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Preface

Fifteen years have elapsed since the publication
of the first edition of this book, and a decade has
gone by since the second edition was published
in 1976. The intervening years have witnessed
many important changes in the field of indus-
trial pharmacy—probably more so than at any
other period of time in its history. Therefore, the
editors were challenged to select the most quali-
fied contributors to this third edition of the text—
book.

As before, the major objective of this edition is
to serve as a textbook for graduate and under—
graduate students in the pharmaceutical sci-
ences. In addition, it is intended to provide a
comprehensive reference source on modern in—
dustrial pharmacy. As such, this book'should be
useful to practitioners in the pharmaceutical
and allied health sciences; hospital pharmacists,
drug patent attorneys, government scientists
and regulatory personnel, and others seeking
information concerning the design, manufac-
ture, and control of pharmaceutical dosage
forms.

Despite the fact that the preface to a book ap-
pears, as its title implies, at the beginning of a
volume, it is common practice for editors and
authors to delay its writing as one of their last
tasks. This is done in order to reflect on the

changes or modifications that have been insti—
tuted in the content and arrangement of the
chapters in the new edition. In so doing, the edi-
tors are provided with an opportunity to high-
light such major changes.

Writing this preface has provided us with the
opportunity to note the enormous changes in
pharmaceutical technology since the appear—
ance of the first edition. This book was created to

fill a need that existed during the 1960s and
early 1970s, when many undergraduate and
graduate programs in colleges of pharmacy in-
cluded courses in industrial pharmacy to teach
the unique factors involved in the production of
commercially prepared drug dosage forms. It
was a period during which the young disciplines

of pharmacokinetics and biopharmaceutics were
beginning to solve new problems associated with
the burgeoning array of increasingly sophisti-
cated new drug entities, and with the growing
concerns about bioavailability of these com-
pounds fiom various dosage delivery systems. At
that time, graduate programs offered many op—
portunities for aspiring pharmaceutical scien-
tists to deal with these exciting and innovative
technologic advances. Thus, there existed an
obvious need for a textbook that could bring to-
gether in one volume the emerging concepts,
new theories, and their practical applications in
the development and production of what were
then termed “dosage forms,” and what are now
more appropriately referred to as “drug delivery
systems.”

Along with the development of new drug de-
livery systems and new drugs came new produc-
tion processes and machines for manufacture,
new control methods for accurate definition of

drug delivery, and new and improved quality
control procedures. All of these innovations and
improvements contributed to superior quality
drug dosage forms, and in many cases, to en-
hanced concomitant production economics. For
example, the advent of microprocessors and
small computers has begun to revolutionize the
capabilities inherent in modern drug production
to an extent not foreseeable when the second

edition of this book was published.
Since the first edition of this textbook ap-

peared in 1970, we have been most gratified to
learn from comments received from all parts of
the world that this book has been well-received

and utilized as a basic teaching and reference
text in colleges, research institutions, govern-
ment agencies, and pharmaceutical and related
industries. These comments have also provided
us with useful suggestions and ideas for this
third edition.

The multi-author approach, used in all three
editions, has resulted in a uniquely prepared
textbook in industrial pharmacy. This editorial
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method so common to the writing of modern
technical books permits the use of a wide range
of expertise that is necessary in dealing with the
manifold aspects of modern industrial phar-
macy, It also, however, poses the problem
unique to all editors, namely, the necessity of
gently coercing some very busy people to com-
plete, revise, and polish their chapters In spite
of these pressures, we are grateful for the pa—
tience and forbearance of our contributors in

Garden City, New York

Livingston, New Jersey

Ridgefield, Connecticut

iv 0 Preface

helping us to complete this edition. Without the
skillful sharing of their knowledge in the pages
of this book, the enormous task of compiling this
third edition of the textbook would have been

impossible to consider.
We and our contributing authors will be ex-

tremely pleased if our efforts have results in an
improved book to serve as a teaching and refer-
ence source in industrial pharmacy.

LEON LACHMAN, PHD.

HERBERT A. LIEBERMAN, PHD.

JOSEPH L, KANIG, PHD.
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Mixing

EDWARD G. RIPPIE

The process of mixing is one of the most com—
monly employed operations in everyday life.
Owing in part to the almost limitless variety of
materials that can be mixed, much remains to
be learned regarding the mechanisms by which
mixing occurs.

For our purposes, mixing is defined as a proc-
ess that tends to result in a, randomization of dis-
similar particles vvithin a system. This is to be
distinguished from an ordered system in which
the particles are arranged according to some it-
erative rule and thus follow a repetitive pattern.
It is possible to consider the mixing of particles
differing only by some vector quantity, such as
spatial orientation or translational velocity. In
this chapter, however, we will deal solely with
particles distinguishable by means of scalar
quantities, e.g., composition, size, density,
shape, or a combination of these. The following
text is intended as an introduction to the funda-

mental concepts that lead to an understanding
of the techniques employed in the chemical and
pharmaceutical industries to obtain satisfactory '
mixing. A list of general references is included
at the end of the chapter for those who desire
further reading on this subject.

Fluids Mixing

Fundamentals

Flow Characteristics. Fluids may generally
be classified as Newtonian or non-Newtonian,
depending on the relationship between their

shear rates and the applied stress. Forces of
shear are generated by interactions between
moving fluids and the surfaces over which they
flow during mixing. The rate of shear may be
defined as the derivative of velocity with respect
to distance measured normal to the direction of

flow (dv/dx). The viscosity (dynamic) is the ratio
of shear stress to the shear rate. For Newtonian

fluids, the rate of shear is proportional to the
applied stress, and such fluids have a dynamic
viscosity that is independent of flow rate. In con-
trast, non-Newtonian fluids exhibit apparent
dynamic viscosities that are a function of the
shear stress.

The flow characteristics and mixing behavior
of fluids are governed by three primary laws or
principles: conservation of mass, conservation of
energy, and the classic laws of motion. The
equations that result from the application of
these simple laws of conservation and motion to
systems used for mixing are often complex and
are beyond the scope of this discussion. An un-
derstanding LE‘ the fundamental principles of ,
fluid dynamics, however, will help the reader to
visualize the overall process of fluids mixing.

Mixing Mechanisms. Mixing mechanisms
for fluids fall essentially into four categories:
bulk transport, turbulent flow, laminar flow, and
molecular diffusion. Usually, more than one of
these processes is operative in practical mixing
situations.

1. Bulk transport. The movement of a rela-
tively large portion of the material being mixed
from one location in the system to another con-
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stitutes bulk transport. A simple circulation of
material in a mixer, however, does not necessar»
ily result in efficient mixing. For bulk transport
to be effective it must result in a rearrangement
or permutation of the various portions of the
material to be mixed. This is usually accom-
plished by means of paddles, revolving blades, or
other devices within the mixer arranged so as to
move adjacent volumes of the fluid in different
directions, thereby shuffling the system in three
dimensions.

2. Turbulent mixing. The phenomenon of tur-
bulent mixing is a direct result of turbulent fluid
flow, which is characterized by a random fluctu-
ation of the fluid velocity at any given point
Within the system. The fluid velocity at a given
instant may be expressed as the vector sum of its
components in the x, y, and 1 directions. With
turbulence, these directional components fluc-
tuate randomly about their individual mean val-
ues, as does the Velocity itself.

In the case of turbulent flow in a pipe, the
mean velocity in the direction of flow through
the pipe is positive, of course, and varies some—
what depending on the distance from the pipe
wall, in contrast, the mean velocity perpendicu-
lar to the wall is zero, The churning flow charac-
teristic of turbulence results in constantly
changing velocities in these directions. This is
in contrast to laminar flow in which the velocity
components at a given point in the flow field
remain constant, at their mean value.

In general, with turbulence, the fluid has dif-
ferent instantaneous velocities at different loca-
tions at the same instant in time. This observa—
tion is true of both the direction and the

magnitude of the velocity. if the instantaneous
velocities at two points in a turbulent flow field
are measured simultaneously, they show a de—
gree of similarity provided that the points se-
lected are not too far apart. There is no velocity
correlation between the points, however, if they
are separated by a sufficient distance.

Turbulent flow can be conveniently visualized
as a composite of eddies of various sizes. An
eddy is defined as a portion of fluid moving as a
unit in a direction often contrary to that of the
general flow. Large eddies tend to break up,
forming eddies of smaller and smaller size until
they are no longer distinguishable. The size dis-
tribution of eddies within a turbulent region is
referred to as the scale of turbulence.

