, oleovitamins and toothache drops),
inhalations and inhalants.

Although thislistis self-limiting, a wide variety of solvents
are used in various pharmaceutical preparations. Solvents
such as glycerol formal, dimethylacetamide and glycerol di-

methylketal have been recommended for many products
produced by the industry. However, the toxicity ofmany of
these solvents is not well-established and, for this reason,
careful clinical studies should be carried out on the formu-

lated product before it is released to the marketplace.
It is essential that the toxicity of solvents be tested appro-

priately and approved in order to avoid problems: for ex-
ample, the tragic loss of life which occurred during 1937
whendiethylene glycol was usedin an elixir of sulfanilamide.
The result of this tragedy was the 1938 Federal Food, Drug
and Cosmetic Act, which required that products be tested
for both safety and effectiveness.

Collodions

Collodions areliquid preparations containing pyroxylin (a
nitrocellulose) in a mixture of ethyl ether and ethanol.
They are applied to the skin by meansofasoft brush or other
suitable applicator and, when the ether and ethanol have
evaporated, leave a film of pyroxylin on the surface. The
official medicated collodion, Salicylic Acid Collodion USP,
contains 10% w/v of salicylic acid in Flexible Collodion USP
and is used as a keratolytic agent in the treatment of corns
and warts. Collodion USP and Flexible Collodion USP are

water-repellent protectives for minor cuts and scratches.
Collodion is madeflexible by the addition of castoroil and
camphor. Collodion has been used to reduce or eliminate
the side effects of fluorouracil treatment of solar keratoses.
Vehicles other than flexible collodion, such as a polyacrylic
base, have been used to incorporate salicylic acid for the
treatment of warts with less irritation.

Elixirs

Elixirs are clear, pleasantly flavored, sweetened hydroal-
coholic liquids intended for oral use. Theyare used as
flavors and vehicles such as Aromatic Elixir (page 1302) for
drug substances and, when such substances are incorporated
into the specified solvents, they are classified as medicated
elixirs, eg, Dexamethasone Elixir USP and Phenobarbital
Elixir USP. The main ingredients in elixirs are ethanol and
water but glycerin, sorbitol, propylene glycol, flavoring
agents, preservatives and syrups often are used in the prepa-
ration of the final product.

The distinction between some of the medicated syrups
and elixirs is not always clear. For example, Ephedrine
Sulfate Syrup USP contains between 20 and 40 mL of alco-
hol in 1000 mL of product. Ephedrine Elixir PC contains
syrup and 100 mL of ethanol in the same final volume.
Definitions are, therefore, inconsistent and, in some in-
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stances, not too important with respect to the namingof the
articles of commerce. The exact composition must, howev-
er, be known if the presence or absenceof an ingredient (eg,
sucrose)is of therapeutic significance or when an additional
ingredient must. be incorporated in the product.

Elixirs contain ethyl alcohol. However, the alcoholic con-
tent will vary greatly, from elixirs containing only a small
quantity to those that contain a considerable portion as a
necessary aid to solubility. For example, Aromatic Elixir
USP contains 21 to 28% of alcohol; Compound Benzalde-
hyde Elixir, on the other hand, contains 8 to 5%.

Elixirs also may contain glycerin and syrup.. These may
be addedto increase the solubility of the medicinal agent or
for sweetening purposes. Someelixirs contain propylene
glycol. Claims have been made for this solvent as a satisfac-
tory substitute for both glycerin and alcohol. Sumner,'? in
his paper on terpin hydrate preparations, summarized the
advantages and disadvantages of this solvent and suggested
several formulations with therapeutic characteristics superi-
or to those of theelixir described in NF XIII.

One usual dose of the elixir (5 mL) contains 85 mg of
terpin hydrate. This substance is used in bronchitis in
doses of 125 to 300 mg as an expectorant. Therefore, the
elixir is ineffective for the treatment of bronchitis. Howev-

er, it is used as a vehicle for the drugs in many commercially
available cough syrups. These may contain dextromethor-
phan hydrobromide codeine phosphate, chlorpheniramine
maleate, pyrilamine maleate, ammonium chloride, creosote
and a wide variety of other drugs with expectorant and
antitussive properties.

One of the fourformulations described in Sumner’s> Paperis given below:.

TerpinHydrate......... 233655 peers 6.0 ¢
OFEnge Ol ic saeceed camiadaasiacavanas 0.1 mL
Benzaldehyde ..........-..-2s200-0045 0.005 mL
Sorbitol Solution USP eeore rele 10.0 mL
Propylene Glycol .........2.0000005 ime 40.0 mL
Alcohol ...5.. 6600s. essccevse ese nates 43.0 mL

Purified Water, a sufficient quan-
tity, to make cues e eee daPahety az 100.0 mL

Dissolve the terpin hydrate in the propylene glycol and sorbitol
solution which have been heated to 50°. Add the oil and the benzal-

dehyde to the alcohol and mix with the terpin hydrate solution at
25°. Add sufficient purified water to make the product measure100 mL.

The elixir contains 300 mg of terpin hydrate/5 mL, a
minima! quantity of alcohol and flavoring agents which ade-
quately mask the taste of propyleneglycol.

Although alcoholis an excellent solvent for some drugs,it
does accentuate the saline,taste of bromides and similar

salts.. It often is desirable, therefore, to substitute some
other solvent that is more effective in masking such tastes
for part of the alcohol in the formula. In general, if taste is a
consideration, the formulator is more prone to use a syrup
rather than a hydroalcoholic vehicle.

An elixir may contain water- and alcohol-soluble ingredi-

aoe If suchiis the case, the following procedureis indicat-e&

Dissolve the water-soluble ingredients in part of the water. Add
and solubilize the sucrose in the aqueous solution. Prepare an
alcoholic solution containing the other ingredients. Add the aque-
ous phase to the alcoholic solution,filter and make to volume withwater.

Sucrose increases viscosity and decreases the solubilizing
properties of water and so must be added after primary
solution has been effected. A high alcoholic content is
maintained during preparation by adding the aqueous phase
to the alcoholic solution. Elixirs always should bebrilliant-
ly clear. They maybestrainedor filtered and, if necessary,
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subjected to the clarifying action of purified talcorsiliceous
earth,

One of the formerofficial elixirs, Iso-Alcoholic Elixir NF
XV (page 1328), actually is a combination of twosolutions,
one containing 8 to 10% ethanol and the other containing 73
to 78%. Itis-used as a vehicle for various medicaments that

require solvents of different alcoholic strengths. For exam-
ple, the alcoholic strength of the elixir to be used with a
single liquid galenical is approximately the same as that of
the galenical. When different alcoholic strengths are em-
ployed in the same prescription, the elixir to be used is the
one that produces the best solution. This is usually the
average of the alcoholic strengths of the several ingredients.
For nonextractive substances, the lowest alcoholic strength
ofelixir that will produce a clear solution should beselected.

The formula for High-Alcoholic Elixiris:

Compound Orange Spirit ............-.- 4mL
Saccharin .--... fiena'nne aoe Podtseaivean 3¢
GICEFE:, naps ed eee res enlace neeae 200 mL
Alcohol, a sixfficieat quantity,tomake .... 1000 mL

This elixir, and many other liquid preparations intended
for internal use (eg, the diabetic syrups thickened with sodi-
um carboxymethylcellulose or similar substances) contain
saccharin. During the past few years, scientists have stud-
ied the toxic effects of this sweetening agent and of the
cyclamates. The cyclamate studies showed that the sweet-
ener could produce cancer in animalsand, as a result, this
substance was remoyed from a wide variety of products.
Similar studies have been carried out on saccharin.

Cyclamates and saccharin have been banned in some
countries as ingredients in manufactured products. Much
reserch has been doneto find a safe synthetic substitute for
sucrose. As a result, aspartame (methyl N(-L-a-aspartyl)-
L-phenylalaninate), which is about 200 times sweeter than
sucrose, is being used now in many commercial preparations
as the sweetening agent. It is sparingly soluble in water and
is most stable at a pH of 4.3, This compoundlikely will be
used in a number of pharmaceutical formulations in the
future.8

Incompatibilities—Since elixirs contain alcohol, incom-
patibilities of this solvent are an important consideration
during formulation. Alcohol precipitates tragacanth,acacia
and agar from aqueous solutions. Similarly, it will precipi-
tate many inorganic salts from similar solutions. The impli-
cation here is that such substances should be absent from
the aqueous phase or present in such concentrations ‘that
there is no danger ofprecipitation on standing.

Ifan ageoussolution is added to an elixir, a partial precipi-
tation of ingredients may occur. This is due to the reduced
alcoholic content of the final preparation. Usually, howev-
er, the alcoholic content of the mixture is not sufficiently
decreased to cause separation. As vehicles for tinctures and
fluidextracts, the elixirs generally cause a separation of ex-
tractive matter from these products due to a reduction of the
alcoholic content.

Many of the incompatibilities between elixirs, and the
substances combined with them, are due to the chemical
characteristics of the elixir per se, or ofthe ingredients in the
final preparation. Thus,certain elixirs are acidin reaction
while others may be alkaline and will, therefore, behave
accordingly.

Glycerins

Glycerinsor glycerites are solutions or mixtures of medici-
nal substances in not less than 50% by weight of glycerin.
Mostof the glycerins are extremely viscous and someare ofa
jelly-like consistency. Few of them are used extensively.



1532 CHAPTER 683

Glycerin is a valuable pharmaceutical solvent forming
permanent.and concentrated solutions not otherwiseobtain-
able. Someof these solutions are usedin their original form
as medicinal agents while others are used to prepare aqueous
andalcoholic dilutions of substances which are not readily
soluble in water or alcohol. Antipyrine and Benzocaine Otic
Solution USP was discussed previously under Otic Solu-
tions. One of the glycerins, Phenol Glycerin PC is diluted
with glycerin to form the pharmaceutical preparation, Phe-
nol Ear-Drops PC,

Phenol Glycerin PC
PROMusc ata-g cs Sean nana be0-b a Gah Dba distey 160 ¢
Glycerin ...... eid ey ery ete bn pieck seis ieee pe 840 ¢

Dissolve the phenolin the glycerin.

Phenol Ear-Drops PC

Phenol Glycerin ...................2005- 40 mL
Glycerin,a sufficient quantity,

tomake 0 ciaehsia in adds ccsaecinwaacs - 100 mL

Water must not be added to this preparation. It reacts
with the phenol to produce a preparation which is caustic
and, consequently, damaging to the area of application.
This product no longer is recommended becauseofthepossi-
bility of necrosis and perforation of the tympanic mem-
brane. As noted under Otic Solutions, glycerin alone is used
to aid in the removal of cerumen.

Sodium Bicarbonate Ear-Drops PC maybe usedifwax is
to be removed from the ear. This preparation contains
sodium bicarbonate (5 g), glycerin (30 mL) and purified
water (a sufficient quantity to make 100mL). A glycerin
base was chosen as the optimum solvent for an otic prepara-
tion in a study involving the stability and antimicrobial
activity of kanamycin sulfate otic drops.

Starch Glycerin, an emollient, contains starch (100 g),
benzoic acid (2 g), purified water (200 mL) andglycerin (700

Glycerins are hygroscopic and should bestored in tightly
closed containers,

Inhalations and Inhalants

itnhalations
These preparations are so used or designed that the drug

is carried into the respiratory tree ofthe patient. The vapor
or mist reaches the affected area and gives prompt relief
from the symptoms of bronchial and nasal congestion. The
USP defines Inhalations in the followingway:

Inhalations are drugs or solutions of drugs administered by the nasal
or oral respiratory route fér local or systemic effect. Examples in this
Pharmacopeia are Epinephrine Inhalation and Isoproterenol Hydro-
chloride Inhalation, Nebulizers are suitable for the administration of
inhalation solutions only if they give droplets sufficiently fine and uni-
form in size so that the mist reaches the bronchioles,

Another group of products, also known as inhalations, andsometimes
called insufflations, consists of finely powdered or liquid drugs that are
carried into therespiratory passages by the use of special delivery sys-
tems, such as pharmaceutical aerosols, that hold asolution or suspension
of the drug in a liquefied gas propellant (see Aerosols). When released
through a suitable valve and oral adapter, a metered dose of the inhala-
tion is propelled into the respiratory tract of the patient. Powders also
may be administered by mechanical devices that require a manually

prodoced pressure or a deep inspiration by the patient, eg, Cromolynodium. '

Solutions may be nebulized by use of inert gases. Nebulized solutions
may be breathed directly from the nebulizer, or the nebulizer may be
attached to a plastic face mask, tent or intermittent positive-pressure
breathing (IPPB) machine. :

As stated in the USP,particle size is of major importance
in the administration of this type of preparation, Thevari-
ous mechanical devices that are used in conjunction with
inhalations are described in some detail in Chapter 104. It

has been reported that the optimum particle size for pene-
tration into the pulmonarycavity is of the order of 0.5to 7
pm. Fine mists are produced by pressurized aerosols and
hence possess basic advantages over the older nebulizers; in
addition, metered aerosols deliver more uniform doses. See
Chapter 92.

The term Inhalation is used commonly by the layman to
represent preparations intendedto be vaporized with the aid
of heat, usually steam, and inhaled. Benzoin Inhalation PC
contains benzoin, storax and alcohol. The vapors from a
preparation containing 1 teaspoonfulof the tincture and 1 qt
of boiling water may be inhaled. The device known as a
vaporizer is used: with a number of commercially available
preparationsof this type.

‘Epinephrine Inhalation and Isoproterenol Hydrochloride
Inhalation are described in the USP.

Inhalants

The USPdefines inhalants as follows:
 Aspecial class of inhalations termed “inhalants” consists of drugs or

combinationsof drugs that, by virtue of their high vapor pressure, can be
carried by an air current into the nasal passage where they exert their
effect. The container from which the inhalant is administered is known
asaninhaler. — :

Propylhexedrine Inhalant and Tuaminoheptane Inhalant
consist of cylindrical rolls of suitable fibrous material im-
pregnated with propylhexedrine or tuaminoheptane(ascar-
bonate), usually aromatized, and contained in a suitable
inhaler. Propylhexedrine is the active ingredient in the
widely used Benzedrex Inhaler. Both of these drugs are
vasoconstrictors used to relieve nasal congestion. Inhalers
which come in contact with the mouth or nasal passages
become contaminated by bacteria, thus, they should be re-
stricted to personal use. :

Another inhalant is Amyl Nitrite USP which is very flam-
mableand should not be used where it may be ignited. It is
packagedin sealed glass vials in a protective gauze. Upon
breaking the vial, the gauze absorbs the drug which is then
inhaled for the treatment of anginal pain. See page 843.

Liniments

Liniments are solutions or mixtures of various substances
in oil, alcoholic solutions of soap or emulsions. They are
intended for external application and should be so labeled.
They are rubbed onto the affected area and, becauseofthis,
were once called embrocations. Dental liniments, which are
no longerofficial, are solutions of active substances and are
rubbed into the gums. Most dentists question their useful-
ness and, consequently, this type of preparation is relatively
unimportant as a pharmaceutical form.

Liniments usually are applied with friction and rubbing of
_the skin,the oil or soap base providingfor ease of application
and massage. Alcoholic liniments are usedgenerally for
their rubefacient, counterirritant, mildly astringent and
penetrating effects. Such liniments penetrate the skin more
readily than do those with an oil base. Theoily liniments,
therefore, are milder in their action but are more useful
when massageis required. Dependingontheir ingredients,
such liniments may function solely as protective coatings.
Liniments should not be applied to skin that is bruised or
broken.

Manyof the marketed “white” liniments are based on the
formulation below or variations thereof.

White Liniment PC

Ammonium Chloride .......(33M tale ae 12.5 ¢
Dilute Ammonia Solution .......-...... 45 mL
Wale Reid", lwo dace en vecesev aks 85 mL



SOLUTIONS, EMULSIONS, SUSPENSIONS AND EXTRACTIVES

Turpentine Oil ............. 0002000085
Water for Preparations ..............-.

250 mL
625 mL

Miz the oleic acid with the turpentine oil, Add the dilute ammo-
nia solution mixed with 45 mL of previously warmed water and
shake. Dissolve the ammonium chloride in the remainder of the
water, add to the emulsion and mix.

Other liniments contain antipruritics, astringents, emol-
lients or analgesics and are classified on the basis of their
active ingredient. An example is:

Compound Calamine Application PC
(Compound Calamine Liniment)

Calamine ....... 6: cece eee n eee ees eenee 100g
Mine Oxide ‘¢ mise vids se ciasaa ved craeda seep 50g
Wool Pat. cca e rigors qesesaaene tees sanebalye 25e
Zine Stearate .. 6 203s seek d aaa ened aes 25 ¢
Yellow Soft Paraffin ..........00000eeeaeee 250 ¢
Liquid Paraffin . 2.2... 20.0.2 en eee ewnee 550g

The powders are triturated to a smooth paste with some of the
liquid paraffin (Liquid Petrolatum). The wool fat, zine stearate
and yellow soft paraffin (Petrolatum) are melted, mixed with some
of the liquid paraffin, the mixture incorporated with the triturated
powders andtherestof the liquid paraffin added with mixing.

Dermatologists prescribe products of this type but only
those containing the rubefacients are advertised extensively
and used by consumers for treating minor muscular aches
and pains.

Because of the confusion of camphorated oil (camphor
liniment) with castor oil, which has resulted in ingestion
and, perhaps, to poisoning, camphorated oil has been
banned from the market. It is essential that these applica-
tions be marked clearly for external use only. (Camphorat-
ed Oil presently is classified as a new drug by the FDA.)

Oleovitamins

Oleovitamins are fish-liver oils diluted with edible vegeta-
ble oil or solutions of the indicated vitamins or vitamin

concentrates (usually vitamin A and D)in fish-liver oil. The
definition is broad enough to include a wide variety of mar-
keted products.

‘Oleovitamin A andDisofficial; vitamin D may he present
as ergocalciferol or cholecalciferol obtained by the activation
of ergosterol or 7-dehydrocholesterol] or may be obtained
from natural sources. Synthetic vitamin A, or a concen-
trate, may be used to prepare oleovitamin A. The starting
material for the concentrate is a fish-liver oil, the active
ingredient being isolated by molecular distillation or bya
saponification and extraction procedure. The latter proce-
dureis described in detail in the monograph for Concentrat-
ed Vitamin A Solution PC.

These vitamins are unstable in the presence of rancid oils
and, therefore, these preparations and,in particular, Oleovi-
tamin A, should be stored in small, tight containers, prefera-
bly under vacuum or under an atmosphere of an inert: gas,
protected from light.

Spirits

Spirits, popularly known as essences, are alcoholic or hy-
droalcoholic solutions of volatile substances. Like the aro-

matic waters, the active ingredient in the spirit may be a
solid, liquid or gas. The genealogical tree for this class of
preparations begins with the distinguished pair of products,
Brandy (Spiritus Vini Vitis) and Whisky (Spiritis Fru-
menti), and ends with a widevariety ofproducts that comply
with the definition given above. Physicians have debated
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the therapeutic valueof the former products and these are
no longerofficial in the compendia.

Someof these spirits are used internally for their medici-
nal value, a few medicinally by inhalation anda large num-
ber as flavoring agents. The latter group provides a conve-
nient and ready means of obtaining the volatile oil in the
proper quantity. For example, a spirit or spirit-like prepa-
ration may be used in the formulation of aromatic waters or
other pharmaceuticals that require a distinctive flavor.

Spirits should be stored in tight, light-resistant containers
and in a cool place. This prevents evaporation and volatil-
ization of either the alcoholor the active principle.

Preparation—Thereare four classic methodsofprepara-
tion:

Simple Solution—This is the method by which the majority ofspirits
are prepared. The formula and procedure given for Aromatic Ammonia
Spirit USPillustrate this method of preparation.

Aromatic Ammonia Spirit USP

Ammonium Carbonate,in translu-
cent pieces .........-. bauraihiws sae aRHe. i4g

Strong Ammonia Solution ...............+ 36 mL
Lemon O18) yi. ccci naa cet pac ae ene eens 10 mL
Lavender Oil .........2.-40ce eee eee bala at lmL
Nutmeg Oil ..............- eum a n'nlalalalalalala ImL
ADGOHGD oes ice wt alelate a nalweia ye tbe eee 700 mL
Purified Water, a sufficient quantity ————
Peterete i edn tp legal ele oe Betete a 1000 mL

Dissolve the ammonium carbonate in the sirong ammonia solution
and 195 mL of purified water by gentle agitation and allow the solution
to stand for 12 hours. Dissolve the oils in the alcohol, contained in a
graduated bottle or cylinder, and gradually add the ammonium carbon-
ate solution and enough purified water to make the product measure
1000mL. Set the mixture aside in a cool place for 24 hours, occasionally
agitatingit, then filter, using a covered funnel.

Thespirit is a respiratory stimulant and is administered by inhalation
of the vapor as required. It is marketed in suitabletight, light-resistant:
containers but is also available in a single-dose glass vial wrapped ina
soft cotton envelope. The vial is broken easily; the cotton acts as a
sponge forthe spirit. _Ammonium carbonate is a mixture of ammonium bicarbonate and
ammonium carbamate (NH»COONH,). The carbamate reacts with wa-
ter to form the carbonate, An ammonium carbonate solutionis, there-
fore, a solution of ammonium bicarbonate and ammonium carbonate in
water. However, it decomposes in water, the decomposition products
being ammonia, carbon dioxide and water. The stability of the spirit is
improved by the addition of strong ammonia solution. This represses
the hydrolysis of ammonium carbonate and, in this way, decreases the
loss of dissolved gases.

Solution with Maceration—In this procedure, the leaves of a drug
are macerated in purified water to extract water-soluble matter. They
are expressed and the moist, macerated leaves are added to a prescribed
quantity of alcohol. The volatile oil is added to the filtered liquid.
Peppermint Spirit USP is made by this process. Peppermint Spirit PC
differs from theofficial product in thatit isa solution ofthe volatile oil in
alcohol only. The concentration of volatile oil in the final product is
about the samebut the official preparation possesses agreen color. The
ready availability of soluble chlorophyll and other coloring agents had
led to the frequent suggestion that a more uniform product could be
obtained through their use. However, these agents cannot be used in
preparing the official article,

The formula and procedure for Peppermint Spirit USP (page 798)
illustrate this method of preparation.

Chemical Reaction—Noofficial spirits are prepared by this process.
Ethyl nitrite is made by the action of sodium nitrite on a mixture of
alcohol and sulfuric acid in the cold. This substance then is used to
prepare Ethyl Nitrite Spirit, a product no longer official.

Distillation—Brandy and Whisky are made by distillation. The
latter is derived from the fermented mash of wholly or partially germi-
nated malted cereal grains and the former from the fermented juice of
ripe grapes.

Incompatibilities—Spirits are, for the most part, prepa-
rationsofhigh alcoholic strength and do not lend themselves
well to dilution with aqueous solutions or liquids of low
alcoholic content, The addition of such a solution invari-
ably causes separation of some of the material dissolved in
the spirit, evidenced by a turbidity which, in time, may
disappear as distinct layering occurs. Salts may be precipi-
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tated from their aqueous solutions by the addition of spirits
due to their lesser solubility in alcoholic liquids.

Somespirits show incompatibilities characteristic of the
ingredients they contain. For example, Aromatic Ammonia
Spirit cannot be mixed with aqueous preparations contain-
ing alkaloids.(eg, codeine phosphate). An acid-base reac-
tion (ammonia-phosphate) occurs and,ifthe alcohol content
of the final mixtureis too low, codeinewill precipitate.

Toothache Drops

Toothache drops are preparations used for temporary re-
lief of toothache by application of a small pledget of cotton
saturated with the product into the tooth cavity. Anesthet-

ic compoundsinclude clove oil, eugenol or benzocaine; other
ingredients include camphor, creosote, menthol and alcohol.

These preparations no longer are recognized officially.
Furthermore, dentists do not recommend theuse of tooth-
ache drops if the patient has ready access to adequate dental
services. The preparations maydamage the gums andpro-
duce complications more severe than the original toothache.
However, many areas do not have adequate dental services
and the pharmacist will, of necessity, handle these prepara-
tions, and he should warn the patient of possible hazards
associated with their use. .

Toothache Drops NF XI contains 25 g of chlorobutanol in
sufficient clove oil to make the product measure 100 mL.
Another formulation contains creosote, clove oil, benzocaine
and alcoholin a flexible collodion base.

Emulsions

An emulsion is a two-phase system prepared by combining
two immiscible liquids, one of which is dispersed uniformly
throughout the other and consists of globules that have
diameters equal to or greater than thoseof the largest colloi-
dal particles. The globulesizeiscritical, ofcourse, and must
be such that the system achieves maximum stability. How-
ever, even under the best conditions, separation of the two
phases will occur unless a third substance, an emulsifying
agent, is incorporated. The basic emulsion must, therefore,
contain three components, but the products of commerce

may consist of a numberof therapeutic agents dissolved in
either of the two phases.

Most emulsions incorporate an aqueous phase into a non-
aqueous phase (or vice versa). However, it is possible to
prepare emulsions that are basically nonaqueous. For ex-
ample, investigations of the emulsifying effects of anionic
and cationic surfactants on the nonaqueous immiscible sys-
tem, glycerin and olive oil, have shown that certain amines
and three cationic agents produced stable emulsions. This
broadening of the basic definition for the term emulsion is
recognized in the USP.

An emulsion is a two-phase system in which one liquidis dispersed in
the form of small droplets throughout another liquid. The dispersed
liquid is known as the internal or discontinuous phase, whereas the
dispersion medium is krrown as the external or continuous phase.
Whereoil is the dispersed phase and an aqueous solution is the continu-
ous phase, the system is designated as an oil-in-water (O/W) emulsion
andcan be diluted easily and uniformly with water. .Conversely, where
water, or an aqueous solution is the dispersed phase, andoil, or oleagi-
nous material, is the continuous phase, the system is designated as a
water-in-oil (W/O) emulsion.

Many emulsifying agents (or emulsifiers) are available,
among them the following:

Natural Emulsifying Agents—These substances may be derived
from either animal or vegetable sources. Examples of those obtained
from the former source are gelatin, egg yolk, casein, woolfat or cholester-
ol. Acacia, tragacanth, chondrus or pectin are representative of those
obtained from vegetable sources. Various cellulose derivatives, eg,
methylcellulose and carboxymethyleellulose, are used to increase the
viscosity of the aqueous phase and thereby enhance emulsionstability.

Finely Divided Solids—Examples are bentonite, magnesium hy-
droxide, aluminum hydroxide or magnesium trisilicate.

Synthetic Emulsifying Agents—This group maybe subdivided fur-
ther into the anionic, cationic or nonionic agents. Examples are, in
order of presentation, sodium lauryl sulfate, benzalkonium chloride or
polyethylene glycal 400 monostearate.

Manyof these emulsifying agents are described in greater
detail in Chapter 66.

In. NF XIII it was suggested that only O/W emulsions are
suitable for oral use because these are water-miscible and

thus their oiliness is masked. This compendium gave spe-
cific directions for the preparation ofemulsions using gelatin
as an emulsifying agent. These preparations are based on
either type A or type B gelatin.

TypeA gelatin is prepared by acid-treated precursors and
is used at a pH of about 3.2.. It is incompatible with anionic
emulsifying agents such as the vegetable gums.. Thefollow-
ing formula was recommended:

Gelatin (Type A) Sano tinta tae b ey 8 ¢g
* "Partaric Acid 20... 0..0:cescesvasceess O.6¢
Flavoras desired .........66.660000005

ee iLetaas ihaseanilers tagext ess 60 mLedt pe hecas indians ose G vie gam eee RH 500 mL
Paria Water, tomake ..,........... 1000 mL

Add the gelatin and thetartaric acid to about 300 mL ofpurified
water, allow to stand for’a few minutes, heat until the gelatin is
dissolved, then raise the temperature to about. 98° and maintain this
temperature for about 20 min. Cool to 50°, add the flavor, the
alcohol and sufficient purified water to make 500 mL. Add theoil,

agitate the mixture thoroughly and pass it through a homogenizeror
a colloid mill until the oil is dispersed completely and uniformly.

This emulsion cannot be prepared by trituration orby the use of
the usual stirring devices.

Type B gelatin is prepared from alkali-treated precursors
and is used at a pH of about 8.0. It may be used with other
anionic emulsifying agents but is incompatible with cationic
types. If the emulsion contains 50% oil, 5 g of Type B
gelatin, 2.5 g of sodium bicarbonate and sufficient trag-
acanth or agar should be incorporated into the aqueous
phaseto yield 1000 mL of product of the required viscosity. —

The emulsion type (O/Wor W/O)is oflesser significance
if the final preparation is to be applied to the skin. If there
are no breaks in the skin, a W/O emulsion can be applied
more evenly since the skin is covered with a thin film of
sebum. The latter substance favors the oily phase and con-
tributes to the ease of application. The choice of emulsion
type will, however, depend on many other factors. This
particularly is true for those preparations which have basic
cosmetic characteristics. It may be advantageous to formu-
late an O/W emulsion if ease of removal is an important
consideration to the patient.

An emulsion that may be prepared by the mortar and
pestle method is the following Mineral Oil Emulsion USP.

Mineral Oi) 2.2... 0.00.00. 500 mL

Acacia, in very fine powder .........-+.+- 125 ¢
VED yes Neen Fae FN neve Sep ees 100 mL
Vanilla 52 cave eccsiad 8 0e Gg esas eee eves 40 mg
AléGhoN 60.5 one 6 Geis ted cy aw ove ee ca casi 60 mL
Purified Water, a sufficient quantity ..... 1000 mL

The mineral oil and acacia are mixed in a dry Wedgwood mortar.
Water (250 mL)is added and the mixturetriturated vigorously until
an emulsion is formed. A mixture of the syrup, 50 mL of purified
water and the vanillin dissolved in alcohol is added in divided

portions with trituration; sufficient purified water is then added to
the proper volume, the mixture mized well and homogenized.
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Very few emulsions are included now in theofficial com-
pendia. The PC suggests that the term “emulsion” be re-
stricted to preparations, usually O/W,intended for internal
use and contains the following: Liquid Paraffin Emulsion,
Liquid Paraffin and Magnesium Hydroxide Emulsion, Liq-
uid Paraffin and Phenolphthalein Emulsion and Concen-
trated Peppermint Emulsion.

This, however, should not lead the reader to the conclu-
sion that emulsions are a relatively unimportant class of
pharmaceuticals. While it is true that few preparations
carry the term emulsion in their titles, they are of great
significance as bases for other types ofpreparations, particu-
larly in the dermatological and cosmeticareas, Academical-
ly, they illustrate the importanceof the relationship between
the theory and practice of emulsion technology and, practi-
cally, they possess a number of important advantages over
other liquid forms. These may be summarized in the follow-
ing way:

1. Inan emulsion, the therapeutic properties and the spreadingabili-
ty of the constituents are increased. *

2. The unpleasanttaste or odor ofan oil can be masked partiallyor
wholly, by emulsification. Secondary masking techniques are available
to the formulator but these must be used with caution. If flavors and
sweetening agents are added to the emulsion, only minimal amounts
should be used in order to prevent the nausea or gastric distress that
results on ingestion of larger quantities of these.

3. The orption and penetration of medicaments are controlled
more easily if they are incorporated into an emulsion.

4. Emulsion action is prolonged and the emollient effect is greater
than that observed with comparable preparations.

5. Water is an inexpensive diluent and « good solvent for the many
drugs and flavors that are incorporated into an emulsion.

The effects of viscosity, surface tension, solubility, parti-
cle size, complexation and excipients on the bioavailability
of oral suspensions and emulsions have been discussed in
detail by Rettig.“

The aqueous phase of the emulsion favors the growth of
microorganisms and, becauseof this, a preservative usually
is added to the product. Some of the preservatives that
have been used inelude chlorocresol, chlorobutanol, mercu-
rial preparations,salicylic acid, the esters of p-hydroxyben-
zoic acid, benzoic acid, sodium benzoate or sorbic acid, The
preservative should be selected with regard for the ultimate
use of the preparation and possible incompatibilities be-
tween the preservative and the ingredients in the emulsion,
eg, binding between the surface-active agent and the preser-
vative. Low pH values of 5 to 6 and low concentrations of
water are characteristics also likely to inhibit. microbiologi-
cal growth in emulsions.

Most emulsions consist of a nonaqueous(or oil or lipid)
phase and an aqueous (or water) phase, thus some of the
preservative may pass into the oil phase and be removed
from the aqueous phase. It is in the aqueous phase that
microorganisms tend to grow. As a result, water-soluble
preservatives are more effective since the concentration of
the unbound preservative in the aqueous phase assumes a
great deal of importance in inhibiting the microbial growth.
Esters ofp-hydroxybenzoic acid appear to be the mostsatis-
factory preservatives for emulsions. Many mathematical
models have been used to determine the availability of pre-
servatives in emulsified systems. However, because of the
numberof factors which reduce the effectiveness ofthe pre-
servative, a final microbiological evaluation of the emulsion
should be performed.

While emphasis concerning preservation of emulsions
deals with the aqueous phase, microorganisms can reside
also in the lipid phase. Consequently, it has been recom-
mended that pairs of preservatives be used to ensure ade-
quate concentration in both phases.’ Esters of p-hydroxy-
benzoic acid can be used to ensure appropriate concentra-
tions in both phases because of their difference in oil and
watersolubilities.
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An emulsion can be diluted with the liquid that consti-
tutes, or is miscible with, the external phase. The diluting
liquid, however, will decrease the viscosity of the prepara-
tion and, in certain instances, invert the emulsion. The
latter phenomena may occur if the emulsifier-in-water
method (see below) is used to prepare the emulsion.

Preparation

The theory of emulsion preparation is discussed in Chap-
ter 19. The following procedures are those suggested by
Griffin et al.

The formulator must first determine the physical and
chemical characteristics of the active ingredient. He must
know the following:

Structural formula
Melting point
Solubility
Stability
Dose :
Specific chemica] incompatibilities

FeGroeC9poe
It also is necessary, at this stage, to decide on the type of
emulsion required. Washable emulsions are of the O/W
type; nonwashable, the W/O type. In general, O/W emul-
sions contain over 70% water. W/O emulsions usually will
contain higher concentrations ofoils and waxes. The prepa-
ration of cream and ointment emulsions for topical use is
given in Chapter 87.

Experimental formulations may ba prepared by the fol-
lowing procedure:

1. Group the ingredients on the basis of their solubilities in the
aqueous and nonaqueous phases.

2. Determine the type of emulsion required and calculate an approx-
imate HLB (hydrophile-lipophile balance) value.

3. Blend a low HLB emulsifier and a high HLB emulsifier to the
calculated value. For experimental formulations, use a higher concen-
tration ofemulsifier (eg, 10 to 30% ofthe oil phase) than thatrequired to
produce asatisfactory product. Emulsifiers should,in general, be stable
chemically, nontoxic and suitably low in color, odor and taste. The
emulsifier is selected on the basis of these characteristics, the type of
equipment being used to blend the ingredients and the stability charac-
teristics of the final product. Emulsions should not coalesce at room
temperature, when frozen and thawed repeatedly or at elevated tem-
peratures ofup to 50°. Mechanical energy input. varies with the type of
equipment used to prepare the emulsion. The more the energy input,
the less the demand on the emulsifier, Both process and formulation
variables can affect the stability of an emulsion,

4. Dissolve the oil-soluble ingredients and the emulsifiers inthe oil.
Heat, if necessary, to approximately 5° to 10° over the melting point of

pe highest. melting ingredient or to a maximum temperature of 70° to
5. Dissolve the water-soluble ingredients (except acids and salts) ina

sufficient quantity ofwater.
6. Heat the agueous phase to a temperature which is 3° to 5° higher

than that of the oil phase.
7. Add the aqueous phaseto the oily phase with suitable agitation.
8. If acids or salts are employed,dissolve themiin water and add thesolution to the cold emulsion.
9. Examine the emulsion and make adjustments in the formulation if

the productis unstable. It may be necessary to add more emulsifier, to
change to an emulsifier with a slightly higher or lower HLB value or to
use an emulsifier with different chemical characteristics.

The technique of emulsification of pharmaceutical prepa-
rations has been described by White.!®° The preparation of
an emulsion requires work to. reducethe internal phase into
small droplets and disperse them through the external
phase. This can be accomplished bya mortar andpestle ora
high-speed emulsifier. The addition of emulsifying agents
not only reduces this work but also stabilizes the final emul-
sion. Emulsions may be prepared by four principle meth-
ods.

Addition ofInternal Phase to Externa] Phase—Thisis usually the
most satisfactory method for preparing emulsions since there is always
an excess.of the external phase present which promotes the type of
emulsion desired. If the external phaseis water and theinteral phase is
oil, the water-soluble substances are dissolved in the water and theoil-



1536 CHAPTER 83

solublesubstances mixed thoroughly in the oil. The oil mixture is added
in portions to the aqueous preparation with agitation. Sometimes,in
order togive a better shearing action during the preparation,all of the
wateris not mixed with the emulsifying agent until the primary emulsion
with the oilis formed; subsequently, the remainderof the wateris added.
An example using gelatin Type A is given above. °

Addition of the External Phase to the Internal Phase—Using an
O/W emulsion as an example, the addition of the water (external phase)
to the oil (internal phase) will promote the formation of a W/O emulsion
due to the preponderance of the oil phase. After further addition of the
water, phase inversion to an O/W emulsion should take place. This
method especially is useful and successful when hydrophilic agents such
as acacia, tragacanth or methylcellulose are first mixed with the oil,
effecting dispersion without wetting. Water is added and, eventually, —
an O/W emulsion is formed. This “dry gum" technique is a rapid
method for preparing small quantities of emulsion. The ratio 4 parts of
oil, 2 parts ofwater and 1 part ofgum provides maximum shearing action
on the oil globules in the mortar. The emulsion then can be diluted and
triturated with water to the appropriate concentrations. The prepara-
tion of Mineral Oil Emulsion described aboveis an example.

Mixing Both Phases after Warming Each—This method is used.
when waxes or other substances which require melting are used. The
oil-soluble emulsifying agents, oils and waxes are melted and mixed
thoroughly. The water-soluble ingredients dissolved in the water are
warmed to a temperature slightly higher than the oil phase. The two
phases then are mixed andstirred until cold. For convenience, but not.
necessity, the aqueous solution is added to the oil mixture. This method
frequently is used in the preparation of ointments and creams.

Alternate Addition of the Two Phases to the Emulsifying
Agent—A portion of the oil, if an 0/W emulsion is being prepared,is
added to all of the oil-soluble emulsifying agents with mixing, then an
equal quantity of water containing all the water-soluble emulsifying
agents is added with stirring until the emulsion is formed. Further
portionsof the oil and water are added alternately until the final product
is formed. The high concentration of the emulsifying agent in the
original emulsion makes the initial emulsification more likely and the
high viscosity provides effective shearing action leading to small droplets
inthe emulsion. This method often is used successfully with soaps.

Multiple Emulsions—A recent innovation in emulsion
technology is the development of multiple emulsions. The
dispersed phase of these emulsions contains even smaller
droplets which are miscible with the continuous phase.
Thus, the multiple emulsion may be O/W/O wherethe aque-
ous phase is between two oil phases, or W/O/W where the
internal and external aqueous phases are separated by an oil
phase. In these systems both hydrophobic and hydrophilic
emulsifiers are used and both havean effect on the yield and
stability, as noted by Florence and Whitehill.”

It appears that O/W/O emulsions are formed better by
lipophilic, nonionic surfactants using gum acacia-emulsified
simple systems, while W/O/W multiple emulsions were
formed better by nonionic surfactants in a two-stage emulsi-
fication procedure. A specific formulation for a W/O/W
emulsion may be prepared by forming the primary (W/Q)
emulsion from isopropyl myristate (47.5%), sorbitan mono-
oleate (2.5%) and distilled water (100%). This primary
eroulsion (50%) is added to a polyoxyethylene sorbitan
monooleate (2% w/v) solutionin water. While the technique
of preparing these emulsions is more complicated, research
indicates potential use of these emulsions for prolonged ac-
tion, taste-masking, more effective dosage forms, parenteral
preparations, protection, against the external environment
and enzyme entrapment.

Microemulsions—The coarse pharmaceutical macro-
emulsions appear white and tend to separate on standing.
Microemulsions are translucent or transparent, do not sepa-
rate and have a droplet diameter in the nanometer size
range. The microemulsions are not always distinguishable
from micellar solutions.

Both O/W and W/O types are possible and may be con-
verted, one to the other, by adding more of the internal
phaseor by altering the type of emulsifier. As the internal
phaseis added, the emulsion will pass through a viscoelastic
gel stage; with further addition, an emulsion of the opposite
type will occur.

The most obvious benefit of microemulsions is their sta-

bility, thus providing dose uniformity, Usually, the emulsi-

fier should be 20 to 30% of the weight of the oil used. The
W/O systemsare prepared by blendingtheoil and emulsifier
with a little heat, if required, and then adding the water.
The order of mixing for O/W systemsis more flexible. One
of the simplest methodsis to blend the oil and the emulsifier
and pourthis into water with a little stirring, In no case can
a microemulsion be formed unless there is a matchbetween
the oil and emulsifier.

If the emulsifier has been selected properly, microemulsi-
fication will occur almost spontaneously, leading to a satis-
factory and stable preparation. The details of various prep-
arations and the relationship between microemulsions and
micellar solutions have been reviewed by Prince et al.1%

Bleroeninaletinte containing hydrocortisone have been pre-pared,

Equipment

When emulsions are prepared, energy must be expended
to form an interface between the oily and aqueous phases.
Emulsification equipmentincludes,therefore, a wide variety
of agitators, homogenizers, colloid mills, jet mixers and ul-
trasonic devices. Griffin et al, Becher!and Peck et ai,2°
have evaluated the emulsification equipment. used by phar-
macists and drug manufacturers. These publications, along
with journals such as Pharmaceutical Technology, should
be consultedfor further details on the use of such apparatus.

The preparation of emulsions on a large scale usually
requires the expenditure of considerable amounts of energy
for heating and mixing. Careful consideration of these pro-
cesses has led to the developmentof low-energy emulsifica-
tion by using an appropriate emulsification temperature and
selective heating ofthe ingredients. This process, described
by Lin,?! involves the preparation of an emulsion concen-
trate subsequently diluted with the external phase at room
temperature.

Agitators—Ordinary agitation or shaking may be usedto -
prepare the emulsion. This method frequently is employed’
by the pharmacist,particularly in the emulsification of easi!
ly dispersed, low-viscosity oils. Under certain conditions,
intermittent shaking is considerably moreeffective than or-\
dinary continuous shaking. Continuous shaking tends to
break up not only the phase to be dispersed but also the
dispersion medium and, in this way, impairs the ease of
emulsification. Laboratory shaking devices may be used for
small-scale production.