It is readily apparent that such temporal and
spatial velocity differences as result from turbu—
lence within a body of fluid produce a randomi-
zation of the fluid particles. For this reason, tur-
bulence is a highly effective mechanism for

4 - The Theory and Practice of industrial Pharmacy

mixing. Thus, when small eddies are predomi-
nant, the scale of turbulence is low.

An additional characteristic of turbulent flow

is its intensity, which is related to the velocities
with which the eddies move. A composite pic—
ture of eddy size versus the velocity distribution
of each size eddy may be described as a complex
spectrum. Such spectra are characteristic of the
turbulent flow and are used in its analysis.

3. Laminar mixing. Streamline or laminar
flow is frequently encountered when highly vis—
cous fluids are being processed. It can also occur
if stirring is relatively gentle and may exist adja-
cent to stationary surfaces in vessels in which
the flow is predominantly turbulent. When two
dissimilar liquids are mixed through laminar
flow, the shear that is generated stretches the
interface between them. If the mixer employed
folds the layers back upon themselves, the num—
ber of layers, and hence the interfacial area be—
tween them, increase exponentially with time.
This relationship is observed because the rate of
increase in interfacial area with time is propor—
tional to the instantaneous interfacial area.

Example. Consider the case wherein the
mixer produces a folding effect and generates a
complete fold every 10 seconds. Given an initial
fluid layer thickness of 10 cm, a thickness re—
duction by a factor of 10’s is necessary to attain
layers 1 nm thick, which approximate molecular
dimensions. Since a single fold results in a layer
thickness reduction of one half, 11 folds are re—
quired Where:

(1/2)n = we8

or in logarithmic form, log [(1/2)“l = n log 1/2 =
log 10’8 = 78. Therefore?

11 = —8/log 1/2 = 26.6

Thus, the time required for mixing is equal to n
times 10 seconds (266 sec), or 4.43 min.

Mixers may also operate by simply stretching
the fluid layers without any significant folding
action. This mechanism does not have the

stretch compounding effect produced by folding,
but may be satisfactory for some purposes in
which only a moderate reduction in mixing scale
(to be defined in detail later) is required. It
should be pointed out, however, that by this
process alone, an exceedingly long time is re-
quired for the layers of the different fluids to
reach molecular dimensions. Therefore, good
mixing at the molecular level requires a signifi—
cant contribution by molecular diffusion after
the layers have been reduced to a reasonable
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thickness (several hundred molecules) by lami-
nar flow.

4. Molecular diffusion. The primary mecha-
nism responsible for mixing at the molecular
level is diffusion resulting from the thermal
motion of the molecules. When it occurs in con

junction with laminar flow, molecular diffusion
tends to reduce the sharp discontinuities at the
interfaces between the fluid layers, and if al-
lowed to proceed for sufficient time, results in
complete mixing.

The process is described quantitatively in
terms of Fick’s first law of diffusion:

dm dc

a — ‘DAE <1)

where the rate of transport of mass, dm/dt,
across an interface of area A is proportional to
the concentration gradient, dc/dx, across the in
terface. The rate of intermingling is governed
also by the diffusion coefficient, D, which is a
function of variables including fluid viscosity
and the size of the diffusing molecules. The
sharp interface between dissimilar fluids, which
has been generated by laminar flow, may be
rather quickly obliterated by the ensuing diffu-
sion. Considerable time may be required, how,
ever, for the entire system to become homogene—ous.

The concentration gradient at the original
boundary is a decreasing function of time, ap-
proaching zero as mixing approaches comple—
tion. Since the amount of material passing a
boundary plane in a given time depends on the
concentration gradient, the time required to at-
tain complete uniformity may be considerable
unless the fluid layers are very thin.

5. Scale and intensity of segregation. The
quality of mixtures must ultimately be judged
upon the basis of some measure of the random
distribution of their components. Such an evalu-
ation depends on the selection of a quantitative
method of expressing the quality of randomness
or “goodness of mixing.” Danckwerts has sug—
gested two criteria that are statistically defined
and may be applied to mixtures of mutually sol—
uble liquids, fine powders, or gases. Perhaps the
greatest value of these concepts lies in the in-
sight they give the pharmacist or chemical engi-
neer regarding the physical nature of the mix-
tures produced.

Bulk transport, turbulent flow, and laminar
flow all result in the intermingling of “lumps” of
the liquids to be mixed. The shape and size of
these lumps largely depend on the relative con-
tribution of each of these mechanisms to the

overall process and on the time over which mix-
ing is carried out. Unless molecular diffusion
occurs, however, the composition of the lumps
varies discontinuously from one to the next. In
other words, each lump retains a constant and
uniform internal composition. This can be al-
tered only if molecular diffusion in the case of
liquids and gases, or interparticulate motion in
the case of powders, tends to eliminate concen-
tration gradients between adjacent lumps. On
this basis, Danckwerts defined “two quantities
to describe the degree of mixing—mamely the
scale of segregation and the intensity of segrega—
tion.”

The scale of segregation is defined in a man-
ner analogous to the scale of turbulence dis—
cussed earlier, and may be expressed in two
ways: as a linear scale or as a volume scale. The
linear scale may be considered to represent an
average value of the diameter of the lumps pres—
ent, whereas the volume scale roughly corre-
sponds to the average lump volume.

The intensity of segregation is a measure of
the variation in composition among the various
portions of the mixture. When mixing is com—
plete, the intentsity of segregation is zero.

6. Time. dependence. In any given case, the
mechanisms that are active in bringing about
mixing are time-dependent in their relative im-
portance as the process of mixing proceeds. For
example, consider the mixing of two miscible
liquids of different densities contained in a verti-
cal tank of cylindric form, The denser liquid is
placed in the bottom of the tank, and an approxi—
mately equal volume of the less dense fluid is
layered on top. Mixing is to be done with a
down-draft propeller mounted on a vertical shaft
midway between the tank bottom and the inter-
face between the liquids.

If the propeller is operated at a speed suffi-
cient to produce turbulent flow in its discharge
region, mixing occurs initially, to any significant
degree, only by mechanisms that reduce the
scale of segregation. Until such time as both
fluids are present in the region of turbulence,
created by the impeller, only bulk transport is
effective in the mixing process, The convection
results from the flow generated by the pumping
action of the propeller. When the scale of segre—
gation has been reduced to the point at which
both fluids are present in the turbulent zone,
turbulent mixing becomes an important means
of further reduction in scale. Convection is still
of importance here, however, largely because it
serves to bring the entire tank contents to the
turbulent zone in a comparatively short time.

As the scale of segregation is reduced, with a

MIXING - 5
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resulting increase in interfacial area, moleClllélr
diffusion becomes significant. As pointed Ollt
earlier, diffusion is necessary for the effective
reduction of the intensity of segregation to zero,
at which time mixing is complete.

The increase in scale observed in the latter

part of the mixing process, as shown in Figure
1-1, results from molecular diffusion, which
equalizes the composition of adjacent portions of
fluid, resulting in large regions with an interme-
diate composition. At the completion of mjxing,
the composition becomes. uniform throughOUI
the fluid, and the linear scale of segregation in-
creases in value to a number equal in magnitude
to the dimension of the mixing tank.

Equipment
Batch Mixing. When the material to be

mixed is limited in volume to that which may be
conveniently contained in a suitable mixer,
batch mixing is usually most feasible. A system
for batch mixing commonly consists of two Pfi-
mary components: (1) a tank or other container
suitable to hold the material being mixed, and
(2) a means of supplying energy to the system SO
as to bring about reasonably rapid mixing. Power
may be supplied to the fluid mass by means Of
an impeller, air stream, or liquid jet. Besides
Supplying power, these also serve to direct the
flow of material within the vessel. Baffles, vanes.
or ducts also are used to direct the bulk move-

ment of material in such mixers, thereby in—
creasing their efficiency.