The mortar and pestle are used widely by the prescription
pharmacist in the extemporaneous preparation of emul-
sions. This equipmenthas very definite limitations because
its usefulness dependslargely on the viscidity of the emulsi-
fying agent. A mortar and pestle cannot be used to prepare
an emulsion if the emulsifying agent lacks viscidity (eg,
gelatin solutions). These emulsifying agents will produce
stable emulsions onlyifother types of equipmentare used to
mix the ingredients and the agent together.

Small electric mixers may be used to prepare emulsions at
the prescription counter. They will save time and energy
and produce satisfactory emulsions when the emulsifying
agentis acacia or agar. However, the mixers cannot be used
if the emulsifying agentis gelatin.

The commercially available Waring Blendor disperses ef-
ficiently by meansof the shearing action of rapidly rotating
blades. It transfers large amounts of energy and incorpo-
rates air into the emulsion, If an emulsionfirst. is produced
by using a blenderof this type, the formulator must remem-
ber that the emulsion characteristics obtained in the labora-

tory will not be duplicated necessarily by the production-
size agitators. 3

Production-size agitators include high-powered propeller-
shaft stirrers immersed in a tank or self-contained units with
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DRAFT TUBE.

VANED: ROTOR

Fig 83-2. Standard siurry-type dispersall mixer with vaned-rotor
“mixing” element and slotted draft-tube circulating element
(courtesy, Abbe Eng).

 
PLANETARY

“GEAR OPERATED.

 
Fig 83-3. Standard paste-type dispersall mixer with '‘cupped-rotor”
milling element and double-rotating mixing arm circulating element
(courtesy, Abbe Eng).

propeller and paddle systems. The latter usually are con-
structed so that the contents of the tank either may be
heated or cooled during the production process. Baffles
often are built into atank and these increasethe efficiency of
agitation. Two mixers manufactured by the same company
are shown in Figs 83-2 and 83-3.

Colloid Mills—Theprinciple of operation of the colloid
mill is the passage ofthe mixed phases of an emulsion formu-
la between a stator and a high-speed rotor revolving at
speeds of 2000 to 18,000 rpm. The clearance between the
rotor and the stator is adjustable, usually from 0.001 in
upward. The emulsion mixture, in passing between the
rotor and stator, is subjected to a tremendous shearing ac-
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Fig 83-5. Types of rotors used in colloid mills. These may be
smooth (for most emulsions), serrated (for ointments and very viscous
products)or ofvitrified stone (for the paints and pigment dispersions)
(courtesy, Tri-Homo).

tion which effects a fine dispersion. A colloid mill and
various rotors are shown in Figs 83-4 and 83-5. The operat-
ing principle is the same for all, but each manufacturer
incorporates specific features which result in changes in
operating efficiency. The shearing forces applied in the
colloid mill may result in a temperature increase within the
emulsion. It may be necessary, therefore, to cool the equip-
ment when the emulsion is being produced.

Homogenizers and Viscolizers—In these two types of
equipment the mixed phases are passed between a finely
ground valve and seat under high pressure. This, in effect,
produces an atomization which is enhanced by the impact

_received by the atomized mixture as it strikes the valve head.
They operate at pressures of 1000 to 5000 psi and produce
someof the finest dispersions obtainable in an emulsion.

Homogenizers may be used in one of two ways:

1. The ingredients in the emulsion are mixed and then passed
through the homogenizer to produce the final product.

2. An emulsion is prepared in some other way and then passed
through a homogenizer for the purpose of decreasing the particle size and
obtaining a greater degree of uniformityand stability.

Two-stage homogenizers are constructed so that the emul-
sion, after treatmentin the first valve system, is conducted
directly to another whereit receives a second treatment. A
single homogenization may produce an emulsion which,al-
thoughits particle size is small, has a tendencyto clump or
form clusters. Emulsions of this type exhibit increased
creaming tendencies. This is corrected by passing the emul-
sion through thefirst stage of homogenization at a high
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pressure (eg, 3000 to 5000psi) and thenthrough the second
stage ata greatly reduced pressure (eg, 1000 psi). This
breaks down any clusters formedin thefirst step.

For small-scale extemporaneous preparation of emul-
sions, the inexpensive hand homogenizer (available from
Med Times)is particularly useful. It is probably the most
efficient emulsifying apparatus available to the prescription
pharmacist. The twophases, previously mixed in abottle,
are hand pumped through the apparatus. “Recirculation of
the emulsion through the apparatus will improveitsquality.

A homogenizer does not incorporate air into the final
product. Air mayruin an emulsion because the emulsifying
agent is adsorbedpreferentially at the air/water interface,
followed by an irreversible precipitation termed denaturiza-
tion. Thisis particularly prone to occur with protein emul-
sifying agents.

Homogenization may spoil an.emulsion if the concentra-
tion of the emulsifying agent in the formulation is less than
that required to take care of the increase in maefaie: area
produced by the process.

The temperature rise during homogenizationis not very
large. However, temperature does play an importantrole in
the emulsification process. An increase in temperature will
reduce the viscosity and, in certain instances, the interfacial
tension between the oil and the water. There are, however,
many instances, particularly in the manufacturing of cos-
metic creams and ointments, where the ingredients will fail
to emulsify properly if they are processed at too high a
temperature. Emulsions of this type are processed first at
an elevated temperature and then homogenized at a tem-
perature not exceeding 40°.

Figure 83-6 shows the flow through the homogenizing
valve, the heart of the high-pressure APV Gaulin homoge-
nizer. The product enters the valve seat at high pressure,
flows through the region between the valve and the seat at
high velocity with a rapid pressure drop and then is dis-
charged as a homogenized product. It is postulated that
circulation and turbulence are responsible mainly for the
homogenization that takes place. Different valve assem-
blies, two stage valve assemblies and equipment with a wide
range of capacities are available.

The Macro Flow-Master Kom-bi-nator employs a number
of different actions, each of which takes the ingredients a
little further along in the process of subdividing droplets,
until complete homogenization results: The machine is
equipped with a pump whichcarries the liquid through the
various stages of the process. In thefirst stage, the ingredi-
ents are forced between two specially designed rotors (gears)
which shoot the liquid in opposite directions in a small
chamber and, in this way, are mixed thoroughly. These
rotors also set up a swirling action in the next chamberinto
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Fig 83-6. Operation of the homogenizer value assembly (Courtesy
APVGaulin).

which the liquid is forced and swirled back and forth in
eddies and crosscurrents. The second stage is a pulsing or
vibrating action at rapid frequency. The product then
leaves this chamber, goes through a small valve opening and
is dashed against the wall of the homogenizing chamber.
Pressureis applied, but it is not as great as that used in other
types of homogenizers. Pressure is controlled accurately by
adjusting deviceson the front.of the machine, and tempera-
ture is controlled by passing coolants through thestators,

Ultrasonic Devices—The preparation of emulsions by
the use of ultrasonic vibrations also is possible. An oscilla-
tor of high frequency (100 to 500 kHz) is connected to two
electrodes between which is placed a piezoelectric quartz
plate. "The quartz plate and electrodes are immersed in an
oil bath and, when theoscillatoris operating, high-frequency
waves flow through the fluid. Emulsification is accom-
plished by simply immersing a tube containing the emulsion
ingredients into this oil bath. Considerable research has
been done on ultrasonic emulsification, particularly with
regard to the mechanism of emulsion formationby this
method. Limited data indicate that these devices will pro-
duce stable emulsions only with liquids of low viscosity.
The method is not practical, however, for large-scale produc-
tion of emulsions.

Special techniques and equipment in certain instances,
will produce ‘superior emulsions, including rapid cooling,
reduction in particle size or ultrasonic devices, A wide se-
lection of equipment for processing both emulsions and sus-
pensions has been described by Eisberg.*” A number of
improvements have been made to make the various process-
es more effective and energy-efficient.

General methods are availablefor testing the instability of
emulsionsincludingbulk changes, centrifugal and ultracen-
trifugal studies, dielectric measurement, surface-area mea-
surement and accelerated-motion'studies. Low-shear rheo-
logical studies measuring viscoelasticity are suggested as the
optimal method of stability testing.

Suspensions
The physical chemistdefines the word “suspension”as a

two-phase system consisting of a finely divided solid dis-
persed in a solid,liquid or gas. The pharmacist accepts this
definition and can show that a variety of dosage forms fall

within the scopeofthe precedingienenee is, how-ever, a reluctanceto beall-inclusive, and it is for this reason
that the main emphasis is placed on solids dispersed in
liquids. In addition, and because there is a need for more
specific terminology, the pharmaceutical scientist differen-
tiates between such preparations as suspensions, mixtures,
magmas,gels and lotions. In a general sense, each of these
preparations represents a suspension, but the state ofsubdi-
visionof the insoluble solid varies from particles which settle
gradually on standing to particles which are colloidal in
nature. Thelowerlimit of particle size is approximately 0.1

pm, andit is the preparations containing dispersed solids of
this magnitude or greater that are defined pharmaceutically
as suspensions.

Certain authors also include liniments, and the newer
sustained-release suspensions, in any discussion of this par-
ticular subject. The former preparations now usually are
‘considered as solutions although a number of older lini-
ments were, in fact, suspensions. The sustained-release
suspensions represent a very specialized class ofpreparation
and, as such, are discussed in more detail in Chapter 91.
Someinsoluble drugs also are administered in aerosol form;
one example is dexamethasone phosphate suspended in a
propellant mixture of fluorochlorocarbons. More detail on
aerosols is available in Chapter 92.

Suspension formulation and control is based on the prin-
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ciples outlined in Chapters 19 and 20. Formulation involves
more than suspending a solid in a liquid. A knowledge of
the behaviorofparticles in liquids, of suspending agents and
of flavors and colors is required to produce a satisfactory
suspension.

Briefly, the preparation of a stable suspension depends
upon the appropriate dispersion of the drug in the suspend-
ing medium. To ensure that the particles are wetted by the
dispersion medium, a surface-active agent should be used,
especially if the dispersed phase is hydrophobic. The sus-
pending agent in the aqueous medium then can be added.
Alternatively, the dry suspending agent can be mixed thor-
oughly with the drug particles and then triturated with the’
diluent. Other approaches to suspension preparation in-
clude the formation of a flocculated suspension and also a

flocculated preparation in a suspendingvehicle. Datails of
these procedures are given in Chapter 19.

The mostefficient method ofproducingfineparticles is by
dry milling prior to suspension. Suspension equipment
such as colloid mills or homogenizers normally are used in
wet-milling finished suspensionsto reduce particle agglom-
erates. These machines (Fig 83-4) usually have a stator and
arotor which effects the dispersion action. Several methods
ofproducing small uniform dry particles are micropulveriza-
tion fluid-energy grinding, spray-drying and controlled pre-
cipitation with ultrasoundas described by Nash.™

The choice of an appropriate suspending agent depends
uponthe use of the products (external or internal), facilities
for preparation and the duration of storage.

Preparations made extemporaneouslyfor internal use
may include, as suspending agents, acacia, methylcellulose
or other cellulose derivatives, sodium alginate or tragacanth.

Extemporaneous preparations of suspensionsfor internal
use showing good flow and suspending properties are provid-
ed by sodium carboxymethylcellulose 2.5%, tragacanth
1.25% and guar gum 0.5%. Avicel RC-591, acoprecipitate of
microcrystalline cellulose and sodium carboxymethylcellu-
lose stabilized with hydroxypropyl methylcellulose, has
been used as a suspendingvehicle for propranolol and or-
phenadrine hydrochloride dispersions prepared from tab-
lets. It also may serve as a general-purpose suspending
agent. Carbopol 934, 0.3% or greater, was a satisfactory
suspendingagent for sulfamethazine 10%, maintaining a
permanent suspension for more than 6 months,

Agents suitable for’ external use include bentonite,
methylcellulose or other cellulose derivatives, sodium algi-
nate or tragacanth, Agents which may require high-speed
equipmentand which are suitable for internal or external
use include aluminum magnesium silicates and carbomer.™

Preparations such as those mentioned above possess cer-
tain advantages over other dosage forms. Some drugs are
insoluble in all acceptable media and, therefore, must be
administered as a solid, nonsolution dosage form (tablet,
capsule, etc), or asa suspension, Because of its liquid char-
acter, the last preparation insures some uniformity of dosage
but does present:some problems in maintaining a consistent
dosage regimen: Disagreeable tastes can be covered by us-
ing a suspension of the drug or a derivative of the drug, an
example of the latter being chloramphenicol palmitate.
Suspensions preparedfrom ion-exchange resins containing
an ionic drug can be used not only to minimize the taste of
the drug but also to produce a prolonged-action product,
since the drug is exchanged slowly for other ions within the
gastrointestinal tract. |

Suspensions also are chemicallymore stable than solu-
tions. This particularly is important with certain antibiot-
ies, and the pharmacist often is called on to prepare such a
suspension just prior to dispensing the medication. In addi-

tion, a suspension is an ideal dosage form for patients who
havedifficulty swallowing tablets or capsules, which is par-
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ticularly important in administering drugs to children. An
alternate method to enhance compliance includes flavored
nystatin “popsicles” which can be prepared by freezing a
suspension of the drug so that the taste is improved during
the treatmentof oral candidiasis.

Suspensions should possess certain basic properties. The
dispersed phase should settle slowly and be redispersed
readily on shaking. They should not cake on settling and
the viscosity should be.such that the preparation pours easi-
ly. As with all dosage forms, there should be no question as
to the chemical stability of the suspension. Appropriate
preservatives should be incorporated in order to minimize
microbiological contamination. The suspension must be.
acceptable to the patient on the basis of its taste, color and
cosmetic qualities (elegance), the latter two factors being of
particular importance in preparations intended for external
use.

Gels

Pharmaceutical terminology is, at best, confusing and no
two authors will classify gels, jellies, magmas, milks and
mixtures in the same way. The NF described Gels as a
special class of pharmaceutical preparations but considered
Jellies under the same heading. The latter preparations
usually contain water-soluble active ingredients and, there-
fore, are considered in another part of this chapter. The
USPdefinition for Gels is .

Gels are semisolid systems of either suspensions made up of small
inorganic particles or large organic molecules interpenetrated by a lig-
uid. Where the gel mass consists ofanetworkofsmall discrete particles,
the-gel is classified as a two-phase system (eg, Aluminum Hydroxide
Gel). Inatwo-phase system,if the particle size of the dispersed phaseis
relatively large, the gel mass sometimes is referred to as a magma (eg
Bentonite Magma), Both gels and magmas maybe thixotropic, forming
semisolids on standing and becoming liquid on agitation. They should
be shaken before use to ensure homogeneity and should be labeled to
that effect.

Single-phase gels consist of organic macromolecules distributed uni-
formly throughout a liquid in such a manner that no apparent bound-
aries exist between the dispersed macromolecules and the liquid. Sin-
gle-phase may be made from synthetic macromolecules (eg, Carbomer)
or from natural gums (eg, Tragacanth). The latter preparations also are
called mucilages. Although these gels are commonly aqueous, alcohol
and oils may be used as the continuous phase. For example, mineral ail

can berearee with a polyethylene resin to form an oleaginous oint-ment base.

The USPstates that each 100 g of Aluminum Hydroxide
Gel contains the equivalent of not less than 3.6 and not more
than 4.4 g of aluminum oxide (Al2O,), in the form of alumi-
num hydroxide and hydratedoxide, and it may contain
varying quantities of basic aluminum carbonate and bicar-
bonate. Thegel itselfusually is prepared by the interaction
ofa soluble aluminum salt, such as a chloride or sulfate, with
ammonia solution, sodium carbonate or bicarbonate. The
reactions which occur during the preparation are

3CO,?" + 3H,0 — 3HCO, + 30H-

[|Al(H,0),]°* + 30H~ — [Al(H,0),(OH),] +3H,O

2HCO,, — CO,” + H,0 + CO,

The physical and chemical properties of the gel will be af-
fected by the order of additionofreactants, pH of precipita-
tion, temperature ofprecipitation, concentration of the reac-
tants, the reactants used and the conditions of aging of the
precipitated gel.

Aluminum Hydroxide Gel is soluble in acidic (or very
strongly basic) media. The mechanism in acidic media is.

Aluminum Hydoxide Gel + 3H,0 — [AI(H,0),(OH),]°
[Al(H,0),]° + H,O* — [Al(H,0),(OH),]* + HO
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[Al(H,0),(OH),]* + H,0* — [AI(H,0),(OH)* + H,0
[Al(H,0),(OH)]?* + H,0+ - [Al(H,0),°* + H,0

It is unlikely that the last reaction given proceeds to comple-
tion. Since the activity of the gel is controlled by its insolu-
bility (solubility will decrease with an increase in the pH of
the gastric media), there is no acid rebound, Further, since
a certain quantity of insoluble gel always is available, the
neutralizing capability of the gel extends over a considerable
period of time.

Aluminum hydroxide gels also may contain peppermint
oil, glycerin, sorbitol, sucrose, saccharin and various preser-
vatives. Sorbitol improves the acid-consuming capacity,
apparently by inhibiting a secondary polymerization that
takes place on aging. In addition, polyols such as mannitol,
sorbitol and inositol have been shown to improve the stabil-
ity of aluminum hydroxide and aluminum hydroxyearbon-
ate gels.

Aluminum Hydroxide and Belladonna Mixture PC

Belladonna Tincture ................0+0004- 100 mL
Chloroform Spirit ......-...0000e0eee eee eee 50 mL
Aluminum Hydroxide Gelto ...........-..-: 1000 mL

It should be noted, however, that the addition of other drugs
(eg, antibiotics) to the gel mayresult in a loss of the activit
anticipated for that active ingredient.

Generally, if left undisturbed for some time, gels may
become semisolid or gelatinous. With some gels, small
amounts of water may separate on standing.

The single-phase gels are being used more frequently in
pharmacy and cosmetics because of several properties:
semisolid state, high degree of clarity, ease of application
and ease of removal and use. The gels often provide a faster
release of drug substance, independentof the water solubili-
ty of the drug, as comparedto creams and ointments. Some
drugs used in medication gels include urea, hydrogen perox-
ide, ephedrine sulphate, erythromycin and povidone-iodine.

Gels may be used as lubricants for catheters, bases for
patch testing, sodium chloride gels for electrocardiography,
fluoride gels for topical dental use and for intravaginal ad-
ministration (prostaglandin-Ey gel).

Gels can be prepared from a number of pharmaceutical
agents such as tragacanth 2 to 5%, sodium alginate 2 to 10%,
gelatin 2 to 15%, methylcellulose 2 to 4%, sodium carboxy-
methyl-cellulose 2 to 5%, carbomer 0.3 to 5% or polyvinyl
alcohols 10 to 20% as noted by Carter.*° Other gelling
agents include methylhydroxyethyl cellulose, polyoxyeth-
ylene-polyoxypropylene, hydroxyethyl!cellulose and gelatin.
Gels prepared from nonpolar materials such as magnesium
soap-hydrocarbon and hydrocarbonsare being investigated.

‘The percentages above indicate the concentration ranges
of the gelling agent. The lower-percentage preparations
may be used as lubricants and the higher-percentage prepa-
rations as dermatological bases. Someof the gelling agents
are available in different grades indicating the viscosity at a
definite concentration. In general, high-viscosity grades re-
sult in gels at lower concentrations.

Gels recently have been prepared in adhesive form in
order to increase the contact time of the active ingredients,
such as insulin with the oral and nasal mucosa,leading to a
decrease in plasma glucose. This system also has been in-
vestigated as a vaginal dosage form for cervical cancer and a
topical dosage form for aphthous stomatitis.

Preservatives should be incorporated into the gels, espe-
cially those prepared from natural sources. Appropriate
preservatives, depending upon use and the gelling agent,
include theparabensat about 0.2%, benzoic acid 0.2% (if the
product is acidic) and chlorocresol 0.1%.

The preparation of a few gel bases is given below:

Sodium Alginate Gel Base

Sodium Algimate..........0....00¢0cs0ec0005 2-10 ¢
Glywerin : i. 2... ffst.ett sees vesannales Z-lig
Methyl Hydroxybenzoate.......... Videputn aod 02¢

a soluble calcium salt
(calcium or gluconate) .............0,2.05 0.5 g

Purified Water, to make .............0000000 100 mL

The sodium alginate is wetted in a mortar with glycerin, which aids the
dispersion. The preservative is dissolved in about 80 mL of water with
the aid of heat, allowed to cool and the calcium salt added, which will
increase the viscosity of the preparation. This solutionis stirred in a
high speed stirrer and the sodium alginate-glycerin mixture added slow-
ly while stirring, until the preparation is homogeneous. The prepara-
ion should be stored in a tightly sealed container in a wide mouth jar ortube.

CarbomerJelly:

Carbopol 934................ ounkeaseawetee = 2¢
Triethanolamine .........- Sout ginaien mati ean 1.65 mL
WACADEOS oie aria dep oa Se aaRiogs at gane 02¢
Purified Water, tomake..................... 100m.

The parabens are dissolved in 95 mL of water with the aid ofheat and
allowed to cool. The Carbopol 934, a commercial gradeof carbomer,is
added in small amounts to the solution using a high speed stirrer and,
after a smooth dispersion is obtained, the preparation is allowed to stand
permitting entrapped air to separate. Then the gelling agent, trietha-
nolamine, is added, dropwise, stirring with a plastic spatula to avoid
entrapping air and the remaining water incorporated. Other concentra-
tions of carbomer can be used to prepare gels, creams or suspensions.