1. Impellers. The distinction between 11111361-
ler types is often made on the basis of type 0f
flow pattern they produce, or on the basis of the

 
TIME OF MIXING

FIG. 1-1. The intensity of segregation, 1, and the scale of
segregation, S, as a function of time. Bulk transport, tur-
bulent mixing, and molecular diffusion are predominant
over the time periods A, B, and C, respectively. The linear
scale of segregation may be seen to increase at the end of
the mixing operation. The final mixture will be uniform in
composition and may be considered a single lump with ll
linear scale equal to the linear dimensions of the mix”.
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FIG. 1-2. A and B, Diagrammatic representation of
cylindric tanks in which tangential and radial flow occur,
respectively. C, Side view of a similar tank in which axial
flow occurs. These diagrams represent systems in which
only one type of flow occurs, in contrast to the usual situa-
tion in which two or more of these flow patterns occur
simultaneously.

shape and pitch of the blades. Three basic types
of flow may be produced: radial, axial, and tan—
gential. These may occur singly or in various
combinations. Figure 1—2 illustrates these pat-
terns as they occur in vertical cylindric tanks.
Propellers characteristically produce flow paral-
lel to their axes of rotation, whereas turbines
may produce either axial or tangential flow, or a
combination of these.

Propellers of various types and form are used
but all are essentially a segment of a multi-
threaded screw, that is, a screw with as many
threads as the propeller has blades. Also, in com—
mon with machine screws, propellers may be
either right-or left-handed depending on the di-
rection of slant of their blades. As with screws,
propeller pitch is defined as the distance of axial
movement per revolution if no slippage occurs.
Although any number of blades may be used,
the three—blade design is most common for use
with fluids. The blades may be set at any angle
or pitch, but for most applications, the pitch is
approximately equal to the propeller diameter.
Propellers are most efficient when they can be
run at high speed in liquids of relatively low vis—
cosity.

Although some tangential‘flow occurs, the pri-
mary effect of a propeller is to induce axial flow.
Also, intense turbulence usually occurs in the
immediate vicinity of the propeller. Consider, for
example, a down-draft propeller vertically
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all
FIG. 1-3. Impeller blade types (only one blade shown? top
and side views. A and B, Radial flow design: C and D,
mixed radial-axial flow design. For axial pumping, the
blade must be set at an incline to the axis of the shaft.

7" 071‘

mounted midway to the bottom of a tank Mod-
erate radial and tangential flow occurring above
and below the blades acting in conjunction with
the axial flow near the shaft, brings portions of
fluid together from all regions of the tank and
passes them through the intense turbulence
near the blades.

Turbines are usually distinguished from pro—
pellers in that the blades of the latter do not have
a constant pitch throughout their length. When
radial—tangential flow is desired, turbines with
blades set at 90-degree angle to their shaft are
employed (Fig. l-3A,B). With this type of impel-
ler, radial flow is induced by the centrifugal
action of the revolving blades. The drag of the
blades on the liquid also results in tangential
flow, which in many cases is undesirable.

Turbines having tilted blades produce an axial
discharge quite similar to that of propellers (Fig.
1-3C,D). Because they lend themselves to a sim-
ple and rugged design, these turbines can be
operated satisfactorily in fluids 1000 times more
viscous than fluids in which a propeller of com-
parable size can be used.

Paddles also are employed as impellers and
are normally operated at low speeds. 50 rpm or

\ less. Their blades have a large surface area in
relation to the tank in which they are employed,
a feature that permits them to pass close to the
tank walls and effectively mix Viscous liquids or
semisolids. which tend to cling to these sur—
faces. Circulation is primarily tangential, and
consequently, concentration gradients in the
axial and radial directions may persist in this
type of mixer even after prolonged operation.
Operating procedures should take these charac—
teristics into account so as to minimize their

undesirable effects. With such mixers, for ex-
ample, ingredients should not be layered when
they are added to the mixing tank. Such vertical
stratification can persist after very long mixing
times. .

2. Air jets. Subsurface jets of air, or less com-
monly of some other gas, are effective mixing
devices for certain liquids. Of necessity and for
obvious reasons, the liquids must be of low vis-
cosity, nonfoaming, unreactive with the gas
employed, and reasonably nonvolatile. The jets
are usually arranged so that the buoyancy 0f the
bubbles lifts liquid from the bottom to the top of
the mixing vessel. This is often accomplished
with the aid of draft tubes..(Fig. 1—4). These
serve to confine the expanding bubbles and en
trained liquid, resulting in a more efficient lift—
ing action by the bubbles. The overall circulation
in the mixing vessel brings fluid from all parts of
the tank to the region of the jet itself. Here, the
intense turbulence generated by the jet pro—
duces intimate mixing

3. Fluid jets. When liquids are to be pumped
into a tank for mixing, the power required for
pumping often can be used to accomplish the
mixing operation, either partially or completely.
In such a case, the fluids are pumped through
nozzles arranged to permit good circulation of
material throughout the tank. In operation, fluid
jets behave somewhat like propellers in that
they generate turbulent flow in the direction of

 
FIG. 1-4. Vertical tank with centrally located air jet and
draft tube. Bubbles confined within the draft tube rise, in—
duczng an upward fluid flow in the tube. This flow tends to
circulate fluid in the tank, bringing it into the turbulent
region in the vicinity of the jet.

MIXING - 7
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their axes. They do not in themselves, however,
generate tangential flow, as do propellers. Jets
also may be operated simply by pumping liquid
from the tank through the jet back into the tank.

4. Raffles. Bulk transport is important in mix—
ing (see under previous section, “Mixing Meche
anisms") and is particularly desirable in the ini—
tial stages, when segregation may be present on
a large scale. For bulk fluid flow to be most effec-
tive, an inter-mingling must occur between ma-
terial from remote regions in the mixer. To ac-
complish this, it is frequently necessary to
install auxiliary devices for directing the flow of
the fluid, usually baffle plates. Baffle placement
depends largely on the type of agitator used.

Centrally mounted vertical shaft impellers
tend to induce tangential flow, which is often
manifested in the formation of a vortex about

the impeller shaft. This is particularly character-
istic of turbines with blades arranged perpendic-
ular to the impeller shaft. The tangential motion
does not in itself produce any mixing, except
possibly near the tank walls where shear forces
exist. Instead, swirl and the resultant vortex for—
mation reduce the mixing intensity by reducing
the velocity of the impeller relative to the sur-
rounding fluid. In addition, severe Vibration may
occur, often with damaging results, if the vortex
reaches the impeller, where bubbles in the fluid
can result in uneven loading of the impeller
blades.

Sidewall baffles, when vertically mounted in
cylindric tanks, are effective in eliminating ex-
cessive swirl and further aid the overall mixing
process by inducing turbulence in their proxim-
ity. For these reasons, the power that can be effi-
ciently applied by the impeller is significantly
increased by the use of such baffles.

Vertical movement of the fluid along the walls
of the tank can be produced by arranging baffles
in a steep spiral down the tank sides. It should
be pointed out that if an elaborate baffle system
seems necessary, the situation is best corrected
by a change in impeller design so as to provide
‘the desired general flow pattern. For example, a
vertically mounted propeller in a cylindric tank,
if set slightly to one side of the tank and canted a
small amount in the direction opposite to its ro»
tation, often can be operated efficiently without
baffles. With such an arrangement, the small
amount of tangential flow induced by the propel—
ler’s off-center discharge stream will offset the
swirl induced by its rotation.

An asymmetric or angular tank geometry rela—
tive to the impeller may be used to produce an
effect similar to that of baffles. Such a technique
is useful in swirl prevention, but in many cases
necessitates a longer mixing time than that re~

8 - The Theory and Practice of Industrial Pharmacy

quired with a properly baffled tank of equivalent
size. This is due to the presence of regions
within such tanks in which circulation is poor.

Side-entering propellers are often effectively
employed. Swirl is seldom a problem with such
an arrangement, as the tank geometry relative to
the impeller provides a baffling effect and re—
sults in circulation of material from top to bot-
tom in the vessel. A major drawback of such a
system is the difficulty in sealing the propeller
entry port. The packing around the shaft must
assure a positive seal but must allow reasonably
free rotation. Such a seal is also a source of con-

tamination and may be difficult to clean.
Continuous Mixing. The process of contin—

uous mixing produces an uninterrupted supply
of freshly mixed material and is often desirable
when very large volumes of material are to be
handled. It can be accomplished essentially in
two ways: in a tube or pipe through which the
material flows and in which there is very little
back flow or recirculation, or in a chamber in
which a considerable amount of holdup and re-
circulation occur. (Fig. 1-5),

To ensure good mixing efficiency, such de—
vices as vanes, baffles. screws, grids, or combi—
nations of these are placed in the mixing tube.
As illustrated in Figure 1-5A, mixing takes
place mainly through mass transport in direc-
tions normal to that of the primary flow. Mixing
in such systems requires the careful control of
the feed rate of raw materials if a mixture of uni-

form composition is to be obtained. The require—
ment of exact metering in such a device results
from the lack of recirculation, which would
otherwise tend to average out concentration gra-
dients along the pipe. Where suitable metering
devices are available, this method of mixing is
very efficient. Little additional power input over
that required for simple transfer through a pipe
is necessary to accomplish mixing.