The USP lists a numberof gels: Sodium Fluoride and
Phosphoric Acid Gel for application ta the teeth to reduce
cavities, Betamethasone Benzoate Gel and Fluocinonide
Gel, anti-inflammatory corticosteroids, Tolnaftate Gel, an
antifungal agent and Tretinoin Gel for the treatment of
acne. Refer to the specific monographs in this text for more
information.

Lotions

Lotions usually are liquid suspensions or dispersions in-
tended for external application to the body. They may be
prepared by triturating the ingredients to a smooth paste
and then adding the remaining liquid phase cautiously.
High-speed mixers or homogenizers produce better disper-
sions and, therefore, are the tools of choice in the prepara-
tion of larger quantities of lotion. Calamine Lotion USP is
the classic example of this type of preparation and consists
of finely powdered, insoluble solids held in more or less

permanent suspension by the presence of suspending agents
and/or surface-active agents. Many investigators have
studied Calamine Lotion andthis has led to the publication
of many formulations, each possessing certain advantages
over the others but nonesatisfying the collective needs ofall
dermatologists.

Phenolated Calamine Lotion USP contains 10 mLofliq-
uefied phenolin sufficient calamine lotion to make the prod-
uct measure 1000 mL. Formulations containing Avicel R
(hydrated microcrystalline cellulose, FMC) and carboxy-
methylcellulose settle less than the official preparations.

Calamine Lotion

Calamine ............. ae aaee Pebashakdw reeks SE
Zine Oxide ........... be dem are E a acerh areas ees &E
GIYGerH 2... ee cp eece eee gen seeadecens 2mL
Avicel R Gel.......2.040eeeuceeeeas achta age das 2¢
Carboxymethyleellulose............. aa aia dele 2¢
Caleium Hydroxide Solution,a suffi- /

cient quantity, tomake .........-......00+0005 100 mL

Mix 45 g of Avicel R with 55 g of water with a suitable electric mixer.
This gel is used in the preparation of the calamine lotion. Mix the
calamine and the zinc oxide withthe glycerin, the gel and the carboxy-
methylcellulose. Add sufficient calcium hydroxide solution to make the
product measure 100 mL. :
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To prepare Phenolated Calamine Lotion add 1 mL of
Liquefied Phenol during the mixing stage.

Suspensions also may be formed by chemical interaction
in the liquid. White Lotion is an example.

White Lotion

Zinc Sulfate .......... Lesh ptanet i iageeste ae 40 ¢
Sulfurated Potash .......... 00.0000. 050005 :> 640g
Purified Water,a sufficient quantity

GeRES Pa eas ei ge ele eee tok ete . 1000 mL

Dissolve the zinc sulfate and the sulfurated potash separately, each in
450 mL of purified water and filter each solution. Add slowly the
sulfurated potash solution to the zinc sulfate solution with constant
stirring. Then add the required amountof purified water, and mix.

Sulfurated potash is a solid of variable composition but
usually is described as KyS3-K2S.03. The chemical reaction

which occurs when sulfurated potash solution is added to the
zine sulfate is

ZnSO,« 7H,0 + K,S,-K,$,0,— ZnS + Sy
+ K,S0, + K,S,0, + 7H,O

This lotion must be prepared fresh and does not contain a
suspending agent. Bentonite Magma has been used in some
formulations. Coffman and Huyck** includeadetailed dis-
cussion of the chemistry and the problemsinvolved in the
preparation of a suitable product.

The USP recognizes a second type of lotion. These are
emulsions of the O/W type stabilized by a surface-active
agent. Benzyl Benzoate Lotion is‘an example. Some lo-
tions are clear solutions and,in fact, the active ingredient of
one official lotion, Dimethisoquin Hydrochloride Lotion
USP XX is a water-soluble substance. However, one unoffi-
cial formulation for this lotion lists dimethisoquin hydro-
chloride, menthol and zinc oxide as active ingredients and
the preparation thus becomes a suspension. Several lotions
are listed in the USP and contain, for example, antibiotics,
steroids, keratolytics and scabicides.

A formula for hydrocortisone lotion is given in the PC.
Hydrocortisone Lotion

Hydrocortisone,in ultrafine powder... .... A athe 10.0 ¢
Chiorocresol............0000cee sees nuns saree 0.5¢
Self-emulsifying monostearin .................. 40.0 ¢
teeeee Pr erer  eeeae 63.0 ¢
Purified water, freshly boiled and cooled to make . 1000.0 ¢

To prepare the base, the chlorocresolis dissolved in 850 mL of
water with the aid of gentle heat, the self-emulsifying monos-
tearin is added and the mixture heated to.60° with stirring until
completely dispersed. Thehydrocortisoneis triturated with the
glycerol and the trituration is then incorporated, with stirring,
into the warm base, allowed to cool while stirring, then added theremainder of the water and mixed:

Lotions usually are applied without friction. Even so, the
insoluble matter should be divided very finely. Particles
approaching colloidal dimensions are more soothing to in-
flamed areas and effective in contact with infected surfaces.
A wide variety of ingredients may be added to the prepara-
tion to produce better dispersions or to accentuate its cool-
ing, soothing, drying or protective properties. Bentonite isa
good example of a suspending agent used in the preparation
of lotions. Methylcellulose or sodium carboxymethylcellu-
lose will localize and hold the active ingredient in contact
with the affected site. A formulation containing glycerin
will keep the skin moist for a considerable period of time.
The drying and cooling effect may be accentuated by adding
alcohol to the formula.

Dermatologists frequently prescribe lotions containing
anesthetics, antipruritics, antiseptics, astringents, germi-
cides, protectives or screening agents, to be used in treating
or preventing various types of skin diseases and dermatitis.
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Antihistamines, benzocaine, calamine, resorcin, steroids,
sulfur, zinc oxide, betamethasone derivatives, salicylic acid,
safflower oil, minoxidil and zirconium oxide are ingredients
common in unofficial lotions. Im many instances the cos-
metic aspects of the lotion are of great importance. Many
lotions compare badly with cosmetic preparations of a simi-
lar nature. The manufacture of fine lotions to meet the
specialized needs of the dermatologist provides the pharma-
cist with an excellent opportunity to demonstratehis profes-
sional competence. Recent extensive studies on lotions, as
described by Harb,”’will assist the pharmacist to attain this
goal.

Lotions tend to separate or stratify on long standing, and
they require alabel directing that they be shaken well before
each use. All lotions should be labeled “For External Use
Only.”

Microorganisms may grow in certain lotions if no preser-
vative is included. Care should be taken to avoid contami-
nating the lotion during preparation, evenifa preservativeis
present.

Magmas and Milks

Magmas and milks are aqueous suspensionsof insoluble,
inorganic drugs and differ from gels mainly in that the sus-
pended particles are larger. When prepared, they are thick
and viscous and, because of this, there is no need to add a
suspending agent.

Bentonite Magma USPis prepared by simple hydration.
Two procedures are given in the compendium for the prepa-
ration of this product.

Magmas also may be prepared by chemical reaction.
Magnesium hydroxideis prepared by the hydration of mag-
nesium oxide.

MgO + H,0 — Mg(OH),

Milk of Magnesia USP is a suspension of magnesium hy-
droxide containing 7.0-8.5% Mg(OH)». It has an unpleas-
ant, alkaline taste which can be masked with 0.1%citric acid
(to reduce alkalinity) and 0.05% of a volatile oil or a blend of
volatileoils.

Milk of Bismuth contains bismuth hydroxide and bismuth
subcarbonate in suspension in water. The Magma is pre-
pared by reacting bismuth subnitrate with nitric acid and
ammonium carbonate with ammonia solution and then mix-
ingthe resulting two solutions.

The following reactions occur during the preparation of
the magma.

(NH,),CO, > 2NH,* + CO,2-

NH, + H,O-> NH,* + OH™

2Bi0* + CO,2- — (Bi0),CO,
BiO* + OH- — BiO(OH)

If the insoluble substance is precipitated fresh by mixing
hot, dilute solutions, there is only slight sedimentation on
standing. This characteristic of magmas sometimes is en-
hanced by passing the product through a colloid mill.

For the most part, magmas and milks are intended for
internal use, although Bentonite Magmais used primarily as
asuspending agent for insoluble substances eg, Milk of Mag-
nesia USP and Dihydroxy Aluminum Aminoacetate Magma
USP,either for local application or for internal use. All
magmas require a “Shake Well” label. Freezing must. be
avoided,

Several antimicrobial preservatives have been tested in
liquid antacid preparations for their stability and effective-
ness, such as benzoic acid, chlorhexidine, methylparaben,
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propylparaben, sorbic acid, propylene glycol or ethanol. It
was found that a combination of methylparaben andsorbic
acid was superior to the parabensalone.

Mixtures

The official mixtures are aqueous, liquid preparations
which contain suspended, insoluble, solid substances and
are intended for internal use. The insoluble substance does
not make the mixture very viscous, and the particles may be
held in suspension by using suitable suspendingor thicken-
ing agents. This class was introduced originally to secure
uniformity in the formulas of certain well-known and largely
used preparations. Frequently, the term mixture is applied
loosely to aqueous preparations of every description. The
term shake mixture is used often for liquid preparations
which contain insoluble ingredients and, therefore, must be
shaken before use. The USP does not recognize the term.
The term suspension now is used to describe a numberof
similar preparations. The PC uses the term mixtures and
includes suspensions in this category, for example:

Ammonium Chloride Mixture PC

Ammonium Chloride.......... a eiauieien Ruel eu 100¢
Aromatic Ammonia Solution................ 50 mL

Liquorice Liquid Extract........,.......+-. 100 mL
Water,for preparations to .......-..,.---005+ 1000 mL

It should be preparedrecently.

The term mixture occurs in the expression dry mixture,
which may be used to describe many USP products,in par-
ticular, antibiotic powders for oral solutions which are de-
scribed on page 1527.

The pectin and the tragacanth in Kaolin Mixture with
Pectin (page 796) act as suspending agents. An alternate
formula, based on Veegum (Vanderbilt) and sodium carbox-
ymethylcellulose, has been proposed by Kalish.28

Kaolin Mixture with Pectin

WSSU 2.3 ot heck R552 5g 5. fot 255th phe 0.88 2.
Sodium Carboxymethylecellulose .........<:.. 0.22 ¢
Purified Water........... 0.000005 Wewine e etaeie 79.12 g
Kaolin ..... ot ARE SARA MRAM Pe as dae 17.50 ¢
Pectin... 0... 0025 cece eee eee eens ps Rie tae Faia 0.44 g
Bacehayay sco.» sveeycese ces eaie degre igieeees 0.09 g
Glycerin 2. si caascacanecssdgaecaracens tana L75g

Add the Veegum and the sodium carboxymethylcellulose to the water
with continuousstirring. Add, with mixing, the kaolin. Mix the pectin,
saccharin and glycerin and add to the suspension. A preservative and
flavoring agent may be added to the product.

Theinsoluble material in mixtures mustbe in a very finely
divided state and uniformly distributed throughout the
preparation. This is accomplished with colloid mills, spe-
cial methodsofprecipitation and suspending agents. There
are three main reasons for having the insoluble substances in
as fine a state of subdivision as possible.

1. The more nearly the colloidal state is approached by protectives,
such as kaolin, magnesium trisilicate or magnesium phosphate, the more
active they become as adsorbents and protectives when in contact with
inflamed surfaces.

2. Finely divided particles are suspended more readily andsettle out
much more slowly than large particles, thus enabling the patient to
obtain uniform doses ofsuspended substances. Homogeneous mixtures
are desirable especially when administering medication to form an even-
ly distributed, protective coating on the gastrdintestinal tract.

5. The palatability of many preparations is enhanced by the use of
colloidal suspending agents.

Mixtures containing suspended material should have a
“Shake Well”label affixed to the container in which they are
dispensed.

Mixtures, including suspensions, are subject to contami-
nation by microorganisms that remainviable and are a po-
tential health hazard during the-period of use of the prod-
ucts. Survival times of organisms depend on the preserva-
tive used. A kaolin pediatric mixture that contains benzoic
acid kills organisms rapidly, whereas organisms survived for
more than a week in a magnesium trisilicate mixture that

contained no more than a trace of peppermint oil, #as noted
by Westwood.”

Occasionally, it is necessary to prepare suspensions from
crushed tablets. A general formula for this:Purpose is giv-en,

Methylcellulose 20 ..........2..2..26..-2 000055 0.75
Parabens.........5..2.--.50. Siete EPR LABS 4 0.1
Purified Water ..... 0... .40 020 cence teen eee ens 60.0
Propylene Glycol ..............-05 aijasady ween Pats 2.0
Simple Syrup, to make ..............-2.0000000. 100.0

An extemporaneous suspension of cimetidine tablets
which retained its potency at 40° over 14 days is:

Cimetidine300-mg tablets ......... i taetit 24 (7,2 g)
GUYCORE ais otis 4 hae ea dnabe ba dieten ad 10mL
Simple Syrup, to make...........,......4. 120 mL

The tablets are triturated to a fine powder using a mortar,
the mixtureis levigatedwith the glycerin, simple syrup add-
ed, mixed well, placed in a blender until smooth and then
refrigerated.*0

Satisfactory suspensions have been compoundedfrom di-
azepam tablets and propranolol hydrochloride tablets, and
they possess chemical stability for 60 days and 4 months,
respectively, at room temperature or under refrigeration.
Frequently, since the drug may be soluble, it is the excipi-
ents which are being suspended.

A comprehensive checklist ofsuspension formulations has
been reported in theliterature by Scheer."!

Official Suspensions

The USPplaces particular emphasis on the term suspen-
sion by providing specific definitions for a variety of oral,
parenteral and ophthalmic preparations formulated in such
a way that an insoluble substance is suspended inaliquid at
some stage ofthe manufacturing or dispensing process. The
USPdefinition begins as follows:

Suspensions are preparations of finely divided, undissolved drugs
dispersed in liquid vehicles. Powders for suspension are preparations of
finely powdereddrugs intended for suspension in liquid vehicles. An
example of the ready-to-use type is Trisulfapyrimidines Oral Suspen-
sion, in which the three sulfapytimidines are already suspended in a
liquid flavored vehicle in a form suitable for oral administration. Tetra-
cycline for Oral Suspension is finely divided tetracycline mized with
suspending and dispersing agents. It is intended to be constituted with
the prescribed volume ofpurified water and mixed beforeit is dispensed
by the pharmacistfor oral administration to the patient.

Neither this definition nor the monographs give specific
directions for the preparation of the suspension, although
pharmacopeias usually permit the addition of suitable fla-
voring agents, suspending agents, preservatives and certi-
fied color additives. One procedure for the preparation of
the commonly used Trisulfapyrimidines Oral Suspension is
given below.

Trisulfapyrimidines Oral Suspension

VeOwUNE 26 cio dek Gta e et hatase ean PALIN: 1.00¢
Syren VSS .isiie ces dsb tag dus asr vers hendes 90.60 ¢
Sodium Citrate .. 0.0... 62.6.0 c cece eee rete ‘O78 e
Sulfadiazine ........ ePaalsPee A bs Cie eae 2.54¢
Sulfamerazine.........:.Fete aetelees Tesh ia 2.54 ¢
Sulfamethazine..........-...-2.0-0:0005-2 0550 2.54 £
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Add the Veegum, slowly and with continuous stirring, to the syrup.
Incorporate the sodium citrate into the Veegum-syrup mixture. Premix
the sulfa drugs, add to the syrup, stir and homogenize. Add sufficient
5% citric acid to adjust the pH of the product to 5.6. A preservative and
a flavoring agent. may be added to the product.

Methods of preparation for those formulations which con-
tain several active ingredients and are produced in large
quantities tend to be more complex than that given above.

Many formulations for suspensions are given in the PC
under Mixtures.

A properly prepared suspension has a numberof desirable
properties:

1. The suspended material should not settle rapidly.
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-2. Particles that do settle should not form a hard cake and easily
shouldbe resuspended uniformly on shaking. :

3. The suspensionshould pour freely from the container.

Insoluble powders that do not disperse evenly throughout
the suspending medium, when shaken, should be powdered
finely and levigated with a smallamount of an agent such as
glycerin, alcohol or a portion of the dispersion of the sus-
pending agent. The other ingredients are incorporated and
the remainder of the dispersion of the suspending agentis
incorporated gradually by trituration to produce the appro-
priate volume.

Suspensions intended for parenteral or ophthalmic use
also are described in the USP. For a discussion of these

suspensions, see Chapter 84 and 86.

Extracts
Extraction

Extraction, as the term is used pharmaceutically, involves
theseparation of medicinally active portions of plant or
animal tissues from the inactive or inert components by
using selective solvents in standard extraction procedures.

The products so obtained from plants are relatively im-
pure liquids, semisolids or powders intended only for oral or
external use. These include classes of preparations known
as decoctions, infusions; fluidextracts, tinctures, pilular
(semisolid) extracts and powdered extracts. Such prepara-
tions popularly have been called galenicals, after Galen, the
2nd century Greek physician, For additional information
concerning extraction and extractives, see RPS 15, Chapter
86.

Extraction continues to be of considerable interest in order to obtain
improved yields of drugs derived from plant-and animal sources. For
example, improved extraction ofdigitalis glycosides has been carried out
usinga pulsating, perforated, bottom column. Other techniques include
ultrasonics, rotary-film. evaporators, liquid and supercritical carbon di-
oxide, hydrodistillation, liquid chromatography, multiple-solvent ex-
traction,countercurrent extraction and gravitation dynamics,

Tn this discussion we are concernedprimarily with basic extraction
procedures for crude drugs to obtain the therapeutically desirable por-
tion and eliminate the inert material by treatment with a selective
solvent, known as the menstruum. Extraction differs from solution in
that the presence of insoluble matter is implied in the former process.
The principal methods of extraction are maceration, percolation, diges-
tion, infusion and decoction, The quality of the finished product can be
enhanced by standardizing primary extracts and carrying out analytical
assays during production on the raw materials, intermediate products
and manufacturing procedures,

The processes of particular importance, insofar as the
USPis concerned, are those of maceration and percolation.
Most pharmacopeias refer to such processes for extraction of
active principles from crude drugs.

Maceration—In this process the solid ingredients are placed in a
stoppered container with the whole of the solvent and allowed to stand
for a period of at least 3 days, with frequent agitation, until soluble
matter is dissolved. The mixture then is strained, the marc (the damp
solid material) pressed and the combined liquidsclarified by filtration or
by decantation, after standing.

Percolation—This is the procedure used most frequently to extract
the active ingredients in the preparation of tinctures and fluidextracts,
Certain specific procedural details are provided in the USP, which
should be consulted for such information. In the PC general procedure,
a percolator (a narrow, cone-shaped vessel open at both ends) is used.
Thesolid ingredient(s) are moistened with an appropriate amountofthe
specified menstruum and allowed to stand for approximately 4 hr in a
well-closed container, after which the drug mass is packed into the
percolator. Sufficient menstruum is added to saturate the mass and the
top of the percolatoris closed. When the liquid is about to dip from the
neck (bottom) of the percolator, the outlet is closed. Additional men-
struum is added to give a shallow layer above the mass, and the mixture
is allowed to macerate in the closed percolator for 24 hr, The outlet of
the percolator then is opened and theliquid contained therein allowed to
drip slowly, additional menstruum being added as required, until the

percolate measures about three-quarters of the required volume of the
finished product. The marc is pressed and the expressed liquid is added
to the percolate. Sufficient menstruum is added to produce the re-
quired volume, and the mixed liquid clarified by filtration or by allowing
it to stand and then decanting. 3

Digestion—This is a form of maceration in which gentle heat is used
during the process of extraction, It is used when moderately elevated
temperature is not objectionable and the solvent efficiency of the men-
struum is increased thereby. “=

Infusion—An‘infusion is a dilute solution of the readily soluble con-
stituents of crude drugs. Fresh infusions are prepared by macerating
the drugs for ashort period oftime with either cold or boiling water. US
official compendia have not included infusions for some time. An exam-
ple is Concentrated Compound Gentian Infusion BP 1973.

Decoction—This once-popular process extracts water-soluble and
heat-stable constituents from crude drugs by boiling in water for 15 min,
cooling, straining and passing sufficient-cold water through the drug to
produce the required volume.

Extractive Preparations

After a solution of the active constituents of a crude drug
is obtained by maceration or percolation, it may be ready for
use as a medicinal agent, as with certain tincturesor fluidex-
tracts, or itmay be processed further to producea solid or
semisolid extract.

For a discussion of resins and oleoresins obtained by sol-
verit, extraction of plant exudates see Chapter 23, under
Plant Exudates.

Tinctures—Tinctures are defined in the USP as being
alcoholic or hydroalcoholic solutions prepared from vegeta-
ble materials or from chemical substances, an example of the
latter being Iodine Tincture. Traditionally, tinctures of
potent vegetable drugs essentially represent the activity of
10 g ofthe drug in each 100 mLoftincture, the potency being
adjusted following assay. Most other tinctures of vegetable
drugs represent the extractive from 20 g of the drug in 100
mL of tincture.

The USPspecifically describes two general processes for
preparing tinctures, one by percolation designated as Pro-
cess P, and the other by maceration, as Process M. These
utilize the methods described under Extraction.