When input rate is difficult to control and
fluctuations in the ratio of added ingredients are
unavoidable, continuous mixing equipment of
the tank type is preferred. Fluctuations in com-

J J—>

A B .

FIG. 1-5. Continuous fluids mixing devices. A, Baffled
.pz'pe mixer; B, mixing chamber with flow induced recircu—
lation. Both types induce turbulence in the fluid,- however,
recirculation is desirable when overall fluctuations occur
in the material fed to the mixer, since these fluctuations
will not be eliminated by Simple transverse mixing in a
pipe.
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FIG. 1-6. Diagram of a perfectly mixed tank in a flow
stream with flow rate dv/dt. C,- and Co represent the con—
centrations entering and leaving the tank at any given in—
stant. Material balance requires that the total amount of
fluid leaving the tank in a given time is equal to the total
amount entering in the same period of time.

position of the final mixture are greatly reduced
by the dilution effect of the material contained
in the tank.

For example, consider a tank of volume V,
which is stirred so as to be perfectly mixed at all
times, as illustrated in Figure 1-6. If each incre—
ment of added material is instantaneously dis-
tributed evenly throughout the vessel, and if the
concentrations of the equal volumes entering
and leaving the mixer are designated as C1 and
C0 respectively, conservation of mass requires
that:

dCO
dt

 

V = (Ci moi—f <2)
where dv/dt is the rate of flow of material

through the tank. For a given concentration dif-
ference (Ci — C0) and flow rate, the rate of
change of concentration of the effluent with
time, dCO/dt, is inversely proportional to tank
volume, Two tanks in series, each having vol-
ume V/2 or half that of the single tank just dis-
cussed, would be even more effective in reduc-
ing concentration fluctuations while having the
same holdup. This is true when the random
fluctuations in concentration occur over small

volume increments compared with the tank vol-
umes. It is essentially a serial dilution effect.

Example. When integrated, equation (2)
yields the expression:

C0 = C,(l — 8““)

where k = vadt. When two identical tanks,
each of volume V/2, are connected in series, the
relationship between input and output concen-
trations becomes:

Co = C,(l — e‘m‘l — 2kte‘2l“)

For com arison purposes, set k equal to
0.1 min" , and examine the ratio of C0 to C‘ after
5 min of operation, with the mixing tank(s) at an
initial concentration of Co and with a constant
inlet concentration of C,. When a single tank is
used, COIC, equals 0.393, whereas with two
tanks in series, each having one—half the vol-
ume, Co/C, is 0.264. This effect appears more
pronounced at shorter times and less so over
longer periods in relation to k, when Co closely
approaches Ci,

 
% = l — 6—1/2 : 0.393

20 =1 —e‘1 , e'1=O.264
An effect similar to that obtained with two

tanks can be observed with a turbine agitated
tank having vertical sidewall baffles. If the tur-
bine impeller is located near the middle of the
tank, two regions of mixing occur above and
below the impeller as shown in Figure 1-7. Mass
transport between these zones is relatively slow.
This has the effect of two areas of rapid mixing,
and the mixer behaves in a manner analogous to
two independent tanks connected in series.
Complex arrays of interconnected tanks, both in
series and in parallel, can be used for special
mixing situations. The differential equations
that arise from such systems may be solved by a
variety of methods depending on their form. The
reader is referred to mathematical texts for the

appropriate techniques. The great variety of agi-
tation systems that 'may be used for continuous
mixing in tanks has been discussed in connec-
tion with batch mixing.

-———»

FIG. 1-7. Diagram of a turbine agitated, continuous mix—
ing tank with vertical side wall baffles. Two zones of mix-
ing are shown, above and below the impeller. Net effect of
such a device is similar to that obtained by the operation of
two tanks, of the type shown in Figure 1-6, in series.

MIXING - 9
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Mixer Selection

Equipment Selection. One of the first and
often most important considerations in any mix-
ing problem is equipment selection. Factors that
must be taken into consideration include (1) the
physical properties of the materials to be mixed,
such as density, viscosity, and miscibility, (2)
economic considerations regarding processing,
e.g., time required for mixing and the power
expenditure necessary, and (3) cost of equip-
ment and its maintenance. In any given case, a
number of these factors may be taken into con-
sideration; however, a few-7 general guidelines
can be drawn. A more extensive discussion of

this subject may be found in the literature.]*‘5
1. Monophase systems. The viscous character

and density of the fluid(s) to be mixed determine
to a large extent the type of flow that can be pro-
duced and also, therefore, the nature of the mix-
ing mechanisms involved. Fluids of relatively
low Viscosity are best mixed by methods that
generate a high degree of turbulence and at the
same time circulate the entire mass of material.

These requirements are satisfied by air jets,
fluid jets, and the various high—speed impellers
discussed earlier. A viscosity of approximately
10 poise may be considered as a practical upper
limit for the application of these devices.

Thick creams, ointments, and pastes are of
such high viscosity that it is difficult if not im-
possible to generate turbulence within their bulk
and laminar mixing, and molecular diffusion
must be relied upon. Mixing of such fluids may
be done with a turbine of flat blade design. A
characteristic feature of such impellers is ’the
relative insensitivity of their power consumption
to density and/or viscosity. For this reason, they
are particularly good choices when emulsifica—
tion or added solids may change these quantities
significantly during the mixing operation. This
property of turbines is due to the mechanisms by
which they produce their characteristic radial
flow: (1) density— and viscosity-dependent fluid
entrainment into the area of blades and (2) cen-
trifugal displacement in the axial direction, also
dependent upon these variables. The effects of
density and Viscosity tend to cancel out since
they contribute in both a positive and negative
way to the circulation. When compared with a
propeller of similar size, flat blade turbines of the
radial flow type have a significantly lower pump-
ing capacity, which makes them less suitable for
mixing in large tanks.

2. Polyphase systems. The mixing of systems
composed of several liquid or solid phases pri—
marily involves the subdivision or deaggregation
of one or more of the phases present, with subse-
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quent dispersal throughout the mass of material
to be mixed. In a general sense, me processes of
homogenization, suspension formation, and
emulsification may be considered forms of mix-
ing. Inasmuch as these topics are covered in
Chapters 5, 16, and 17, they are considered
from only a mechanistic standpoint here.

The mixing of two immiscible liquids requires
the subdivision of one of the phases into glob-
ules, which are then distributed throughout the
bulk of the fluid. The process usually occurs by
stages during which the large globules are suc—
cessively broken down into smaller ones. Two
primary forces come into play here: the interfa—
cial tension of the globules in the surrounding
liquid, and forces of shear within the fluid mass.
The former tends to resist the distortion of glob—
ule shape necessary for fragmentation into
smaller globules, whereas the forces of shear act
to distort and ultimately disrupt the globules.
The relationship between these forces largely
determines the final size distribution in the mix—
ture.

Selection of equipment depends primarily
upon the viscosity of the liquids and is made
according to the mechanism by which intense
shearing forces can best be generated. In the
case of low-viscosity systems, high shear rates
are required and are commonly produced by
passing the fluid under high pressure through
small orifices or by bringing it into contact with
rapidly moving surfaces. Devices for accom-
plishing these high rates are described in Chap-
ter 17, Emulsions.

Highly viscous fluids, such as are encoun-
tered in the production of ointments, are effi-
ciently dispersed by the shearing action of two
surfaces in close proximity and moving at differ-
ent velocities with respect to each other. This is
achieved in paddle mixers, in which the blades
clear the container walls by a small tolerance.
Such mixers are relatively efficient since they
not only generate sufficient shear to reduce
globule size but if properly constructed, also in-
duce sufficient circulation of material to ensure

a uniform dispersion throughout the completed
mixture.

The mixing of finely divided solids with a liq-
uid of low viscosity in the production of a sus-
pension depends on the separation of aggregates
into primary particles and the distribution of
these particles throughout the fluid. These proc—>
esses are often carried out in a single mixing
operation, provided that shear forces of suffr
cient intensity to disrupt aggregates can be gen—
erated. High-speed turbines, frequently fitted
with stators to produce increased shearing
action, are often employed. When aggregation is
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not a problem, or when deaggregation is to be
. carried out following a general mixing step, the

equipment used in mixing of suspensions is es—
sentially the same as that previously discussed
for liquids of comparable viscosity.