Process P includes a modification so that tinctures that

require assay for adjustment to specified potency thus may
be tested before dilution to final volume. A tincture pre-
pared by Process P as modified for assayed tinctures is
BelladonnaTincture.

Examples of tinctures prepared by Process M are Com-
pound Benzoin Tincture and Sweet Orange Peel Tincture
(the latter contains the extractive from 50 g of sweet orange
peel in 100 mL oftincture).

Fluidextracts—The USP defines fluidextracts as being
liquid preparations of vegetable drugs, containing alcohol as
asolventor as a preservative, or both, so made that each mL
contains the therapeutic constituents of 1 g of the standard
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drug that it represents. While the USP states that pharma-
copeial fluidextracts are made by percolation, the official
compendia previously have described general proceduresfor
three percolation methods used in making fluidextracts.-

Process A is a percolation method that can be modified for fluidex-
tracts that must be assayed. ;

Process E is an alternative for Process A in which percolation is
conducted on a.column of drug muchgreater in length than in diameter.

Process D is used for preparing fluidextracts with boiling water as the
menstruum, alcohol being added as a preservative to the concentrated
percolate; this is the procedure used for preparing Cascara Sagrada
Fluidextract.

The BP and PC use the designation Liquid Extracts for
fluidextracts. ¢

Extracts—Enxtracts are defined in the USP as concen-

trated preparations ofvegetable or animal drugs obtained by
removal of the active constituents of the respective drugs
with suitable menstrua, evaporation ofall or nearly all of the
solvent and adjustmentof the residual masses or powders to
the prescribed standards.

Three forms of extracts are recognized: semiliquids or
liquids:of syrupy consistency, plastic masses (known as pilu-
lar or solid extracts) and dry powders (known as powdered
extracts). Extracts, as concentrated forms of the drugs
from which they are prepared,are used in a variety ofsolid or
semisolid: dosage forms. The USP states that pilular ex-
tracts andpowdered extracts of any one drug are inter-
changeable medicinally, but each has its own pharmaceuti-
cal advantages. Pilular extracts, so-called because they are
of a consistency to be usedin pill masses and made into pills,
are suited especially for use in ointments and suppositories.
Powdered extracts are suited better for incorporation into a
dry formulation, as in capsules, powders or tablets. Semi-
liquid extracts, or extracts of a syrupy consistency, may be
used in the manufacture of some pharmaceutical prepara-
tions,

Most extracts are prepared by extracting the drug by
percolation. The percolate is concentrated, generally by
distillation under reduced pressure. The use of heat is
avoided where possible because of potential injurious effect
on active constituents. Powdered extracts which are made

from drugs that contain inactive oily or fatty matter may
have to be defatted.or prepared from defatted drug. For
diluents that may be used to adjust an extract to prescribed
standards, see the USP.

Pure Glycyrrhiza Extract USP is an example ofa pilular
extract; Belladonna Extract USP and Hyoscyamus Extract
PC are examples of powdered extracts (the former is pre-
pared also as a pilular extract and the latter as a liquid
extract).
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Powders
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Powders are encountered in almost every aspect of phar-
macy, both in industry and in practice. Drugs and other
ingredients, when they occur in the solid state in the course
of being processed into a dosage form, usually are in a more
or less finely divided condition. Frequently, this is a powder
whose state of subdivision iscritical in determining its be-
havior both during processing and in the finished dosage
form. Apart from their use in the manufacture of tablets,
capsules, suspensions, etc, powders also occur as a pharma-
ceutical dosage form. While the use of powders as a dosage
form has declined, the properties and behavior of finely
divided solid materials are of considerable importance in
pharmacy.

This chapter is intended to provide an introduction to the
fundamentals of powder mechanics and the primary means
of powder production and handling. ‘The relationships of
the principles of powder behavior to powders as dosage
forms are discussed.

Production Methods

Molecular Aggregation

Precipitation and Crystallization—These two process-
es are fundamentally similar and depend on achieving three
conditions in succession: a state of supersaturation (super-
cooling.in the case of crystallization from a melt), formation
of nuclei and growth of crystals or amorphousparticles.

_ Supersaturation can be achieved by evaporation ofsolvent
from a solution, cooling of the solution if the solute has a
positive heat of solution, production of additional solute as a
result of a chemical reaction or a change in the solvent
medium by addition of various soluble secondary sub-
stances. In the absence of seed crystals, significant super-
saturation is required to initiate the crystallization process
through formation of nuclei. A nucleus is thought to consist
offrom ten to a few hundred molecules having the spatial
arrangement ofthe crystals that will be grown ultimately
from them. _

Such small particles are shown by the Kelvin equation to
be more soluble than large crystals and, therefore, to require
supersaturation, relative to large crystals, for their forma-
tion and subsequent growth. It is a gross oversimplification
to assumethat, for a concentration gradientofa given value,
the rate-of crystallization is the negative of the rate of disso-
lution. Thelatter is generally somewhatgreater.

Depending on the conditions of crystallization,it is possi-
ble to control or modify the nature of the crystals obtained.
When polymorphs exist, careful temperature control and
seeding with the desired crystal form are often necessary.
The habit or shape of a given crystal form is often highly

Joseph B Schwartz, PhD
Tice Professor of Pharmoceutics
Director of Industrial Pharmacy Research
Philadelphia College of Pharmacy and Science
Philadelphia, PA 19404

dependent on impurities in solution, pH,rate of stirring, rate
of cooling and the solvent. Very rapid rates of crystalliza-
tion can result in impurities being included in the crystals by
entrapment.
Spray-Drying—Atomization ofa solution of one or more

solids via a nozzle, spinning disk or other device, followed by
evaporation ofthe solvent from the droplets is termed spray-
drying. The nature of the powder that results is a function
of several variables, including the initial solute concentra-
tion, size distribution of droplets produced andrate of sol-
vent removal, The weightof a given particle is determined
by the volumeof the droplet from which it was derived and
by the solute concentration. The particles produced are
aggregates of primary particles consisting of crystals and/or
amorphous solids, depending on the rate and conditions of
solvent removal. This approach to the powderedstate pro-
vides the opportunity to incorporate multiple solid sub-
stances into individual particles at a fixed composition, in-
dependentofparticle size, and avoidingdifficulties that can
arise in attempting to obtain a uniform mixture of several
powdered ingredients by other procedures,

Particle-Size Reduction

Comminution in its broadest sense is the mechanical pro-
cess of reducing thesize of particles or aggregates. Thus,it
embraces a wide variety of operations including cutting,
chopping,crushing,grinding, milling, micronizing and tritu-
ration, which depend primarily on the type of equipment
employed. The selection of equipment in turn is deter-
mined by the characteristics ofthe material, the initial parti-
cle size and the degree of size reduction desired. For exam-
ple, very large particles may require size reduction in stages
simply because the equipment required to produce thefinal
product will not accept theinitial feed, as in crushing prior to
grinding. In the case of vegetable and other fibrous materi-
al, size reduction generally must be, at least initially, accom-
plished by cutting or chopping.

Chemical substances used in pharmaceuticals, in contrast,
generally need not be subjected to either crushing or cutting
operations prior to reduction to the required particle size.
However, these materials do differ considerably in melting
point, brittleness, hardness and moisture content, all of
which affect the ease of particle-size reduction and dictate
the choice of equipment. The heat generated in the me-
chanical grinding, in particular, presents problems with ma-
terials which tend to liquefy or stick together and with the
thermolabile products which may degrade unless the heatis
dissipated by use of a flowing stream of water or air. The
desired particle size, shape andsize distribution also must be
considerédin the selection of grinding or milling equipment.
For example, attrition mills tend to produce spheroidal.
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more free-flowing particles than do impact-type mills, which
yield more irregular-shaped particles.

Fracture Mechanics—Reduction of particle size
through fracture requires application ofmechanical stress to
the material to be crushed or ground. Materials respond to
stress by yielding, with consequent generation ofstrain. De-
pending on the time course ofstrain as a function of applied
stresses, materials can be classified according to their behav-
ior over a continuous spectrum ranging from brittle to plas-
tic. In the case of a totally brittle substance, complete
rebound would occur on release of applied stress at stresses
up to the yield point, where fracture would occur. In con-
trast, a totally plastic material would not rebound nor would
it fracture. The vast majority of pharmaceutical solids lie
somewhere between these extremes and thus possess both
elastic and viscous properties. Linear and, to a lesser ex-
tent, nonlinear viscoelastic theory has been developed well
to account for quantitatively and explain the simultaneous
elastic and viscous deformations produced in solids by ap-
plied stresses. ;

The energy expended by comminution ultimately appears
as surface energy associated with newly created particle sur-
faces, internal free energy associated with lattice changes
and as heat. Most of the energy expressed as heat is con-
sumed in the viscoelastic deformation of particles, friction
and in imparting kinetic energy to particles. Energy is ex-
changed among these modes and someis,of course, effective
in producing fracture. It has been estimated that 1% or less
of the total mechanical energy used is associated with newly
created surface or with crystal lattice imperfections.

While the grinding process has been described mathemat-
ieally, the theory of grinding has not been developed to the
point where the actual performance of the grinding equip-
ment can be predicted quantitatively. However, three fun-
damental laws have been advanced:

Kick’s Law—Thework required to reduce thesize of a given quantity
of material is constant for the same reduction ratio regardless: of the
original size of the initial material.

Rittinger’s Law—The work used for particulate size reduction is
directly proportional to the new surface produced.

Bond's Law—The work used to reduce the particle size is proportion-
al to the square root of the diameterof the particles produced.

In general, however, these laws have been useful only in
providing trends and qualitative information on the grind-
ing process. Usually laboratory testing is required to evalu-
ate the performance ofparticular equipment. A work index,
developed from Bond's Law,is a useful way of comparing the
efficiency of milling operations.!_ A grindability index,
which has been developed for a numberofmaterials,also can
be used to evaluate mill performance.”

A numberof other factors also must be considered in
equipment selection. Abrasion or mill wear is an important
factorin the grinding of hard materials, particularly in high-
speed, close-clearance equipment (eg, hammer mills). In
some instances mill wear maybe so extensive as to lead to
highly contaminated products and excessive maintenance
costs that make the milling process uneconomical. Hard-
ness of the material, which is often related to abrasiveness,
also must be considered. This usually is measured on the
Moh’s Scale. Qualitatively, materials from 1 to 3 are consid-
ered as soft and from 8 to 10 as hard. Friability (ease of
fracture) and fibrousness can be of equal importancein mill
selection. Fibrous materials, eg, plant products, require a
cutting or chopping action and usually cannot be reduced in
sizeeffectively by pressure or impact techniques. A mois-
ture content above about 5% will in most instances also

create a problem and can lead to agglomeration or even
liquefaction of the milled material. Hydrates will often
release their water of hydration under the influence of a

high-temperature milling process and thus may require cool-
ing or low-speed processing.

Methods and Equipment—Whena narrow particle-size
distribution with a minimum offines is desired, closed-
circuit milling is advantageous. This technique combines
the milling equipment with sometypeofclassifier (see Par-
ticle-Size Measurement and Classification). In the sim-
plest arrangement, a screen is used to make the separation,
and the oversize particles are returned to the mill on a
continuous basis while the particles of the desired size pass
through the screen and out of the grinding chamber. Over-
milling, with its subsequent production of fines, thereby is
minimized. Equipment also has been designed to combine
the sieving and milling steps into a single operation (see
Centrifugal-Impact Mills and Sieves).

In order to avoid contamination or deterioration, the
equipment used for pharmaceuticals should be fabricated of
materials which are chemically and mechanically eompati-
ble with the substance being processed. The equipment
should be disassembledreadily for ease in cleaning to pre-
vent cross-contamination. Dust-free operation, durability,
simplified construction and operation and suitable feed and
outlet capacities are additional considerations in equipment
selection.

While there is no rigid classification of large-scale com-
minution equipment,it generally is divided intothree broad
categories based on feed and product size:

1. Coarse crushers (eg, jaw, gyratory,roll and impact crushers).
2. Intermediate grinders (eg, rotary cutters, disk, hammer, roller

and chazer mills).
3. Fine grinding mills (eg, ball, rod, hammer, colloid, and fluid-

energy mills; high-speed mechanical screen and centrifugal classifier).

Machines in the first category are employed ordinarily
wherethe size ofthe feed material is relatively large, ranging
from 14, to 60” in diameter. These are used most frequently
in the mineral crushing industry and will not be consid-
ered further, The machines in the second category are used
for feed materials of relatively small size and provide prod-
uets which fall between 20- and 200-mesh. Those in the

third category produce particles, most of which will pass
through a 200-meshsieve, though, often the particle size of
the products from fine grindingmills is well into the micron
range.

The comminution effect of any given operation ‘can be
described mathematically in terms of a matrix whose ele-
ments represent the probabilities of transformation of the
various-size particles in the feed material to the particle
sizes present in the output. The numerical values of the
elements in the transition matrix can be determined experi-
mentally and the matrix serves to characterize the mill,
Matrices of this type are frequently a function of feed rate
and feed particle-size distribution but are useful in predict-
ing mill behavior. Multiplication of the appropriate com-
minution matrix with the feed-size distribution line-matrix
yields the predicted output-size distribution.

Intermediate and Fine Grinding Mills—The various
types of comminuting equipmentin this class generally em-
ploy one of three basic actions or, more commonly, a combi-
nation of these actions..

1, Attrition—This involves breaking down of the material by a rub-
bing action between two surfaces. The procedure is particularly appli-
cable to the grinding of fibrous materials where a tearing action is
required to reduce the fibers to powder.
“2. Rolling—This uses a heavy rolling memberto crush and pulverize

the material. Theoretically, only a rolling-crushing type of action is
involved, but in actual practice someslight attrition takes place between
the face of the roller and the bed of the mill.

3. Impact—This involves the operation of hammers (or bars) at high
speeds. These strike the lumps ofmaterial and throw them against each
other or against the walls of the containing chamber. The impact causes
large particles to split apart, the action continuing until small particles of



required size are produced. In some instances high-velocity air or cen-
trifugal force may be used to generate high-impact velocities.

Roller Mills in their basic form consist of two rollers re-

volving in the same direction at different rates of speed.
This principle, which provides particle-size reduction main-
ly through compression (crushing) and shear has been ap-
plied to the development of a wide variety of roller mills.
Some use multiple smooth rollers or corrugated, ribbed or
saw-toothed rollers to provide a cutting action, Most allow
adjustmentofthe gap betweenrollers to control the particle
size of the product. The roller mill is quite versatile and can
be used to crushavariety of materials.

An exampleofa pharmaceutical roller mill is the Crack-U-
Lator, in which a series of ribbed rollers are adjusted to
reduce sequentially the particle size of the product to pro-
duce the desired distribution. The design allows particles
whichare smaller than the gap between therollers to pass to
the next stage without unnecessary size reduction, thus re-
ducingfines.

Hammer Mills consist of a rotating shaft on which are
mounted either rigid or swing hammers (heaters). This unit
is enclosed with a chamber containing a grid or removable
screen through which the material must pass. On the upper
part isthe feed hopper. As the material enters the chamber,
the rapidly rotating hammers strike against it and break it
into smaller fragments. These are swept downward against
the screen where they undergo additional “hammering” ac-
tion until they are reduced to a size small enough to pass
through the openings and out. Oversize particles are hurled
upward into the chamber where they also undergo further
blows by the revolving hammers.

“These mills operate at high speed and generally with con-
trolled feed rate. Both impact and attrition provide the
grinding action. Particle size is regulated by rotor speed,
feed rate, type and number of hammers, clearance between
hammers and chamber wall and discharge openings. Ata
constant screen opening, the speed of the mill and the thick-
ness of the screen will affect the particle size of the milled
powder,* as shown in Fig 88-1. The higher the speed, the
steeper the approach angle ofthe particle to the screen hole.
Thus, for any screen size opening, the higher the blade
speed, the smaller the particle obtained. Increasing the
screen thickness will havea similar effect. In general flat-
edged blades are most effective for pulverizing, while sharp-
edged blades will act to chop or cut fibrous materials. —_.

The FitzMill Comminutor (Fig 88-2) is an exampleof this
type of mill. It can be used in either the hammer or knife-
blade configuration and can be fittedwith a wide range of
screen sizes to fulfill a variety of milling specifications.
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Fig 88-1. The influence of (a) mill speed and (b) screen thickness on
particle size at a constant screen-opening size.*

 
A wide range of particle sizes down to the micronsize can

be produced by these mills. The particle shape, however,is
generally sharper and moreirregular than that producedby
compression methods. Whenveryfine particles are desired,
hammer mills can be operated in conjunction with an air
classifier. Under such conditions a narrower particle-size
distribution and lower grinding temperatures are obtained.
Fine pulverizing of plastic material can be accomplished in
these mills by embrittlement with liquid Nz or CO» or by
jacketing the grinding chamber.

Centrifugal-Impact Mills and Sieves are useful to mini-
mize the productionof fine particles, since their design com-
bines sieving and milling into a single operation, The mill
consists of a nonrotating bar or stator whichis fixed within a
rotating sieve basket. The particleswhich are smaller than
the holesize of the sieve can pass through the mill without
comminution; however, the particles or agglomerates larger
than the hole sizeare directed by centrifugal force to impact
with the stator. The sieve baskets also can be constructed to
have a cutting edge which.can aid in particle-size reduction
without impact with the stator. The Quick Sieve (Fig 88-3),
Turbo Sieve and CoMill! are examples of this type of mill.

Cutter Mills are useful in reducing the particle size of
fibrous material and act by a combinedcutting and shearing
action. They consist of a horizontal rotor in which are set a
series of knives or blades. This rotor turns within a housing
into which are set stationary bed knives. The feed is from
the.top and a perforated plate or screen is set into the bottom
of the housing through which the finished product is dis-
charged. The particle size and shape is determined by the
plate size, gap between rotor and bed knives andsize of the
openings. A numberofrotor styles are available to provide
different particle shapes and sizes, though cutter mills are
normally not designed to produce particles finer than 80- to
100-mesh. : :

Attrition Mills make use of two stone or steel grinding
plates, one or both of which revolve to provide grinding
mainly through attrition. These mills are most suitable for
friable or medium-hard,free-flowing material.

The Sprout-Waldron double runnerattrition mill is an
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Fig 88-3. Quick Sieve (courtesy, Glatt Air).

example of a mill which uses two rotating disks revolving in
opposite directions. The particle-size reduction is con-
trolled by varying the speed at which the disks revolve, the
space between the disks and the size and numberof ridges
and indentations in the face of the disks. By appropriate
combination with a classifier, particle sizes ranging from 10-
mesh to 20 wm can be obtained by these attrition mills. -

Chaser Mills are so called because two heavy granite
stones, or chasers, mounted vertically like wheels and con-
nected by a short horizontal shaft, are made to revolve or
chase each other upon a granite base surrounded by a curb.
Revolution ofthe chasers produces an upward currentofair;
this carries over the lighter particles, which fall outside the
curb and subsequenily are collected as a fine powder.

Pebble or Ball Mills, sometimes called “pot mills”or “jar
mills,” are operated on the principle of attrition and impact,
the grinding being effected by placing the substancein jars
or cylindrical vessels, lined with porcelain or a similar hard
substance and containing “pebbles” or “balls” of flint, por-
celain, steel or stainless steel. These cylindrical vessels re-
volve horizontally on their long axis and the tumbling of the
pebbles or balls over one another and against thesides of the
cylinder produces pulverization with a minimum loss of ma-
terial. Ball-milling is a relatively slow process and generally
requires many hours to produce material of suitable fine-
ness. In order to keep the grinding time within reasonable
limits, coarse material (>10-mesh) should be preground be-
fore introduction into a ball mill. Fig 88-4 showsa sectional
view of a single jar mill. Rod mills are a modification in
which rods about 3 in shorter than the length of the mill are
used in place of balls. This results in a lower production of
fines and a somewhat more granular product.

 
Fig 88-4, Singlejar mill.

Vibrating Ball Mills, which also combine attrition and
impact, consist of a mill shell containing a charge of balls
similar to rotating ball mills. However, in thiscase the shell
is vibrated at some suitable frequency, rather than rotated.
These mills offer the advantage of being free of rotating
parts, and thus can be integrated readily ‘into a particle
classifying system or other ancillary equipment. Further-
more, there have been several studies which have demon-
strated that the vibrating ball mill will grind at rates often as
high as 20 to 30 times that of the conventional tumbling mill
and offer a higher order ofgrinding rate and efficiency than
other prevailing milling procedures.

Fluid-Energy Mills are used for pulverizing and classify-
ing extremely small particles of many materials. The mills
have no movingparts, grinding being achieved by subjecting
the solid material to streams of high velocity elastic fluids,
usually air, steam or an inert gas. The material to be pulver-
ized is swept into violent turbulence by the sonic and super-
sonic velocity of the streams. The particles are accelerated
to relatively high speeds and when they collide with each
other the impact causes violent fracture of the particles.

One type of fluid-energy mill is shown in Fig 88-5. The
elastic grinding fluid is introduced through nozzles in the
lower portion of the mill under pressures ranging from 25 to
300 psi. In this way, a rapidly circulating flow of gas is
generated in the hollow, doughnut-shaped mill. A Venturi
feeder introduces the coarse material into the mill and the
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Fig 88-5. The Jet-O-Mizerfluid energy mill (courtesy, Fluid Energy).