As the percentage of solids is increased or if
highly viscous fluids are employed, the solid-
liquid system takes on the consistency of a paste
or dough. In these cases, the forces required to
induce shear are considerable, and equipment
used is of heavy design. The choice of a mixer is
limited to those that either knead or mull the

material. Kneaders operate by pushing masses
of the material past each other and by squeezing
and deforming them at the same time. Such
mixers may take several forms, but usually have
counter-rotating blades or heavy arms that work
the plastic mass. Shear forces are generated by
the high viscosity of the mass and are effective
in deaggregation as well as distribution of the
solids in the fluid vehicle. A diagram of a sigrna—
blade mixer with overlapping blades is shown in
Figure 1-8.

Mulling mixers are efficient in deaggregation
of solids, but are typically inefficient in distribut—
ing the particles uniformly through the entire
mass. Previously mixed material of uniform
composition, but containing aggregates of solid
particles, is suitable for mixing in these devices.
In the event of segregation during mulling, a
final remixing may be necessary.

Roller mills consisting of one or more rollers
are in common use. Of these, the three-roll type
seems to be preferred (Fig. 1-9). In operation,
rollers composed of a hard abrasion-resistant
material and arranged to come into close prox-
imity to each other are rotated at different rates
of speed. Material coming between the rollers is
crushed, depending on the gap, and is also
sheared by the difference in rates of movement
of the two surfaces. In Figure 1-9 the material
passes from the hopper, A, between rolls B and
C, and is reduced in size in the process. The gap
between rolls C and D, which is usually less
than that between B and C, further crushes and

1A

ass ’53.
CROSS SECTION - A TOP VIEW

FIG. 1 -8. Schematic drawing ofa top-loading sigma-blade
mixer with overlapping blades. The tap view shows the
relationship of the counter rotating blades to the overall
geometry of the mixer.

E

FIG. 1-9. Cross section ofa three-roll mill showing hopper
(A), rolls (B,C,D), and scraper (E). Directions of roller ro—
tation are indicated. Speed of rotation of the rollers in-
creases from B to D. Material placed in the hopper passes
between rolls B and C and then C and D in succession and
is finally collected on the scraper.

smooths the mixture, which adheres to roll C. A
scraper, E, is arranged to continuously remove
the mixed material from roller D. The arrange-
ment is such that no material can reach the

scraper that has not passed between both sets of
rolls.

The extreme case of solid-liquid mixing is one
in which a small volume of liquid is to be mixed
with a large quantity of solids. This process is
essentially one of coating the solid particles with
liquid and of the transfer of liquid from one par-
ticle to another. In this type of mixing, the liquid
is added slowly to reduce the tendency of the
particles to lump; however, the process is not
one of fluids mixing, but one of solids mixing.
When the particles tend to stick together be—
cause of the surface tension of the coating liq—
uid, the equipment used is the same as that for
pastes. If the solids remain essentially free flow—
ing, the equipment is the same as that used for
solids mixing, which is discussed under that
heading later in this chapter.

Correlation. Many of the mixing character-
istics attributed to the various impellers, jets and
other mixing equipment can be considerably al-
tered, often unfavorably, by changes in the rela—
tive size, shape, or speed of.their component
parts. Although methods of scale-up are usually
considered in relation to the problem of going
from laboratory scale to pilot plant to production
scale, they are also of fundamental value in un—
derstanding the ‘proper operation of a given
mixer, regardless of its size. .

Exact analytic descriptions of the flow pat-
terns, turbulent or otherwise, that occur in mix-
ers are generally so complex as to defy solution,
if indeed they may be mathematically formu—
lated at all. For these reasons, an empiric ap-
proach, involving comparison of the system
under study with systems of known perfor-
mance, is employed for the prediction of the de-
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sired operational conditions. Significant varia-
bles that must be taken into account include the
dimensions of the mixer and its mechanical
components as well as their location within the
mixer. Included also are impeller speed or jet
pumping rate, fluid density, fluid viscosity, and
height of fill of the mixer. In short, any factor
that can possibly influence the behavior of the
materials as they are mixed is potentially impor-tant.

1. Dimensionless groups. The method is based
upon dimensionless groups that characterize the
mixing systems. These groups consist of combi-
nations of the physical and geometric quantities
that affect the fluid dynamics and hence also af-
fect the mixing performance of a given piece of
equipment, The measurable quantities consti-
tuting a given dimensionless group are arranged
so that their units of measurement cancel.

These unitless numbers, therefore, represent
ratios between pertinent variables or parame—
ters.

Large numbers of useful dimensionless
groups have been developed and employed
under various circumstances for the correlation

of mixer performance data as well as for the de-
sign of mixers. Three of the more important
groups serve to illustrate the utility of the
method. These are the Reynolds number, Re, the
Froude number, F,, and the power number, PD.

The Reynolds number is commonly defined
by the expression:

R. = LL; (3)"’l

where v is the velocity of the fluid relative to the
surfaces of the equipment involved. The density
and dynamic viscosity are denoted by g and 1;,
respectively. The dimension of length, L, is cho-
sen in various ways depending on the system.
For example, in the case of fluid flowing through
a pipe, it is taken as pipe diameter. For gas bub-
bles, it is taken as bubble diameter, and for im—
pellers, as impeller diameter. The subgroup le’
is indicative of inertial forces in the system, and
the Reynolds number indicates the ratio be-
tween these and the viscous forces. At high
Reynolds numbers, the former predominate and
the flow is turbulent, whereas at low values of
Re, laminar flow occurs. A transition range is
known to exist since the transition from laminar

to turbulent flow is not abrupt.
In systems in which gravitational effects

occur, the Froude number should be taken into

account. This group is defined by the equation:

v2

FIT—g—L
(4)
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where v and L are the terms previously defined
and g is the acceleration of gravity. In the case of
high Froude numbers, the inertial forces pre-
dominate over those due to gravity. Should such
conditions prevail in an unbaffled tank agitated
by a vertical, centrally located turbine, vortex
formation results. This group is important
whenever there is an interaction between gravi-
tational and inertial forces.

The power that may be dissipated in a mixer
by an impeller or other device is related to the
power number:

 
- P

Pn ' V2; (5)

where p’ is the pressure increment responsible
for flow. The power number is thus the ratio be-
tween the forces producing flow and the inertial
forces that resist it. The power number can also
be written as:

Pn = W (6)

where P is the power input, d is the impeller
diameter, and a) is its rotational velocity.

2. Correlation equations. Before the dimen-
sionless groups discussed here can be employed
in useful calculations, it is necessary to find a
satisfactory functional relationship between
them upon which to base the desired correla-
tions. This is accomplished by means of the
methods of dimensional analysisl'e’

Although a complete correlation function
must take into account all the variables in a

given system, satisfactory results may be ob-
tained if only the most significant variables are
considered. Therefore, while the general dimen—
sionless equation for correlating power input
contains several dimensionless groups in addi-
tion to the Reynolds and Froude numbers, these
latter two quantities are usually sufficient for
correlations with the power number if geometri-
cally similar systems are investigated. The
power number is thus commonly written as a
function of RL. and Fr in the exponential form:

Pn = GREF‘S (7)

The exponents a and b and the constant G
must be determined experimentally. G is not a
universal constant since it may take on different
values for different ranges in the magnitude of
the associated dimensionless groups. It is rea—
sonably constant, however, over ranges in which
no gross changes in flow character occur. The
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exponents a and b, which should be considered
as empiric quantities, also remain remarkably
constant over considerable ranges of operating
conditions.

Consider, for example, a propeller operating at
a speed at which the flow is predominantly lami-
nar. In such a system, the exponent, a, of the
Reynolds number is found to be —1, and b is
zero, since vortex formation does not occur
under these conditions. The correlation equa—
tion can then be written:

_ Gn
gw3d5 _ wdQ; (8)

Upon rearrangement, the functional relation—
ship of power input to the several variables is
apparent:

P = Gg‘lnwgde’ (9)

Thus, power input is proportional to viscosity,
and dependent on the second and third powers
of the propeller velocity and diameter, respec-
tively. The density of the fluid is not a factor
under these conditions of operation.

The literature indicates that the same mixer

operating under completely baffled conditions
with turbulent flow can be expected to exhibit
power numbers that are independent of Re and
Fr; that is, the coefficients a and b in the correla-
tion equation will both be zero. The power num-
ber is thus equal to the experimentally deter-
mined constant G, and the power input may be
expressed by the equation:

F = Gg—lgw3d5 (10)

Here, the power required for a given flow is in-
dependent of viscosity but linearly dependent on
density, in contrast to laminar flow. Also, in this
case, power input is more sensitive to changes
in the rotational speed and the. diameter of the
propeller than with laminar flow.

Example. Consider a 500 = L, baffled mixing
vat agitated by means of a centrally mounted
lS-cm diameter propeller at 1750 rpm. To pro—
vide more rapid mixing, the propeller rpm is
doubled, and its diameter increased to 23 cm.
This design change requires a more powerful
drive motor, but in order to make an estimate of
the increase needed, several variables must be
Considered. Given that the viscosity of the fluid
is 1.5 poise and the specific gravity is 1.05, the
Reynolds number can be estimated. If the pro-
peller pitch is 0.8 diameters per revolution, it
Will pump liquid at a velocity determined by the

product of the pitch and rpm. Thus, fluid veloc—
ity is given by the following:

_W
_ (50)

l
v = 350 cm sec—

The Reynolds number, from equation (3), is
equal to:

_ (350)(15)(1.05)

’ (1.5)

Since this is within the turbulent range, equa-
tion (10) applies. Therefore, the power required
under the new conditions, P“, as compared with
that needed previously, P0, is given by:

d

dPn=(‘,‘.’,—:) (3)5
3

me.)
= 67.8

Re = 3675

 

On the basis of these calculations, it may be de-
cided that the increased speed of mixing result-
ing from this design change does not warrant
the additional power required.

The foregoing conclusions are valid only if
geometric similarity is maintained in the mixing
systems. Also, the value of G, while reasonably
constant over the ranges of laminar flow and
fully developed turbulence, is not numerically
the same in these two regions.

These examples illustrate the usefulness of
dimensionless groups in predicting and calculat-
ing the influence of systematic variables on the
mixing process. The same general technique is
also useful in correlations involving more com-
plex systems, which require additional groups
for satisfactory calculations.

Solids Mixing

Fundamentals

The theory of solids mixing has not advanced
much beyond the most elementary of concepts
and, consequently, is far behind that which has
been developed fOr fluids. This lag can be attrib-
uted primarily to an incomplete understanding
of the'ways in which particulate variables influ-
ence such systems and to the complexity of the
problem itself.

When viewed superficially, such multipar-
ticulate solids as pharmaceutical bulk powders
or tablet granulations are seen to behave some-
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what like fluids. That is, to the casual observer,
they appear to exhibit fluid-like flow when they
are poured from one container to another and
seem to occupy a more or less constant bulk vol-
ume. Dissimilar powders can be intimately
mixed at the particulate level much like miscible
liquids, at least in principle. Contrary to these
similarities with fluids, however, the mixing of
solids presents problems that are quite different
from those associated with miscible liquids. The
latter, once mixed, do not readily separate and
can be poured, pumped, and otherwise sub—
jected to normal handling without concern for
unmixing. In addition, they can be perfectly
mixed in any standard equipment, with the pri-
mary concerns being power efficiency and time
required. In contrast, well—mixed powders are
often observed to undergo substantial segrega-
tion during routine handling following the mix—
ing operation Such segregation of particulate
solids can occur during mixing as well and is
perhaps the central problem associated with the
mixing and handling of these materials.

Particulate Solids Variables. Particle size

and particle size distribution are important since
they largely determine the magnitude of forces,
gravitational and inertial, that can cause inter-
particulate movement relative to surface forces,
which resist such motion As a consequence of
high interparticulate forces, as compared with
gravitational forces, few powders of less than
100 microns mean particle size are free-flowing.
Most powders, including those encountered in
pharmaceutical systems, have a wide range in
particle size with the actual distribution deter-
mined to some extent by the method of prepara-
tion. An excellent discussion of the statistics of

small particles is given by I-Ierdan.7
Particle density, elasticity, surface roughness,

and shape also exert, their influence on the bulk
properties of powders. Of these, particle shape is
perhaps the most difficult variable to describe
and is commonly expressed by scalar quantities
known as shape factors. When applied‘to, solids
mixing, shape factors provide a number index to
which mixing rate, flow rate, segregation rate,
angle of repose, and other static or dynamic
characteristics can be related. However, the lim-
itations as well as the attributes of shape factors
should be understood.

As scalar quantities, shape factors serve as
proportionality constants between mean particle
diameters and particle surface area and volume.
They also serve to relate results of experimental
particle size measurements by different meth-
ods. In spite of their utility in these ways, shape
factors do not describe the shape of the particles
they characterize. Thus, a single factor can in no
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way be considered a unique indication of shape.
For example, one cannot differentiate between
rods and flat discs by the use of a single shape
factor. This limitation somewhat complicates
correlations and interpretations of particulate
shape effects on mixing.

A large number of shape factors have been
defined and used in studies of multiparticulate
solids systems. A typical example is that of a sur—
face shape factor, as, defined by the expression:

: S
2n,d,2

 

(11)as

The total surface area of the powder is s, having
ni particles of projected diameter d,. Powders
whose particles are highly irregular in shape
generally exhibit large values of as.

Example. To calculate a value of as that is use-
ful for purposes of comparison with other mate—
rials, consider a system of monodisperse spheres
of diameter 2r. The surface shape factor as will
be independent of sample size, so that for sim—
plicity, a single particle will be taken as the sam-
ple. In this case, equation (11) takes the form.

- 47712
’ or)?

 
as =71-

Had the idealized particles been perfect cubes,
having edges of length d, then equation (11)
would become:

d2 6

 
as

The value for as can be seen to increase substan-
tially as the particles become more angular and
deviate from a spherical shape. -

Forces Acting in Multiparticulate Solids
Systems. As pointed out previously, forces that
operate at a particulate level during the mixing
process are essentially of two types: (1) those
that tend toresult in movement of two adjacent
particles or groups of particles relative to each
other and (2) those that tend to hold neighboring
particles in a fixed relative position. This divi-
sion is arbitrary, and often a clear distinction
cannot be made, for reasons that will become
evident.

In the first category are forces of acceleration
produced by the translational and rotational
movements of single particlesor groups of parti-
cles. Such motion can result either from contact
with the mixer surfaces or from contact with

other particles. In either case, the efficiency of
momentum transfer is highly dependent on the
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elasticity of the collisions. In general, much
more rapid and efficient interchange of momen-
tum would be expected if loss by inelasticity was
minimal.

The shape and surface “roughness” of the par—
ticles involved in a collision determine, to a large
measure, the distribution of the transferred
momentum between translational and rotational

modes. That is, all other factors being equal, par—
ticles with a high coefficient of friction are likely
to exchange rotational momentum more readily.
This momentum exchange can also be expected
to depend more on the “available surface” area
than on the density or the mass of the particle.
Rotating aggregates experience centrifugal
forces that tend to break them into smaller units
and aitl the mixing process.

Gravitational forces also operate and, of
course, act on all particles at all times in propor-
tion to their mass.

Included in the second category of forces.
namely those that resist particulate movement,
are interparticulate interactions associated with
the size, shape, and surface characteristics of
the particles themselves. Powders that have
high “cohesive” forces due to interaction of their
surfaces can be expected to be more resistant to
intimate mixing than those whose surfaces do
not interact strongly. Factors that influence this
type of interaction are surface polarity, surface
charge, and adsorbed substances such as mois-ture.

In moving from one location to another, rela—
tive to its neighbors, a particle must surmount
certain potential energy barriers. These arise
from forces resisting movement insofar as
neighboring particles must be displaced. This
effect is a function of both particle size and
shape and is most pronounced when high pack-
ing densities occur. Particle shape is important
because as the shape of a particle deviates more
significantly from a spherical form, the free
movement it experiences along its major axes
also diverges.

Recent studies by several workers, on particu-
late beds and by means of computer simulation,
have demonstrated the existence of these barri-

ers.” They are manifested by peaks and valleys in
the radial location frequency distribution of par-
ticles in a bed relative to a reference particle.
Figure 1-10 illustrates distributions typical of a
bed of particles of relatively uniform size. This
diagram shows that moderate bed expansion,
short of total fluidization, facilitates interparticu-
late motion, and hence mixing, by reducing the
magnitude of the energy barriers and shortening
the distance between preferred locations.