 
Fig 88-6. CentriMil, a centrifugal-impact mill, available in models
ranging from 2to 250 hp. A: Spinningrotor; B: rotor hub disks; C:
impacters (courtesy, Entoleter).

particles enter into the jet stream of rapidly moving gas.
The raw material is pulverized quickly by mutual impactin
the reduction chamber. As the fine particles form they are
carried upward in the track. Particles are ground simulta-
neously andclassified in this process. The smaller particles
are entrapped by the drag of gas leaving the mill and are
carried out to a collecting chamberor bag. Centrifugal force
at the top of the chamberstratifies the larger, heavy parti-

cles and their greater momentum carries them downward
and back to the grinding chamber.A major advantage of the fluid-energy mill is that the
cooling effect of the grinding fluid as it expandsinthe grind-
ing chamber more than compensates for the moderate heat
generated during the grinding process. Another advantage
is the rather narrow range of particle sizes produced. When
precise control of particle size is an important factor, the
fluid-energy mill produces very narrow ranges of particles
with minimum effort.

One major disadvantageis the necessity of controlling the
feeding of the coarse, raw material into the jet stream. Of-
ten, the feeding device becomes clogged by a clump of mate-

rial, and special feeding devices must. be built to produce a
uniform rate of feed.

Centrifugal-Impact Pulverizers also have been found to
be effective for the reduction of the particle size of ‘a wide
variety. of materials ranging from very soft, organic chemi-
cals to hard, abrasive minerals, In addition, this type of mill
is suited well for the size reduction of heat-sensitive sub-
stances. Basically, in these pulverizers, the material is fed
into.the center of a spinning rotor which applies a high
centrifugal force to the particles. The material, thus accel-
erated, moves toward the impactor setat the periphery of
the rotor. Onstriking these impactors the material is hurled
against the outer casing where final reduction is: achieved.
Processed material is. removed from the bottom of the coni-

cal discharge hopper(Fig 88-6). Particle-size-reduction in
the range of 10- to 325-mesh can be obtained with this type
of mill with a minimum offines.

Particle-Size Measurement and Classification

Size and Distribution
Statistical Parameters—Monddisperse systems of par-

ticles of regular shape, such as perfect cubes or spheres, can
be described completely by asingle parameter,ie, length of a
side or diameter. However, when either nonuniform size
distributions or anisometric shapes exist, any single parame-
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Table |—Definition of Statistical Diameters?

Type of mean Statistical
diameter definition Description

Arithmetic End/En. Mean diameter
weighted by number

Diameter moment End?/End Mean diameter
weighted by particle
diameter

Surface moment End?/End? Mean diameter
weighted by particle
surface

Volume moment End4/End9 Mean diameter
weighted by particle
volume

Surface ' (End2/En)¥2 Root mean square
Volume (End3/En)V4

* When grouped data are used, nis the numberof particles in a size interval
characterized by a diameter, d.

ter is incapable of totally defining the powder. Measure-
ments must. be made over the total range of sizes present.
Statistical diameters, for example, are useful measures of
central size tendency and are computed from some mea-
sured property that is a function of size and related to a
linear dimension, For irregular. particles the assigned size
will depend strongly on the method of measurement.

Once a method of assignment of numerical value for the
diameter, surface area or other parameter has been estab-
lished, the average value computed for the parameter is
dependent on the weighting given the various sizes. Mean
particle diameter is the most important single statistical
parametersince, if the proper diameter is chosen, the vari-
ous other parameters of interest such as specific surface
area, number, mean particle weight, etc, often may be calcu-
lated. Thus, the choice of the mean diameter to be mea-
sured or calculated is based on its intended use. For exam-
ple, specific surface area, which may control drug dissolu-
tion, frequently can be related to the root-mean square
diameter. Depending on the method of measurement, vari-
ous diameters are obtained; these will be discussed later.
The particle diameters most commonly used are listed in
Table I.

Size Distributions—As has been pointed out, size distri-
butionsare oftencomplex and nosingle particle size param-
eteris sufficient to characterize or permit prediction of the
many bulk properties of pharmaceutical interest, eg, flow
characteristics, packing densities, compressibility or segre-
gation tendencies. Thus, descriptions beyond the central
tendency provided by the various mean diameters are need-
ed. These generally take the form of equations or charts
that describe in detail the distribution of particle size. In
measuring particle size it is importantfirst to select the
parameterthat is related tothe ultimate use of the product,
and then select the method thatwill measure this parameter.

Certainly, more-usefulinformation would be gained if the
particle size of a powder used in a suspension were deter-
mined by sedimentation than by microscopy,or if the total
surface area of the particles were thecritical factor-(as in use
as an adsorbant) by the more useful method of permeability
or gas adsorption.

Particles can be classified by determining the number of
particles in successive size ranges. The distribution can be
represented by a bar graph or histogram (Fig 88-7), where
the widths of the bars represent the size range and the
heights represent thefrequency of occurrencein each range.
Asmooth curve drawn through the midpoints of the tops of
the bars in this case results in a normal probability size-
distribution curve. A line drawn through the center of the
curve to the abscissa divides the area. into two equal parts
and represents the mean value. Since a number of other
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Fig 88-7. Symmetrical particle-size distribution curve.
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Fig 88-8. Skewed particle-size distribution curve.

symmetrical distributions could have this same midpoint, a
term to describe the scatter about the mean value is needed.
Standard deviation (the root-mean square deviation about
the mean) serves to define the spread of the curve on either
side of the midpoint.

Mostparticulate material cannot, however, be described
by a normal distribution curve. The resultant curves are
usually skewed as shown in Fig 88-8, making mathematical
analysis complex. In a skewed size distribution the mean
value is affected by verylarge or very small values. In these
casesthe median (ie, the central value of a series of observa-
tions) is a more useful average. In a symmetrical distribu-
tion the mean and the median values are the same. ‘Most.
asymmetrical size distribution curves relating to powders
can be converted into symmetrical curves by using the loga-
rithm of thesize, ie, Log Normal Distribution curve., The
symmetrical shape of the latter curve allows for simplified
mathematical analysis.

Cumulative plots are also useful for particle-size distribu-
tion analysis. Here the cumulative percent of the particles
whicharefiner (or larger) than a givensize is plotted against
the size, By useof logarithmic—probability paper the medi-
an size (geometric mean) and standard deviation (geometric
standard deviation) can be obtained readily by. graphical
solution. The median is the 50% size and the standard
deviation is the slope of the line and equal to the ratio 50%
size/15.87% size (Fig 88-9).

Size Measurement

Frequently, particle-size measurements are made in con-
junction with separation of the powderinto fractions on the
basis of size. Methods that lead primarily to size distribu-
tion analysis only are discussedfirst, followed by methods in
which classification by size is a central feature.

The basic processes employed for measurement, classifi-
cation or fractionation of fine solid particles involve direct
and indirect techniques. Direct methods measure the actu-

Cumulativeweight%frequencyoversize 
10 8 6 4 2

Particle size, um

Fig 68-9. Log-probability plot of particle size versus cumulative
weight % frequency oversize.

al dimensions of the particle by use of a calibration scale as
in microscopy and sieving. Indirect measurements make
use of some characteristic of the particle that can be related
to particle size; eg, sedimentation rates, permeability and
optical properties. -

Microscopy—Microscopic techniques have been classi-
fied as one of the most accurate of direct methods. Here,
particles are sized directly.and individually, rather than
being groupedstatistically by some other means ofclassifi-
cation. The linear measurement of particles is made by
comparison with a calibrated scale usually incorporated into
the microscope. Yor spherical particles the size is defined
by the measurement of the diameter. However, for other-
shaped particles some othersingle size designation is gener-
ally used; eg, the diameter of a sphere with the sameproject-
ed area as the nonspheroidal particle being measured. Oth-
er characteristic diameters based on various aspects of the
projected particle outline as seen through the microscope
also have been reported in the literature to describe non-
spheroidal particles.

The method is rather tedious and other limitations are
found in the techniques required for preparation of the
slides and in the maximum resolution which sets the lower

limits of particle size measurement using visible light.
White light can resolve particles within the range of 0.2 to
100 nm. This lower limit can be decreased to about 0,1 um
by the useofultraviolet light and to about 0.01 um by the use
of the ultramicroscope. The electron microscopefindsits
greatest usefulness in particle-size measurements in the
range of 0.2 to 0.001 um.



While microscopic methods for particle size determina-
tion are time consuming, tedious, and generally require more
skill than someof the other techniques, they offer a number
of advantages. They supply information about the shape
and thickness that cannot be obtained by other methods
and,in addition, supply a permanent record through use of
photomicrographs.

A variety of semiautomated procedures have been devel-
oped to reduce the fatigue and tedium associated with man-
ual counting of particles. These are represented by instru-
ments such as the Imanco Quantimet 720 and the MC
System (Millipore), which scan the powder image in a man-
ner similar toa TV scanner. Thesignal obtained is analyzed
by a pulse-height analyzer and.expressed as a particle-size
distribution.

Adsorption of Gases—Adsorptionof a solute from solu-
tion or of a gas at low temperatures onto powdered material
serves as a measure of the particle surface area, generally
reported as specific surface (area/unit mass). Common ad-
sorption techniques use the adsorptionofnitrogen and kryp-
ton at low temperatures. The volumeof the gas adsorbed by
a powdered sample is determined as a function of gas pres-
sure, and an appropriate plot is prepared. The point at
which a monomolecular layer of adsorbate occurs is estimat-
ed: from the discontinuity that shows in the curve. The
specific surface area then can be calculated from a knowl-
edge ofthe volumeofgas required to achieve this monolayer,
and the area/molecule occupied by the gas, its molecular
weight and density. Frequently, more complex expressions
such as the Brunauer, Emmett and Teller (BET) equation
must be used to describe the surface adsorption of some
materials and determine the volumeof gas required to pro-
duce an adsorbed monolayer. The surface properties of a
number of pharmaceuticals have been investigated by this
technique.

Permeability—When a gas or liquid is allowed to flow
through a powdered material, the resistance to this flow Isa
function of such factors as specific surface of the powder,
area of the bed, pore space, pressure drop across the bed and
viscosity of the fluid. This resistance can be described and
the specific surface calculated by the Kozeny-Carmen equa-
tion, which relates these factors. This method, whileit does
not provide a size distribution analysis, offers a rapid and
convenient meansof size estimation that is useful for some
industrial operations.

Instruments that measuretherateof flow of a gas through
a powder bed under controlled pressure differential are
available commercially. The Sub-Sieve Sizer (Fisher) per-
mits the reading of average particle size directly. The
Blaine Permeameter (produced -by Precision Scientific)
uses the principleoffilling the void spaces in a powder with
mercury and then weighing it. The void fraction is calculat-
ed from the known density of mercuryat different tempera-
tures,

The caicalatioris involvedin permeability iethniques are
often complicated and yield only an averagesizeofparticles.
In measuring particles in the subsieve ranges, rather large
deviations may be encountered. With larger mesh sizes,
some good agreementis found between the resultsobtained
by techniques employing permeability and microscopy, par-
ticularly if the powders are made up of spherical or. near-
spherical particles.

Impaction and Inertial Techniques—The laws that
govern the trajectories of particles in fluid streams are used
in several methods. ofparticle-size measurement. Impac-
tion devices are based on the dynamics of depositionoffine
particles in a movingair stream when directed past obstacles
of defined geometric form, or when forced from a jet device
onto a plane surface.

The cascade impactor, described by Pilcheret al,* forces
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Fig 88-10. The principle of the cascade impactor.*

particle laden air at a very high speed andfixed rate through
a series of jets (each smaller than the preceding one) onta
glass slides; impaction takes place in a series of stages. The
velocities of the air stream and the particles suspended in it
are increased as they advance through the impactor. As a
result, the particles are classified by impaction on the differ-
ent slides, with the larger. particles on the top slides and the
smaller ones on the downstream slides. Figure 88-10illus-
trates the principle of the-cascade impactor. The exactsize
of impacted particles on each slide subsequently must be
determined. Size analyses may be obtained directly bythe-
oretical treatment or prior calibration of the instrument.

Tillotson* described an instrument based oninertial prin-
‘ciples similar to those of the cascade impactor. This instru-
ment may be adapted for automatic readoutofsize distribu-
tion by means of light-scattering techniques and electronic
counters. The method is claimed to provide complete parti-
cle-size distribution data in a few minutes.

Automatic Particle-Size Counters—The Coulter

Counter, HIAC Counter:and Gelman Automatic Particle
Counter represent three examples of automatic counting
equipment.

The Coulter Counter will determine. the particle volume
distribution of material suspended in an electrolyte-con-
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Fig 88-11. Size range of Coulter method dostdlid Ywith coverage
of sieve; sedimentation and microscopic methods, and overlap of
electron microscope and centrifuge ranges (courtesy, Coulter),
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taining solution. A table of size ranges of several methods
compared with the Coulter principle is shown in Fig 88-11.
The principle underlying use of this instrument is described
on page 496.

The HIAC Counter measures the size distribution of par-
ticles suspended in either liquids or gases. The standard
models will measure sizes from 2 to 2500 um at pressures up
to 3000 psi. Basically, in this instrumentthe particles pass a
window one-by-one. Each particle as it passes, depending
on its size, interrupts some portion of a light beam. This
causes an instantaneous reduction in the yoltage from a
photodetector which is proportional to the size of the parti-
cle. Several counting circuits with preset thresholds tally
the particles by size.

The Gelman Counter uses theprinciples of light-scatter-
ing to count particles in the air in the range of 0.5 wm and
larger.

Size Classification

Sieving—This is one of the simplest and probably the
most frequently used method for determining particle-size
distribution. The technique basically involves size classifi-
cation followed by the determination of the weight of each
fraction.

In this technique, particles of a powder massare placed on
a screen made up of uniform apertures. By the application
of some type of motion to the screen, the particles smaller
than the apertures are made to pass through. The sieve
motion generally is either (1) horizontal, which tends to
loosen the packingof the particles in contact with the screen
surface, permitting the entrapped subsieve particles to pass
through or (2) vertical, which serves to agitate and mix the
particles as well as to bring more of the subsieve particles to
the screen surface.

One major difficulty associated with this method is the
production of screens with uniform apertures, particularly
in the very fine mesh sizes. As a result the practical lower
limit. for woven-wire mesh screens is about 43 wm (325-
mesh): However, with the introduction of electroformed
screens, sieves capable of analyzing particles in the 5-um
range are now available. In addition, “blinding” of the
openings by oversized or irregular particles and inefficient
presentation of the particles to the screen surface are prob-
lems associated with this technique. The use of horizontal
and vertical screening motions, airjets, suddenperiodic re-
versal of the sieve motion and continuous cycling all have
beenused in an attempt to eliminate these problems.

For continuous operations, the screens are attached to
mechanical or electromagnetic devices which supply the en-
ergy required to shake the particles through the openings in
the screen andalso prevent accumulation of fines within the
openingsas this tends to clog them and slow down theopera-
tion. ‘The use of an electromagnetic instead of mechanical
drive provides a more-gentle sieving action with a resultant
decrease in sieve wear, blinding and less machine noise.
Sieves may be used either in a sequenceof sizes. through
which the material must pass or singly in the requiredsize.

This apparatus is useful in obtaining size-analysis data
under controlled conditions. The sample is placed in the
top of the nest ofstandard sieves arranged in a descending
order. The length of time and force of vibration to which
the sample is subjected may be preset by variable time and
voltage controls. The controlled vibration causes the pow-
derparticles to pass through the sieves, each fraction coming
to rest in the sieve through which it cannot pass. For the
purpose of analysis, the weight of each fraction is deter-
mined and the percentage calculated.

TheSonicSifter (Allen-Bradley and ATM) is alaboratory
sifter that uses sonic oscillation to classify particles. Ame-

(developed by Nordberg).

 
Fig 88-12. Gyro-Whip sifter (courtesy, Sprout-Waldron).

chanical pulse actionis used to reduce blinding and agglom-
eration in the subsieve sizes. This combination of sonic and

mechanical agitation permits dry sifting down to5 wm. US
Standard Sieves are available for this unit from 345- to 400-
meshandin precision electroformed meshsizes from 150 to 5
pm,

Industrial-size mechanical sieves are varied in design and
capacity, and include the gyratory, circular rotatory, vibrat-
ing, shaking and revolving sifters. In gyratory sifters the
motion 'is in a single horizontal plane, but may vary from
circular to reciprocal from the feed to the discharge end.
The circular sifter also confines the screen motion to a hori-
zontal plane, but in this ¢ase the total motion applied to the
sieve is circular, The Gyro-Whip (Sprout-Waldron) is an
example of such a sifter in which the material enters the top
and spreads over thefirst sieve. Some of the finer particles
drop through and are discharged into the “throughs” chan-
nel, The remaining powder moves to the nextsieve in order,
the process is repeated until complete separation is accom-
plished (Fig 88-12).

Centrifugal screening is used in the Symons V-Screen
Here the material is pushed

through a spinningvertical wire cloth cylinder. Sharp cuts
in particle size can be obtained with this equipment. Down-
ward air flow, instead of shaking and tapping, has been used
to move the particles through the screen openings; alternat-
ing with a reverse air flow serves to prevent “blinding,”
particularly with fine-mesh sieves.

Wet Screening—The addition of water sometimes is em-
ployed to dissolve out any unwanted binders, removefines or
surface contamination, and to reduce surface forces, particu-
larly in micromeshsieves, that oppose the flow of particles
through the sieve. Particles that tend to agglomerate or
react with oxygen or moisture and thus cannot be dry-sieved



often can be handled by wet-sieving. Particles in the 6 to
150-um range have been classified with good precision using
electroformed sieves. Some hydrophobic substances which
resist wetting by water may be wet screened by the use of
organic liquids such as petroleum ether, acetoneor alcohol.
Wet-screening may be accomplished by spraying both the
scteen surface and the material as it is fed onto the screen or

by feeding a slurry of material directly onto the screen.
Screening Surfaces—A numberof factors must be con-

sidered in selecting screening surfaces. Primary consider-
ation is given to the size and shapeof the aperture opening,
the selection of which is determined by theparticle size that
is to be separated. Screens commonly used in pharmaceuti-
cal processing include woven wire screens, bolting cloth,
closely spaced bars and punched plates. Punched plates
are used for coarse sizing; their holes may be round,oval,
square or rectangular. The plates must be sturdy and with-
stand rough service. Sizes in common use range upward
from 4; in.

Most. screening, however, is accomplished with woven-
wire screens ranging in size from those with 400 openings/in
to screens with 4-in square openings or larger. There are
numerous types of woven wire screens, including plain,
twilled and braided weave. An example of the plain and
twilled weave is shown in Figs 88-13 and 88-14.

In the US,the two commonstandardsare the Tyler Stan-
dard and U'S Standardsieves. In both these series the sieve

numberrefers to the number of openings per linear inch.
For most purposes, screens from the two series are inter-
changeable, though in a few instances the number designa-
tions are different. Since these numbers do not define the

size ofthe openings the Bureau ofStandardshas established

 
 

Fig 88-14. Twilled weave screen.
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Table !I—Nominal Dimensions of Standard Sieves

Permis- Permis-
sible sible

variation variation
in in

Sieve average maximum Wire
opening opening, opening, diameter,

No mm um % % mm

2 9.52 9520 +3 +5 2.11 to 2.59
4 4.76 4760 +3 +10 1.14 to 1.68
8 2.38 2380 +3 +10 0.74 to 1.10

10 2.00 2000 +3 +10 0.68 to 1.00
20 0.84 840 +5 +15 0.38 to 0.55
30 0.59 590 +5 +15 0.29 to 0.42
40 0.42 420 +5 +25 0.23 to 0.33
50 0,297 297 £5 +25 0.170 to 0.253
60 0.250 250 +5 +25 0.149 to 0.220

70 0.210 210 , +5 +25 0,130 to 0.187
80 0.177 177 +6 +40 0.114 to 0,154

100 0.149 149 +6 +40 0.096 to 0.125
120 0.125 125 +6 +40 0,079 to 0.103
200 0.074 74 £7 +60 0.045 to 0.061

specifications for Standard Sieves, as given in Table IL.
These specifications also establish tolerances for the even-
ness of weaving, as irregularities from careless weaving
might permit much larger particles to pass the sieve than
would be indicated. The standard sieves used for pharma-
ceutical testing are of wire cloth.

Sedimentation—This method employs the settling of
particles in a liquid of a relatively low density, under the
influence of a gravitational. or centrifugal field. In free-
settling (ie, no particle—particle interference) the particles
are supported by hydraulic forces and their fall can be de-
scribed by Stokes’ law. However, in most real situations
particle-particle interference, nonuniformity and turbu-
lence are all present, resulting in more complex settling
patterns. The Andreason pipet, which is based on sampling
near the bottom of a glass sedimentation chamber, is per-
haps the best known of the early instruments. With centrif-
ugation, entrainment of particles in the currents produced
by other particles also may interfere with fractionation.

Gravitational settling chambers often are used for large-
scale separation ofrelatively coarse particles in the range:of
100 um. Centrifugal devices are useful for the separation of
much smaller particles (5 to 10 wm).

Sedimentation balances are available which provide a
means of directly weighing particles at selected time inter-
vals as they fallin aliquid system. For continuous observa-
tions, automatic recording balances are also available. A
commercially available instrument called a Micromero-
graph uses the principle of sedimentation in an air column.
This instrument and others related to itin principle offer
more rapid determinations than those which use a liquid
medium, There are, however, serious uncertainties in the
method which must be taken into consideration. Devi-

ations from Stokes’ law and impaction of particles against
the inner wall of the settling chamberare sources of possible
error.

The Carey and Stairmand photosedimentometer photo-
graphs the tracks of particles as they fall in a dispersion
medium. The size determination is derived from the length
of the photographic track, which is an indication of the
distance traveled by the particles, and the time of exposure
of the photograph.

Elutriation—In this process the particles are suspended
in a movingfluid, generally water or air. In vertical elutria-
tion at any particular velocity ofthe fluid, particles of a given
size will move upwards with the fluid, while larger particles
will settle out under the influence of gravity. In horizontal



1624 CHAPTER 8&8

 

 
 
 

OVERFLOW ©

OVERFLOW SECTION

 

a= coe
; m VORTEX FINDER) = ,

FEED SECTION —

~ CONICAL SECTION

- APEX WALVE

TAILPIPE

* GNDERFLOW. =

Fig 88-15. DorrClone, a hydrocentrifugal classifier (courtesy, Dorr-
Oliver).

elutriation a stream of suspended particles is passed over a
settling chamber. Particles that leave the stream are col-
lected in the bottom of the chamber. Normally, for all
elutriation techniques, both undersize and oversize particles
appear in each fraction and recycling is required if a clean
cut is desired. By varying the fluid velocities stepwise the
sample may be separated into fractions. The amount in
each fraction then can be determined and thesize limits

calculated by the use of the Stokes’ equation or measured
directly by microscopy. Air elutriation usually willgive a
sharper fractionation in a shorter time than will water elu-
triation. "

Centrifugal elutriation is basically the same process, ex-
cept in this case the fluid stream is caused to spin so as to
impart a high centrifugal force to the suspendedparticles.
Those particles which are too large to follow the direction of
flow separate out on the walls or bottom of the elutriator or
cyclone. The finer particles escape with the discharge
stream. Separation down to about 0.5 um can be achieved
with some centrifugal classifiers.

The DorrClone (Dorr-Oliver) (Fig 88-15) is an example of
a centrifugal-type. classifier. The feed enters tangentially
into the upper section. Centrifugal forces in the vortex
throw the coarser particles to the wall where they collect and
then drop down and out of the unit. The fine particles move
to the inner spiral of the vortex.and are displaced upward
and finally out of the top of the unit.

The Super Classifier (Sharples) (Fig 88-16) is another
example of a centrifugal classifier useful for the high-speed
separation of fine particles. It has a capacity of about 250
lb/hr and operates at an air flow of about 100 cu ft/min at a
maximum rotor speed of about 15,000 rpm.
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Fig 88-16. The Sharples K-8 SuperClassifier (courtesy, Sharples).

The Donaldsonair classifier subjects the feed particles to
a high degree of dispersion just prior to classification and
thusis able to make sharp separations in production quanti-
ties as low as 0.5 um.

Inertial elutriators, which use an abrupt changein direc-
tion of the fluid stream to produce separation, are effective
down to about 200-mesh. However, as with other elutria-
tors a clean cut usually cannot be obtained without recy-
cling.

Felvation is a unique processthat combines elutriation
and sieving along with a varying fluid flowrate and aturbu- |
lent fluidized bed to achieve particle separation. The parti-
cles are fluidized within the felvation column. By gradually
increasing the fluid flow rate the very fine particles are
brought up to and then through a sieve surface set into the
upper section of the column. Thesefines are filtered subse-
quently out of the fluid stream. A further increase in the
fluid flow rate causes larger and larger particles to move
through the sieve. The-final stage is reached whenparticles
just larger than the sieve aperture are elutriated up to the
sieve. Because ofthe way in which theparticles are present-
ed to the sieve, very little blinding of the openings occur.
Furthermore,since the sieve need only serve as a “go, no go”
gauge and not as a supporting surface for the powder, a
relatively small sieve surface is required. Thus, the more-
uniform but more-expensive electroform sieves, even down
to a 10-ym size, can be used in this process.

Miscellaneous Methods—Numerous other methods

have been applied to particle-size determination, including
X-ray and electron diffraction, ultrasound, flotation and
electrostatic, magnetic and dielectrophoretic methods.
These techniques either are used principally as research
tools or are industrial-scale methods ofuse outside the phar-
maceutical industry. Detailed descriptions of their princi-
ples of operation and their applications can be foundin the
Bibliography.

Solids Handling

Packing and Bulk Properties

Bulk Density; Angles of Repose—Systemsof particu-
late solids are the most complex physical systems encoun-
tered in pharmacy. No twoparticles ina powderare identi-
cal and the nature of momentum and energy exchange be-
tween particles defies description except in the most
idealized and approximate terms. Bulk properties of pow-



ders are determined in part by the chemical and physical
properties of their component solids and in part by the
manner in which the various components interact. These
interactions in turn frequently depend on the pasthistory of
the powder bed as well as on the ambient conditions.

Thestatic properties of a particulate bed depend on parti-
cle—particle interactions and, in particular, on the way in
which applied stresses are distributed through the bed. The
number of contacts between particles and, hence, the aver-
age number of interparticulate contact points per particle
increases as bed-packing increases. Packing may be ex-
pressed in terms of porosity, percent voids or fraction of
solids by volume. Packings for regular arrangements of
uniform spheres can be calculated and range in fractional
solids from 0.53 for cubic to 0.74 for tetrahedral lattices.

Powders comprised of irregular-shaped particlesin a distri-
bution of sizes can pack to fractional densities approaching
unity.

The manner in which stresses are transmitted through a
bed and the bed’s response to applied stress are reflected in
the various angles of friction and repose. The most com-
monly used of these is the angle of repose which may be
determined experimentally by a number of methods, with
slightly differing results. The typical method is to pour the
powderin a conical heap onalevel, flat surface and measure
the included angle with the horizontal. Angles of repose
range from 23° for smooth uniform glass beads to 64°for
granular limestone. Cohesive materials frequently behave
in an anomalous manner yielding values in excess of 90°.

The angle of internal friction is a measure of internal
stress distributions and is the angle at which an applied
stress diverges as it passes through the bed. This angle
together with the angle of slide are useful parameters in the
design of storage/discharge bins. The latter angle is defined
as the least slope at which a powder will slide down an

inclined plane surface. Various other angles are in lesser useand will not. be discussed here.

Statics—Powders at rest experience stresses that vary
with location throughout their volume and arise from pres-
sures exerted by the container as well as from the weight of
the bed above. Each point within the bed experiences both
normal and shear stresses in general. Normal stresses may
be either tensile or compressive. The powder bed will re-
main motionless and no flow will occur unless the normal

and/or the shear strength is exceeded at some point. within
the bed. In general, the yield strengths, both normal-.and
shear, are functions of the normal and shear stresses at the
point of interest and depend upon the orientation ofthe axes
of reference and the nature of the powderitself. It is appar-
ent that to understand powderflow it is necessary to under-
stand the conditions under which bed failure occurs and
powderflow is initiated and sustained.

Consider the stresses which are applied to the faces of a
small cube that is centered about a point chosen at random
within a powder bed. Normal stresses are designated oj,
where the subscript indicates the axis normal to the face and
shear stresses are designated 7;;, where the first subscript
indicates the face and the second indicates the direction of

the applied force. If the cube has an edge length,|, which is
not infinitesimal, and if a stress gradient exists within the
region, the corresponding stresses on opposite faces of the
cube will not be equal. However, if the cube is made pro-
gressively smaller and as 1 approaches zero, the stress values
will converge to those at the point of interest. These forces
are illustrated in Fig 88-17. It can be seen from this diagram
that the state of stress at a point can be described by nine
stress components.

If the system is in static equilibrium, and is not being
accelerated translationally or rotationally, the forces which
otherwise would result in movement must be in balance and
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have the effect of canceling each other. For example, r,,
must equal r,, if rotation about the z-axis is not to occur. In
a similar manner, shear and normal stresses, which would
lead to translational movement along any of the three axes,
also must balance.

Becausethe directions of the mutually perpendicular axes
in Fig 88-17 were chosen arbitrarily, any other orientationof
the cube corresponding to another set of axes also must
result in a balance of forces. However, the distribution of
stress among normal and shear components will depend on
the particular axes selected. Thus, the stress condition of a
powder can be analyzed in terms of the dependenceof the
normal and shear stresses on the direction chosen for the

reference axes. This can be done by a method of analysis
devised by Mohr, and can be visualized using a Mohr circle
diagram, which permits stresses at any given point within a
powder bed to be graphically resolved into normal, c, and
shear, 7, stresses for any arbitrary choice ofaxes.

For simplicity, assume that stress in the z-direction is not
a function of z and that stress gradients exist in the x and y
directions only. Stresses then can be analyzed in the xy
plane without reference to the z-axis. Fig 88-18 shows the
relationship between stresses relative to two xy coordinate
systems at an angle #to eachother. Ifthe condition of stress
in the powder remains constant and only the angle # between
the two sets of reference axes is allowed to change, the
resolution of stress into normal and shear components will
be different for each set of axes and will depend on 6. By
meansof trigonometry, the relationshipsbetween these two

-sets of stresses is shown to be

  

 

 

o, to, o,-0 .
t= ar + = ~ cos20 + 7, sin26

a,+¢ o,— 6. .
oy =— 5 —y00828 = Tay sin26

c,—6

Tey = = 9 ~sin2@ — Try cos2@
These equations permit the calculation of « and r values

for any desired set of axes if the values are known for any
given set of axes. In particular, if @ is chosen properly, T,','
can be made to vanish and normal stresses only will remain.
The setof axes for which this is true are called the principal
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Fig 88-18.

axes ofstress and the corresponding o’s are called the princi-
palstresses. All points within static beds of powders can be
characterized by principal axes and stresses which will, in
general, vary from point to point throughout the bed. The
principal axes do not correspond necessarily to the orienta-
tion of the walls of the powder container.

These concepts can be extended to three dimensions.
Thus,it is possible to find a setof three mutually perpendic-
ular planes, on which there are no shear stresses acting, for
each location within the powder. The normals to these
planes are the principal axes. It also is possible to find a set
ofplanes for which the shear stresses are a maximum and the
normal stresses are equal. The associated axes are called
the axes of maximum shear. These two sets of axes are
importantsince they represent directions of bed failure were
it to occur.

The relationships between stresses, as functions of @, can
be illustrated and determined graphically. Figure 88-19 is
an example of a Mohr’s circle diagram for stress. Such
diagrams are based on the stress equations. This can be
seen by comparing Fig 88-19 with the equations, noting the

relationships of the stresses of 6. A Mohr diagram can be
constructed for any point within the powder, permitting
stresses to be resolved graphically into normal and shear
components for any arbitrary choice of axes.

Steps in constructing a diagram are

Plot the center of the circle, p, on the o axis at the average normal
stress, (a, + ay)/2.

Plot point « and y with coordinates (oy, r,)) and (oy, rxy), respectively.
Note that these three points lie on a diameter of the circle.

Drawa circle with its center at p and passing through points x and y.
Locate the x’y’ diameter using the angle 20.

The stress components correspondingto the new axes can be
read off the graph. Both o, and o, are read off the same
axes on the graph since both are normal stresses.

For the particular case in Fig 88-19, the principal axes lie
at an angle of #* to the original axes. The axes of maximum
shear stress lie at. an angle of # from the original axes since
the xy line corresponding to maximum shear is perpendicu-
lar tothe o axis. Depending.on the state of the powder,it is
possible to have negative « values, where the Mohr circle
passes to theleft of the 7 axis.

The application of stress normal to a plane of shear influ-
ences the shear stress at which the powderfails. Because of
this, a given powder will fail at various combinations of
normal and shear stresses. These combinations can be ex-

pressed graphically by a line in the o,7 plane which separates
regions on the graph at which the powdereither flows oris
stable. This is shown in Fig 88-20 for a typical powder!
Various powders will display curves which uniquely define
their failure characteristics. Each point on such a curve
correspondsto a o,r combination at whichfailure occurs and
can be analyzed by constructing a Mohr circle which passes
through the point andis centered on the intersectionofa line
perpendicular to the point, g, and the c axis. An exampleis
shown in Fig 88-20.

Bulk Properties—In addition to the angles of repose and
friction which reflect bulk behavior, tensile and shear
strength and dilatancy are of interest. Tensile strength is
measured by forming a powder bed on a roughened andsplit
plate. Half of the plate is laterally movable and the force
necessary to rupture the bed by pulling the plate halves
apart, minus sliding plate friction corrections, represents the
bed tensile strength. Various methods of applying force to
the movable plate are used, including tipping the plate from
the horizontal and allowingit to react to gravity by rolling on
steel balls.

Shear strength is determined from the force necessary to
shear horizontally a bed ofknown cross-section. The Jenike

 
Fig 88-19. Fig 88-20. ”



shearcell is typical of those in use. It permits various loads
to be applied normal to the plane of shear, whereby a shear
failure locus can be determined. With the desired normal

load applied, a steadily increasing shearing force is applied
until failure occurs. These measurements are the basis for

constructing powder-failure curves such as that in Fig 88-20.
When packed powder beds are deformed, local expansion

occurs along the failure planes, barring fracture of the parti-
cles themselves. This phenomenonis termed dilatancy and
is a direct consequence of the micromechanics of interpar-
ticulate movement. For one particleto move past anotherit
is necessary for it to move to the side in order to move
forward when the particles are in an “interlocked” arrange-
ment. Such arrangements predominate in packed beds with
the consequence that the collective sideways movements in

‘the failure zone produce bed expansion. Room for expan-

sion therefore must be provided when packed beds areforced to flow.

Mixing of Powders

Degree of Homogeneity—Many mathematical expres-
sions have been proposed and used to express the degree of
homogeneity of powders comprised of two or more compo-
nents. For the most part measures of mixture uniformity
have been statistical and based on either the standard devi-

ation or variance of the composition from its mean value. It
should be recognized that these indices of mixing are scalar
quantities and are incapable ofuniquely describing the com-
position profile of a given powder bed. A practical defini-
tion of mixing uniformity should be selected to relate as
closely as possible to the desiredproperties of the mix. The
manner in which samples are taken (number,size and loca-
tion of samples) largely determines the validity and inter-
pretation of the derived index.

The standard deviationis presented here as a representa-
tive index. It can be estimated solely from a set of n sam-
ples. Ifsample numberi has composition x;, and all samples
are of uniform size, the sample standard deviation is defined
in the usual way as

=4/ Sj -D'%a-1
i=1

where x is the mean'composition estimated from the samples
alone.

In sampling a bed, there should be assurance that the bed
is sampled uniformly over its entirety. This can be done
either by use of a sampling “thief” designedto probe the bed
and collect samples at selected points or serially as the pow-
deris discharged from the mixer.

The “scale of scrutiny” at which the powder is examined
for uniformity is determined by the sample size. This
should be chosen based on the ultimate use of the powder.
For a tablet or capsule formulation the appropriate sample
size is that of the dosage form,

Two important concepts related to mixinguniformity
have been described by Danckwerts as the scale and intensi-
ty of segregation. Assuming that zones having uniform but
differing compositions exist in a powder bed, the scale of
segregation is afunction of the size of the zones. The inten-
sity of segregation is in turn a function of the composition
differences among zones. Generally, the process of mixing
tends to reduce the intensity of segregation while thescale of
segregation passes through a minimum.

Mechanisms of Mixing and Segregation—-Threepri-
mary mechanisms are responsible for mixing:

Convective movementof relatively large portions of the bed.
Shearfailure which primarily reduces the acale of segregation.
Diffusive movementof individual particles.
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Mostefficient mixers operate to induce mixing byall three
mechanisms.. Thus, mixing can be considered to be a ran-
dom shuffling-type operation involving both large and small
particle groups and even individual particles. However,it.
should be noted that the use of random motion to achieve

random distribution assumes that no other factors influence
this distribution. This is rarely if ever the case in practice.
Instead, a variety of properties of the powders being mixed
influence this approach to complete randomness..Sticki-
ness or slipperiness of particles must be considered, among
other factors, As might be expected, the stickier the materi-
al, the less readily it mixes and demixes. Electrostatic
forces on the particle surfacealso can produce marked ef-
fects on the mixing process, and in fact may producesuffi-
cient particle—-particle repulsion to make random mixing
impossible,

By enabling particles to undergo movement relative to
each other, mixers also provide the conditions necessary for
segregation to occur. Any manipulation of a powder bed for
purposes of conveying, discharge from a hopper, etc, pro-
vides the opportunity for segregation. Thus, many of the
so-called mechanisms of segregation are actually conditions
under which segregation can happen.

Thesegregation that occurs in free-flowing solids usually
does so as a result of differences in particle size and, to a
lesser extent, to differences in particle density and shape.
The circumstances leading to segregation can be generalized
from a fundamental physical standpoint. The necessary
and sufficient conditionsfor segregation to occur are that (1)
various mixture components exhibit mobilities for interpar-
ticulate movement which differ and (2) the mixture experi-
ence either.a field which exerts a directional motive force on
the particles or a gradient in a mechanism capable ofinduc-
ing or modifying interparticulatemovement. The combina-
tion of these conditions results in asymmetric particle mi-
grations and leads to segregation.

Rates of Mixing and Segregation—Rate expressions
analogous to those of chemical kinetics can be derived using
any of the various indices of mixing as time dependentvari-
ables. Whenthis is done, it usually is found that mixing
follows a first-order approach to an equilibrium state of
mixedness. More recently, mixing has been described as a
stochastic process (by means of stationary and nonstation-
ary Markoy chains) in which the probabilities of particle
movement from place to place in the bed are determined.
When applied to a mixer, this approach.is capable ofindicat-
ing zones of greater and lesser mixing intensity.

Large-Scale Mixing Equipment—The ideal mixer
should producea complete blend rapidlywith as gentle as
possible a mixing action to avoid product damage, It should
be cleaned and discharged easily, be dust-tight and require
low maintenance and low power consumption. All of these
assets generally are not found in any single piece of equip-
ment, thus requiring some compromise in the selection of a
mixer,

Rotating-Shell Mixers—The drum-type, cubical-shaped,
double-coneand twin-shell blendersare all examplesof this
class of mixers. Drum-type blenders with theiraxis of rota-
tion horizontal to the center of the drum are used quite
commonly. These, however, suffer from poor crossflow
along the axis. The addition ofbaffles or inclining the drum
on its axis increases crossflow and improves the mixing ac-
tion. Cubical- and polyhedron-shaped blenders with the
rotating axis set at various angles also are available. Howev-
er, in the latter, because of their flat surfaces, the powder is
subjected more to a sliding than a rolling action, a motion
whichis not.conducive to the most efficient mixing.

Double-cone blenders, an importantclass of rotating-shell
or tumbling mixers, were developed in an attempt to over-
come some of the shortcomings of the previously discussed
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Fig 88-21.. Cross-Flow twin-shell blender (courtesy, Patterson-Kel-
ley).

mixers. Here, the mixing pattern provides a good crossflow
with a rolling rather than a sliding motion. Normally, no
baffles are required so that cleaning is simplified. The twin-
shell blender is anotherimportant tumbling-type blender,
It combinestheefficiency of the inclined drum-type with the

ricoating that occurs when two such mixers combinetheirOW.

The Cross-Flow blender (Patterson-Kelley) (Fig 88-21)is
an example of a twin-shell blender. Theuneven length ‘of
each shell inthis blender provides additional mixing action
when the powder bed recombines during each revolution of
the blender. The Zig-Zag blender, an extension ofthe twin-
shell blender, provides efficient. continuous precision blend-
ing.

Fixed-Shell Mixers—Theribbon mixer, oneof the oldest
mechanical solid—-solid blending devices, exemplifies this
typeofmixer. It consists of a relatively long troughlike shell
with a semicircular bottom. The shell is fitted with a shaft

on which are mounted spiral ribbons, paddles or helical
screws, alone or in combination. These mixing blades pro-
duce a continuous cutting and shuffling of the charge by
circulating the powder from end to endofthe trough as well
as rotationally. The shearing action that develops between
the moving blade and the trough serves to break down pow-
der agglomerates. However, ribbon mixers are notprecision
blenders; in addition, they suffer from the disadvantage of
being more difficult to clean than the tumbler-type blenders
and of having ahigher power requirement.

Sigma-Blade and Planetary Paddle Mixersalso are used
for solid—solid blending, although most generally as a step
prior to the introduction of liquids, Mixers with high-speed
impeller blades set into the bottom of a vertical or cylindri-
cal shell have been shown to be very efficient blenders. This
type, in addition to its ability to produce precise blends,
serves also to break down agglomerates rapidly. The me-
chanical heat buildup produced within the powder mix and
the relatively high power requirementare often drawbacks
to the use of this type of mixer; however; the shorter time
interval necessary to achieve a satisfactory blend may offset
these factors.

Muller Mixers are a specialized class of mixers, useful for
heavy-duty operations requiring high shearing forces. The
mulling action is a shearing mechanism,andis the closest to
the type of mixing achieved by the hand-operated mortar
andpesile.

Vertical Impeller Mixers, which have the advantage of
requiring little floor space, employ a screw-type impeller

  
Fig 88-22. Cutaway view of the Mark II Mixer (courtesy, JH Day).

which constantly overturns the batch (Fig 88-22). The flu-
idized mixer is a modification of the vertical impeller type.
The impeller is replaced by a rapidly moving stream of air
fed into the bottom of the shell. The body of the powderis
fluidized’ and mixing is accomplished by circulation and
overtumbling in the bed (Fig 88-23). Generally, when preci-
sion solid-solid blending is required, the rotating twin-shell
or the double-cone-type blenders are recommended.