In general, powders and divided solids possess

—CLOSE PACK ----LOOSE PACK
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FIG. 1-10. Relative numbers of neighboring particles per
unit area as a function of distance measured in particle
diameters from reference particles. Measurements are
made center-to—center of relatively spherical particles
under both close and loose packing arrangements.

a wide spectrum of particulate properties, which
result in an equally wide range of bulk proper-
ties. The latter may be classified as being char-
acteristic of either a static or dynamic state of
the system.

Attempts to correlate the gross properties of
powders with the nature of the individual parti—
cles have been somewhat more successful in

systems under static conditions than When the
particles are in a state of flow. This is not unex-
pected since inertial forces become important
when the particles are in motion, and the result-
ing transfer of momentum and kinetic energy is
a complex function of the particulate variables.

Miidng Mechanisms. It has been generally
accepted that solids mixing proceeds by a combi—
nation of one or more mechanisms.

1. Convective mixing. This mechanism may
be regarded as analogous to bulk transport as
discussed in connection with 'fluids mixing.
Depending on the type of mixer employed, con-
vective mixing can occur by an inversion of the
powder bed, by means of blades or paddles, by
means of a revolving screw, or by any other
method of moving a relatively large mass of ma—
terial from one part of the powder bed to an-
other.

2. Shear mixing. As a result of forces within
the particulate mass, slip planes are set up. De—
pending on the flow characteristics of the pow-
der, these can occur singly or in such a way as to
give rise to laminar flow. When shear occurs
between regions of different composition and
‘parallel to their interface, it reduces the scale of
segregation by thinning the dissimilar layers.
Shear occurring in a direction normal to the in-
terface of such layers is also effective since it too
reduces the scale of segregation.

3. Difi‘usive mixing. Mixing by “diffusion” is
said to occur when random motion of particles
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within a powder bed causes them to change po-
sition relative to one another. Such an exchange
of positions by single particles results in a reduc-
tion of the intensity of segregation. Diffusive
mixing occurs at the interfaces of dissimilar re»
gions that are undergoing shear and therefore
results from shear mixing. It may also be pro-
duced by any form of agitation that results in
interparticulate motion.

These mechanisms will be considered further

in connection with the various types of mixer incommon use.

The general flow characteristics of powders
determine to a great extent the ease with which
the primary particles can be mixed. That is, they
determine how easily masses of powder can be
transported through the powder bed, and also
how easily these masses can be broken down to
permit intimate mixing of individual particles. It
is only through the latter process that the inten—
sity of segregation can be reduced.

The mixing of particles whose surfaces are
nonconducting (electrically) often results in the
generation of surface charges, as evidenced by a
tendency of the powder to clump following a pe—
riod of agitation. Surface charging of particles
during mixing is undesirable, for it tends to de-
crease the process of interparticulate “ififfu—s10n.”

Unfortunately, surface charges in powder
beds are not readily measurable. If the bed were
electrically insulated during agitation, its net
charge would be zero, whereas the intensity of
charge on individual particles could be quite
high. In such a system, a given particle may be
singly charged positively or negatively, multiply
charged with like charges, or multiply charged
With either an equal or unequal number of posi—
tive and negative charges. The net charge of a
powder can be determined and is often taken as
a measure of the tendency of the particles to
undergo charge separation.

Charging of powder beds and the undesirable
effects it produces can be prevented or reduced
in many cases by surface treatment, which is
usually accomplished by adding small amounts
of surfactants to the powder, thereby increasing
the conductivity of the surface. The problem can
also-be solved in some cases by mixing under
conditions of increased humidity (above 40%).

Segregation Mechanisms. As mentioned
previously, particulate solids tend to segregate
by virtue of differences in the size, density,
shape, and other properties of the particles of
which they are composed. The process of segre-
gation occurs during mixing as well as during
subsequent handling of the completed mix, and
it is most pronounced with free-flowing pow-
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ders. Powders that are not free—flowing or that
exhibit high forces of cohesion or adhesion be—
tween particles of similar or dissimilar composi—
tion are often difficult to mix owing to agglomer-
ation. The clumps of particles can be broken
down in such cases by the use of mixers that
generate high shear forces or that subject the
powder to impact. When these powders have
been mixed, however, they are less susceptible
to segregation because of the relatively high in-
terparticulate forces that resist interparticulate
motion leading to unmixing.

It is sometimes possible to select pharmaco-
logically inert excipients that have a selective
affinity for an active mixture component. The
particle—to-particle binding between drug and
inert carrier, which results in such mixtures,
can greatly improve homogeneity and stability
toward separation of components. This tech-
nique is most valuable when potent drugs are to
be mixed in relatively low percentages. When
the drug is added as a fine powder, it can be
made to coat carrier particles uniformly, and as a
consequence, to be mixed uniformly throughout
the batch. Usually, this is best accomplished by
selecting an excipient that has a polarity similar
to that of the drug. For example, a steroid would
adhere well to lipid—like surfaces. in this case,
however, inclusion of significant amounts of
waxy or fatty materials in a tablet formulation
may cause disintegration or dissolution difficul—
ties. When stability is not a problem, it is often
more practical to place the drug in relatively di-
lute solution and spray it on an inert excipient.
After drying, this drug excipient mixture can be
mixed with the remainder of the formulation.

In practice, the problem of segregation is most
severe when one is working with free-flowing,
cohesionless, .or nearly cohesionless particulate
matter. Segregation has been attributed to vari—
ous types of mixers: those that generate princi—
pally convective motion have been classified as
“nonsegregating,” while those that produce
shear or diffusive mixing are termed “segregat-
ing.” The circumstances that result in segrega—
tion, however, can be generalized from a funda-
mental physical standpoint. Consider a bed of
randomly mixed particles of two or more types in
a state of agitation, with particles constantly
moving around and past each other. Mixing oc-
curs when particle motion is random and leads
to a nonselective reordering of individual parti-
cles. Where particle motion is. selective, how—
ever, a sorting effect occurs. The following has
been suggested:8

[The] necessary and sufficient conditions for segrega-
tion to occur in such a system are twofold: (i) that
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various mixture components exhibit mobilities for in-
terparticulate relative displacement which differ, and
(ii) that the mixture experience either a field which
exerts a directional motive force on the particles or a
gradient in a mechanism capable of inducing or modi-
fying interparticulate movement.

The conditions outlined here are present to a
greater or lesser degree in all mixers, regardless
of their type or mode of operation. They also
occur during mixer emptying, during filling of
capsule— or tablet-making hoppers, during flow
through the h0pper itself, and even in a tablet
machine feed frame. In reality, the various
mechanisms that lead to mixing provide the
conditions but not the mechanisms that can lead
to segregation.

The requirements for segregation, as previ-
ously postulated, can arise in a variety of ways.
Differences in mixture component mobilities
can result from differences in particle sizes,
shapes, density, and surface characteristics.
While other Characteristics may also be impor-
tant, these are recognized as significant in most
cases. The second requirement for segregation
can be met by the earth’s gravitational field, or
by a centrifugal, electrical, magnetic field gener-
ated in the course of processing. Even in the
absence of such fields, this requirement can be
satisfied by a gradient in shear rate within the
powder bed.

According to theory, it should be possible to
prevent segregation by eliminating either one of
the necessary conditions for its existence. Total
avoidance of undesirable environmental condi—

tions during the course of mixing and process—
ing is virtually impossible. If a mixture gives
persistent trouble regarding homogeneity, it is
usually best to try to improve the characteristics
of the mixture rather than the mixer. With free-

flowing materials, the goal is to make all compo-
nents as alike as possible in size, shape, and
density (in that order).

Equipment
Batch Mixing. A common type of mixer con-

sists of a container of one of several geometric
. forms, which is mounted so that it can be rotated
about an axis. The resulting tumbling motion is
accentuated by means of baffles or simply by vir-
tue of the shape of the container. The popular
twin-shell blender is of this type and takes the
form of a cylinder that has been cut in half, at
approximately a 45—degree angle with its long
axis, and then rejoined to form a “V" shape. This
is rotated so that the material is alternately col-
lected in the bottom of the V and then split into
two portions when the V is inverted. This is

A I C

FIG. 1-11. Three types of tumbling mixers shown
mounted on a common shaft: A, twin-shell,- B, cubzc; C,
Cyll‘l‘ldTiL‘. In operation, the asymmetric geometry results
in a sideways movement of material in additzon to the
tumbling action of the mrxers. Of the three types, the twin-
shell is the most popular.

quite effective because the bulk transport and
shear, which occur in tumbling mixers gener-
ally, arc accentuated by this design. A bar con-
taining blades that rotate in a direction opposite
to that of the twin shell often is used to improve
agitation of the powder bed, and may be replaced
by a hollow tube for the injection of liquids.