Motionless Mixers—These are in-line continuous pro-
cessing devices with no moving parts. They consist of a
series of fixed flow-twisting or flow-splitting elements. ‘The
Blendex (Ross & Son), designed for blending offree-flowing
solids, is constructed to operate in a vertical plane. Four
pipes interconnect with successive tetrahedral chambers,
the numberof chambers needed dependingonthe quality of
mix desired. Thepowders enter the mixer from overhead
hoppers and free fall through the mixer and are mixed by
what is describedas Interfacial Surface Generation. For

two input streams entering this mixer the numberoflayers,
L, emerging from each of the successive chambers, C, is L =
2(4)°. Thus for 10 chambers over 2 million layers are gener-
ated. This type providesefficient batch or continuous mix-
ing for a wide variety of solids without particle-size reduc-
tion or heat generation and essentially no maintenance.
Units are available to mix quantities ranging from 100 to
5000 lb/hr.

Small-Scale Mixing Equipment—Thepharmacist most
generally employs the mortar and pestle for the small-scale



ROTARY AIR
SEPARATOR

 
 

CONE VALVE
MANIFOLD AND

ANGULAR NOZZLES

COMPRESSED AIR LINE

Fig 88-23. Air Mix mixer (courtesy, Sprout-Waldron)..

mixing usually required for prescription compounding.
However,the use of spatulas and sieves also may be utilized
on occasion. The mortar and pestle method combines com-
minution and mixing in a single:operation. Thus,it is par-
ticularly useful where some degreeof particle-size reduction

as well as mixing is required as in the case of mixtures of
crystalline material.

The blending of powders with a spatula ona tile or paper,
or spatulation, is used sometimes for small quantities of
powders often as an auxiliary blending technique or when
the compaction produced by the mortar and pestle tech-
nique is undesirable. Spatulation is a relatively inefficient
method of mixing and is used rarely to prepare a finished
dosage form.

Sieving usually is employed as a pre- or post-mixing meth-
od to reduce loosely held agglomerates and to increase the
overall effectiveness of a blending process. When used
alone as a solid—solid blending technique, several passes
through the sieve are required to produce a reasonably ho-
mogeneous mix.

Storage and Flow

Flow Patterns—Discharge of powders from large-scale
mixers, storage bins or machine-feed hoppers primarily gen-
erates flow in the form of shear failure, ie, the powder be-
haves in a manner analogous to a viscousliquid in laminar
flow. The analogy ends at that point since conditions are
then present in the powder bed conducive to segregation.
The overall pattern of discharge from a bin takes the form of
either funnel-flow or mass-flow. Bin-design characteristics,
which take into account the powder’s angles of slide and
internal friction and its yield locus in terms of normal] and
shear stresses, determine which flow pattern will occur.
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In funnel flow the powder moves in a column down the
center of the bin toward the exit orifice at the bottom. Ma-
terial surrounding this relatively rapidly moving core re-
mains stationary or is drawn slowly into the core, which is
fed primarily from the top where powder movesto the center
and then down in the mannerof a funnel.

The powder in a mass-flow bin moves downward toward
the orifice as a coherent mass. When it reaches the tapered
section ofthe bin leadingto theorifice, it is compressed and
flows in shear analogous to a plastic mass being compressed.
This type of bin is advantageous for use with powders having
a strong tendencyto segregate.

The rate of discharge from a hoppervaries as a function of
the cube of the orifice diameter and is nearly independentof
the height of the bed. An arch forms over the orifice which
in effect is a boundary between material in essentially free
fall and material in the closely packed condition of the pow-
der bed. The rate of mass transport across this constantly
renewed surface determines the rate of orifice flow. It has
been shown that flow can be increased substantially if gas is
pumped through the bed and across the orifice in the direc-
tion of solids flow. Flow conditioners are also an important
meansof improving flow and are discussed in Chapter 19.

Pneumatic Transport—This method of transporting
powdersis of interest since it can be used to mix powders at
the same time as they are being conveyed. The method
consists of propelling a solids-gas mixture along a conduit
via.a gas pressure drop. The solidsare held in suspension by
the turbulence of the gas stream. At low-solids concentra-
tions, where the particles are relatively small, the solids are
dispersed uniformly over the pipe cross-section. However,
at higher solids contentor with larger particles somestratifi-
cation will occur in a horizontal pipe andsolids will settle out
if the pipe is overloaded.

Gas flow must be turbulent so as to suspend the solids;
however, the solids behave as in laminar flow. Slippage
between gas and solid occurs, particularly in vertical pipes,
with the consequencethat gas and solids flow rates are not in
proportion to flow-stream composition. Further, smaller
and less dense particles flow more rapidly than large and
dense material and a chromatographic-like separation oc-
curs. This is not a problem, however, once steady state is
achieved. Because of the industrial importance.of this pro-
cess in manyfields it has been investigated extensively anda
numberof useful theoretical and empirical expressions have
been derived and may be used to predict conditions neces-
sary for satisfactory pneumatic transport:

Powders as a Dosage Form

Historically, powders represent one of the oldest dosage
forms. They are a natural outgrowth ofman’s attempt to
prepare crude drugs and other natural products in a more
conveniently administered form. However, with declining
use of crude drugs and increasing use of manyhighly potent
compounds, powders as a dosage form have been replaced
largely by capsules and tablets,

In certain situationspowders possess advantages and thus
still represent a portion (although small) of the solid dosage
forms currently being employed. These advantages are
flexibility in compounding and relatively good chemical sta-
bility. The chief disadvantages of powders as a dosage form
are they are time-consuming to prepare and they are not
suited well for dispensing the many unpleasant-tasting, hy-
groscopic or deliquescent drugs.

Bulk powders have another serious disadvantage when
compared. with divided and individually weighed pow-
ders—inaccuracy of dose. The dose is influenced by many
factors, including size of measuring spoon, density of pow-
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der, humidity, degree of settling, fluffiness due to. agitation
and personal judgment. Not only do patients measure vary-
ing amounts of powder when using the same spoon but they
often select one differing in size from that specified by their
physician.

Extemporaneous Techniques -

In both the manufacturing and extemporaneous prepara-
tion of powders the general techniques of weighing, measur-
ing, sifting, mixing, etc, as described previously are applied.
However, the following procedures should receive special
attention.

1. Use of geometric dilution for the incorporation of small amounts
of potent drugs.

2. Reduction of particle size of all ingredients to the same range to
preventstratificationof large and smallparticles.

3. Sieving when necessary to achieve mixing or reduction of agglom-
erates, especially in the preparation of dusting powders or powders into
which‘liquids have been incorporated.

4, Heavy trituration, when applicable, to reduce the bulkiness of a
powder.

5. Protection against humidity, air oxidation and loss of volatile
ingredients.

Powders are prepared most commonly either as divided
powders and bulk powders which are mixed with water or
other suitable material prior to administration, or as dusting
powders which are applied locally. They also may be pre-
paredas dentifrices, products for reconstitution, insuffla-
tions, aerosols and other miscellaneous products. |

The manually operated procedures usually employed by
the pharmacist todayare trituration, pulverization by in-
tervention andlevigation.

Trituration—This-term refers to the process of reducing substances
to fine particles by rubbing them in a mortar with a pestle. The term
also designates the process whereby a mixture of fine powdersis inti-
mately mixed in a mortar. The circular mixing motion of the pestle on
the powders contained in a mortar results in blending them and also
breaking up soft aggregates of powders. By means of the application of
pressure on the pestle, crushing or grinding also can be effected.

When granular or crystalline materials are to be incorporated into a
powdered product, these materials are comminuted individually and
then blended togetherin the mortar.

Pulverization by Intervention—This is the process of reducing the
atate of subdivision of solids with the aid ofan additional material which

can be removed easily after the pulverization has been completed. This
technique often is applied to substances which are gummy and tendto
reagglomerate or which résist grinding. A prime example is camphor
which cannot be pulverized easily by trituration because of its gummy
properties. However, on the addition of a small amount of alcohol or
other volatile solvent, this compound can be reduced readily to a fine
powder. Similarly, iodine crystals may be comminuted with the aid of a
small quantity of ether. In both instances the solyent is permitted to
evaporate and the powdered material is recovered.

Levigation—In this.process a paste is first formed by the addition ofa
suitable nonsolvent.to the solid material. Particle-size reduction thenis

accomplished by rubbing the paste in a mortar with a pestle or on an
ointment slab using'a spatula. Levigation generally is used by the
pharmacist to incorporate solids into dermatological and ophthalmic
ointments and suspensions.

The Mortar and Pestle—Theseare the most frequently
used utensils in small-scale comminution. Mortars made of
various materials and in diverse shapes are available and
while these often are used interchangeably the different
kinds of mortars have specific utility in preparing or grind-
ing different materials.

Modern mortars and pestles are prepared usually from
Wedgwood ware,porcelain or glass. While pharmacists of-
ten use different mortars interchangeably, each type has a
preferential range of utility which makes its use more effi-
cient, Glass mortars, for example, are designed primarily
for use in preparing solutions and suspensions of chemical
materials in a liquid. They also are suitable for preparing
ointments which require the reduction of soft aggregates of

powdered materials or the incorporation ofrelatively large
amounts of liquid. Glass also has the advantage of being
comparatively nonporous and of not staining easily and thus
is particularly useful when. substances suchas flavoringoils
or highly colored substances are used. Glass cannot be used
for comminuting hard solids.

Wedgwood mortars are suited well for comminution of
crystalline solids or for the reduction in particlesize of most
materials used in modern prescription practice. They are
capable of adequately powdering most substances which are
available only as crystals orhard lumps, ‘However, Wedg-
wood is relatively porous and-will stain quite easily. A
Wedgwood mortar is available with a roughened interior
which aids in the comminution process but which requires
meticulous care in washingsince particles ofthe drugs may
be trapped in the rough surfaceand cause contamination of
materials subsequently comminuted in the mortar.

Porcelain mortars are very similar to Wedgwood, except
that the exterior surface of the former is usually glazed and
thus less porous. Porcelain mortars may be used for com-
minution of soft aggregates or crystals but more generally
are used for blending powders of approximately uniform
particle size. :

Pestles are made of the same material as the mortar.

Pestles for Wedgwood or porcelain mortars are available
with hard rubber or wooden handlés screwed into the head of

the pestle. Also available are one-piece:Wedgwood pestles.
Pestles made entirely of porcelain are objectionable, because
they are brokeneasily.

Pestles and mortars should notbe.interchanged. The
efficiency of the grinding or mixing operation depends large-
ly on 4 maximum contact between the surfaces of the head of
the pestle and the interior ofthe mortar. The pestle should
have as much bearing on the interior surface of the mortar as
its size willpermit. A pestle which does not “fit” the mortar
will result in a waste of labor.

Divided Powders

Divided powders (chartula or chartulae) are dispensed in
the form of individual doses and generally are dispensed in
papers, properly folded. They also may be dispensed in
metal foil, small heat-sealed plastic bags or other containers.

Dividing Powders—After weighing, comminuting and
mixing the ingredients, the powders must be divided accu-
rately into the prescribed number of doses. In order to
achieve accuracy consistent with the other steps in the prep-
aration, each dose should be weighed individually and
transferred to a powder paper. Following completion of this
step the powder papersare folded.

Folding Powders—Theoperations offolding powder pa-
pers are illustrated in Fig 88-24. Care in making the several
folds, and experience gainedby repetition, are necessary to
obtain uniformity when the powders arefinally placed in the
box for dispensing. Deviation from any of the three main
folds will result in powders of varying height being formed,
and yariations in the folded ends likewise will be noticeable

when the powders are placed side by side. A detailed de-

 
Fig 88-24. Folding powderpapers.



scription of folding powder papers is contained in RPS-17
(page 1600).

Packaging Divided Powders—Specially manufactured
paper and boxesare available for dispensing divided pow-
ders.

Powder Popero—Four basic types of powder papers are
available.

1. Vegetable parchment, a thin semiopaque moisture-resistant pa-
per,

2. White bond, an opaque paper with no moisture-resistant proper-ties.

3. Glassine, a glazed, transparent moisture-resistant paper.
4. Waxed, a transparent waterproofpaper.

Hygroscopic and volatile drugs can be protected best by
using a waxed paper, double-wrapped with a bond paperto
improve the appearance of the completed powder. Parch-
ment and glassine papers offer limited protection for these
drugs.

A variety of sizes of powder papers are available. The
selection of the proper size depends on the bulk of each dose
and the dimensions of the powder box required to hold the
number of doses prescribed.

Powder Boxes—Various types of boxes are supplied in
several sizes for dispensing divided powders. The hinged-
shoulder boxes shown in Fig 88-24F are the most popular
and have the advantage of preventing the switching oflids
with the directions for use when several boxes of the same

size are in the same home. The prescription label may be
pasted directly on top of the lid or inside the lid. In the
latter case the nameof the pharmacy is lithographed on top
of the lid.

Special Problems

The incorporation of volatile substances, eutectic mix-
tures, liquids and hygroscopic or deliquescent substances
into powders presents problems that require special treat-ment.

Volatile Substances—Theloss of camphor, menthol and
essential oils by volatilization when incorporated into pow-
ders may be prevented or retarded by use of heat-sealed
plastic bags or by double wrapping with a waxedorglassine
paperinside of a bond paper.

Eutectic Mixtures—Liquids result from the combina-
tion of phenol, camphor, menthol, thymol, antipyrine, phen-
acetin, acetanilid, aspirin, salol and related compounds at
ordinary temperatures. These so-called eutectic mixtures
may be incorporated into powders by addition of an inert
diluent. Magnesium carbonate or light magnesium oxide
are used commonly and effective diluents for this purpose,
although kaolin, starch, bentonite and other absorbents
have been recommended. Silicic acid prevents eutexia with
aspirin, phenyl salicylate and other troublesome com-
pounds; incorporation of about 20% silicic acid (particle size,
50 um) prevented liquefaction even under the compression
pressures required to form tablets.

In handling this problem each eutectic compound should
be mixedfirstwith a portion of the diluent and gently blend-
ed together, preferably with a spatula on a sheet of paper.
Generally, an amount of diluent equal to the eutectic com-
pounds is sufficient to prevent liquefaction for about 2 wk.
Deliberate forcing of the formation of the liquid state, by
direct trituration, followed by absorption of the moist mass,
also will overcome this problem. This technique requires
use of more diluent than previously mentioned methods but
offers the advantage of extended product stability. Thus,
the technique is useful for dispensing a large number of
doses that normally would not be consumedover a period of
lor 2 wk.

Liquids—tIn small amounts, liquids may be incorporated
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into divided powders. Magnesium carbonate, starch or lac-
tose may be added to increase the absorbability of the pow-
ders if necessary. Whentheliquid is a solvent for a nonvola-
tile heat-stable compound,it may be evaporatedgently on a
water bath. Lactose may be added during the course of the
evaporation to increase the rate of solvent loss by increasing
the surface area. Somefluidextracts and tinctures may be
treated in this manner, although the use of an equivalent
amount of a powdered extract, when available, is a more
desirable technique.

Hygroscopic and Deliquescent Substances—Sub-
stances that become moist because ofaffinity for moisture in
the air may be prepared as divided powders by addinginert
diluents. Double-wrappingis desirable for further protec-
tion. Extremely deliquescent compounds cannot be pre-
paredsatisfactorily as powders.

Bulk Powders

Bulk powders may be classified as oral powders, denti-
frices, douche powders, dusting powders, insufflations and
triturations.

Oral Powders—These generally are supplied as finely
divided powders or effervescent granules.

The finely divided powders are intended to be Faapended
or dissolved in water or mixed with soft foods, eg, apple-
sauce, prior to administration. Antacids and laxative pow-
ders frequently are administered in this form.

Effervescent granules contain sodium bicarbonate andei-
ther citric acid, tartaric acid or sodium biphosphate in addi-
tion to the active ingredients. On solution in water, carbon
dioxideis released as a result ofthe acid-base reaction. The
effervescence from therelease ofthe carbon dioxide serves to

mask the taste of salty or bitter medications.
-Granulation generally is accomplished by producing a

moist mass, forcing it through a coarse sieve and drying it in
an oven. The moisture necessary for massing the materials
is obtained readily by heating them sufficiently to drive off
the water of hydration from the uneffloresced citric acid.
The completed product must be dispensed in tightly closed
glass containers to protect it against the humidity of the air.
For a formerly official general formula for preparing effer-
vescent salts see RPS-15, page 1574.

Effervescent powders may be prepared also by adding
small amounts of water to the dry salts in order to obtain a
workable mass, The mass is dried and groundto yield the
powderor granule. Care must be used in this procedure to
ensure that the reaction which occurs in the presence of
water does not proceed too far before it is stopped by the
drying process. Should this happen,the effervescent prop-
erties of the productwill be destroyed.

Other preparative techniques have been reported for ef-
fervescent powders such as a fluidized-bed procedure in
which the powders are blended and then suspended in a
stream of air in a Wurster chamber, Water is sprayed into
the chamberresulting in a slight reaction and an expansion
of the particles to form granules ranging in size from 10- to
30-mesh, This approach apparently offers a numberof ad-
vantages over the older techniques. The extent of reaction
and particle size are controlled during the manufacture, A
drying oven, trays and even grinding devices are not re-
quired. Furthermore, the technique lendsitself to a contin-
uous as well as a batch operation,

The heat generated from the blending and mixing opera-
tion also has been used io mass the powders by causing the
release of the water of hydration from the citric acid. The
massed materials can be dried and sieved through a coarse
sieve. This technique thus eliminates the need of an exter-
nal heat source or a granulating solution.

Dentifrices—These may be prepared in the form of a



1632 CHAPTER 88

bulk powder, generally containing a soap or detergent, mild
abrasive and an anticariogenic agent. These products are
considered in more detail in Chapter 109.

Douche Powders—These products are completely solu-
ble and are intended to be dissolved in water prior to use as
antiseptics or cleansing agents for a body cavity: They most
commonlyare intended for vaginal use, although they may
be formulated for nasal, otic or ophthalmic use. Generally,
since aromatic oils are included in these powders, they are
passed through a No40 or 60sieve to eliminate agglomera-
tion and insure complete mixing. Dispensing in wide-
mouth glass jars serves to protect against loss of volatile
materials and permits easy access by the patient. Bulk-
powder boxes may be used for dispensing douche powders,
although glass containers are preferred because of the pro-
tection afforded by these containers against air and mois-
ture,

Dusting Powders—These are locally applied nontoxic
preparations that are intended to have no systemic action.
They always should be dispensed in a veryfine state of
subdivision to enhance effectiveness and minimize irrita-
tion. When necessary, they may be micronized or passed
through a No 80 or 100sieve.

Extemporaneously prepared dusting powders should be
dispensedin sifter-top packages. Commercial dusting pow-
ders are available in sifter-top containers or pressure aero-
sols. The latter, while generally more expensive than the
other containers, offer the advantageof protection from air,
moisture and contamination,as well as convenienceof appli-
cation. Foot powders and talcum powders are currently
available as pressure aerosols.

Dusting powders are applied to various parts of the body
as lubricants, protectives, absorbents, antiseptics, antipruri-
tics, antibromhidrosis agents, astringents and antiperspi-
rants.

While in most cases dusting powders are considered non-
toxic, the absorption of boric acid through large areas of
abraded skin has caused toxic reactions in infants. Acciden-

tal inhalation of zinc stearate powder has led to pulmonary’
inflammation of the lungs of infants. The pharmacist
should be aware of the possible dangers when the patient
uses these compounds as well as other externally applied
products. See also Chapter 38.

Insufflations—These are finely divided powders intro-
duced into bodycavities such as the ears, nose, throat, tooth
sockets andvagina. “An insufflator (powder blower) usually
is employed to administer these products. However, the
difficulty in obtaining a uniform dose has restricted their
general use.

Specialized equipment has been developedfor the admin-
istration of micronized powders of relatively potent drugs.
The Norisodrine Sulfate Aerohaler Cartridge (Abbott) is an
example. In the use of this Aerohaler, inhalation by the
patient causes a small ball to strike a cartridge containing
the drug. Theforce of the ball shakes the proper amountof
the powderfree, permitting its inhalation. Another device,
the Spinhaler turbo-inhaler (Fisons), is a propeller-driven

device designed to deposit a mixture of lactose and micron-
ized cromolyn sodium into the lung as an aid in the manage-
ment of bronchial asthma.

Pressure aerosols also have been employed as a means of
administering insufflations, especially for potent drugs.
This method offers the advantage ofexcellent control of
dose, through metered valves, as well as product protection.

Triturations—These are dilutions of potent powdered
drugs, prepared by intimately mixing them with a suitable
diluent in a definite proportion by weight. They were at one
time official as 1-10 dilutions. The pharmacist sometimes
prepares triturations of poisonous substances, eg, atropine,
in a convenient concentration using lactose as the diluent,
for use at the prescription counter. These medicinal sub-
stances are weighed more accurately and conveniently by
using this method.

The correct procedure for preparing such triturations or
any similar dilution of a potent powder medicament, to
insure uniform distribution of the latter, is

Reduce the drug to a moderately fine powderin a mortar.
Add about an equal amount of diluent and mix well by thorough

trituration in the mortar.
Successsively add portions of diluent, triturating after each addition,

until the entire quantity of diluent has been incorporated.

Underno circumstance should the entire quantity of diluent
be added at once to the drug that is to be diluted in the
expectation that uniform dispersion of the latter will be
more expeditiously achieved on brief trituration of the mix-
ture.
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