Other mixers of this same general type take
the form of cylinders, cubes, or hexagonal cylin-
ders (Fig. 1—11), and may be rotated about al—
most any axis depending on_ the manufacturer.

The efficiency of tumbling mixers is highly
dependent on the speed of rotation. Rotation
that is too slow does not produce the desired in-
tense tumbling or cascading motion, nor does it
generate rapid shear rates. On the other hand,
rotation that is too rapid tends to produce cen-
trifugal force sufficient to hold the powder to the
sides of the mixer and thereby reduce efficiency.
The optimum rate of rotation depends on the
size and shape of the tumbler and also on the
type of material being mixed, but is commonly
in the range of 30 to 100 rpm.

A second class of mixer employs a stationary
container to hold the material and brings about
mixing by means of moving screws, paddles, or
blades. Since this mixer does not depend en—
tirely on gravity as do the tumblers, it is useful
in mixing solids that have been wetted and are
therefore in a sticky or plastic state. The high
shear forces that are set up are effective in
breaking up lumps or aggregates. Well—known
mixers of this type include the following. (1) The,
ribbon blender (Fig. 1-12), consists of a horizon—
tal cylindric tank usually opening at the top and
fitted with helical blades. The blades are
mounted on a shaft through the long axis of the
tank and are often of both right- and left—hand
twist. (2) 1n the helical flight mixer, powders are
lifted by a centrally located vertical screw and
allowed to cascade to the bottom of the tank. Of

these two, types, the ribbon blender is the more
popular.

When finely divided powders of a sticky con-
sistency are to be mixed, high shear rates and
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FIG. 1-12. Side view ofa top-loading ribbon blender. The
blades are mounted on the horizontal axle by struts (not
shown) and are rotated to circulate the material to be
mixed. The spiral blades are wound (in most cases) in op-
posite directions to'provide for movement of material in
both directions along the axis of the tank. These mixers
may be emptied either through ports in the bottom or by
inverting them.

forces are necessary to permit intimate mixing
at the particulate-level. This may be accom-
plished if the scale of segregation is first reduced
by means of the mixers previously discussed.
The roughly mixed material can then be run
through a hammer mill, which effectively pro-
duces “diffusive” mixing by breaking up aggre—
gates. The process can be repeated if necessary.

Continuous Mixing. A characteristic of sol—
ids mixing equipment is that all else being
equal, mixtures produced by large mixers have
greater variations in composition than those pro-
duced by small mixers. This is an important
consideration when relatively small portions of
the mixture are required to fall consistently
within a narrow composition range. The produc-
tion of tablets and capsules are examples of
pharmaceutical processes in which composition
uniformity is critical.

The effective volume of a solids blender may
be reduced considerably by the use of continu<
ous mixing equipment. Continuous mixing
processes are somewhat analogous to those dis—

* cussed under fluids mixing. Metered quantities
of the powders or' granules are passed through a
device that reduces both the scale and intensity
of segregation, usually by impact or a shearing
action. The output may be transferred directly to
the capsule filling or tablet machines. Control of
mixing efficiency in such a system must ulti-
mately depend on an analysis of the dosage
forms as they are produced. The feasibility of
such a process depends on the availability of
rapid analytic procedures.

Mixer Selection

Measures of Mixing Degree. Mixer selec-
tion and evaluation depend on a quantitative
measure of the degree of mixing. This is gener-
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ally accomplished by the arbitrary choice of a
statistical function that indicates the uniformity
of composition of the powder bed.

When analytic procedures are available, the
intensity and scale of segregation, as defined by
Danckwerts, serve as useful criteria, but only
when large-scale segregation is not present.

A large number of statistical quantities have
been used by researchers in the area of solids
mixing to express a “degree of mixing”; how-
ever, they all provide essentially the same type
of information concerning the mixture. More
important than the choice of a degree of mixing
is the method of sampling employed. Unless
samples that accurately represent the system
are taken, the most elaborate statistical analysis
is worthless.

The standard deviation or variance of the se-

lected samples from the mean composition of
the system serves as a useful measure of the
overall quality of a mixture. Samples may be
withdrawn periodically during discharge of the
mixture or may be taken directly from the mixer
by a sampling “thief.”

In the evaluation of a mixture, care must be
taken that the scale of scrutiny is appropriate.
That is, the samples chosen must be large
enough to contain sufficient particles to repre-
sent accurately the region from which they were
taken, yet not so large as to obscure important
small-scale variations in composition. The selec-
tion of a scale of scrutiny also depends on the
ultimate use of the mixture. For example, sam-
ples of the same weight as the final tablet are
proper for evaluating a tablet granulation. Analy-
sis of multiple samples of this size would allow
prediction of tablet-to—tablet variations due to
imperfect mixing.

In terms of statistics, “perfect” mixtures are in
reality random mixtures. That is, the number of
particles of a given component, in samples of
uniform weight from a perfect mixture, is deter—
mined by chance, and will at best vary about a
mean value. The statistical considerations be-

come more complicated as the number of com-
ponents increases and their size distributions
differ. In the simple case of a binary mixture of
equal-sized particles of two different compo-
nents, the statistics follow the binomial distribu-
tion having mean, ,u, and standard deviation, 0.
Thus, the following equations apply:

it = np <12)

0 = Vnp<I — p) (13)”

where n is the number of particles in the sam-
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ple, and p is the number fraction of particles of
the component of interest in the mixture.

Example. For purposes of illustration, con-
sider a capsule formulation consisting of a mix-
ture of equalrsized pellets of two different com—
positions, A and B. The pellets are mixed in the
number ratio of 3 parts of A to 7 parts of B. The
problem is to predict the variation in content of
capsules containing 500 pellets each, assuming
random mixing with no systematic segregation.
In such a system, collecting a sample of 500 pel-
lets at a time is equivalent to picking out 500
pellets one at a time randomly. Thus, the selec-
tion of pellets follows the binomial distribution,
in which the expected composition of the sam-
ple and its expected variability in composition
are given by equations (12) and (13), respec-
tively:

a = up = (500)(0.3) = 150

0' = np(l — p) = [(500)(o.3)(0.7)]1’2 _= 10.2

One sees that on the average, a capsule will
contain 150 type A pellets, the remaining 350
being type B. The number standard deviation
calculated from equation (13) is 10.2. In a nor-
mal distribution, 68% of the measurements (in
this case, the number of type A pellets per cap—
sule) lie within plus or minus one standard devi—
ation (10.2 pellets) of the mean (150 pellets per
capsule). This means that even with perfect ran—
dom mixing, approximately only 68% of the cap-
sules would contain 150 i 10.2, or approxi—
mately 140 to 160 pellets of type A among 500
pellets each.

It can be inferred from this example that as
the number of particles in a sample is increased,
the percentage variation in composition from
sample to sample decreases, all else being equal.
In evaluating the cause of problems with con—
tent uniformity related to tablets and capsules,
the statistics of the sample should be consid-
ered. Calculations involving multicomponent
mixtures are more complicated, as has previ-‘
ously been mentioned, and are covered in refer-

,_ ences listed at the end of this chapter.
Power Requirements. Unlike fluids mix-

ing, the requirements for power of a given solids
mixing operation cannot be readily predicted.
This is not a problem, however, since efficiency
of power utilization parallels operating condi-
tions for optimum mixing. Consequently, mini-
mum power is that required to operate the mixer
for the time necessary to reach a satisfactory
steady state.

Unlike most liquids mixers, solids mixers can-

not be made to produce good mixtures, when
they are operated incorrectly, simply by mixing
for a long period of time. The process of solids
mixing is accompanied by the process of segre—
gation, as pointed out earlier, in which particles
having different characteristics preferentially
concentrate in various regions of the mixer. Be—
cause of this, the mixture reaches an equilib—
rium state of mix that is a function of speed of
operation of the mixer.

The statement is often made that solids mix-

ers result in unmixing if mixing is continued for
an excessive length of time. Such observations
are a result of improper operation of the mixer or
the use of the wrong mixer or both. Such a
mixer produces an equilibrium mixture having a
significant degree of segregation. When the
material is loaded into the mixer to cause an in-

termingling of the various solids as they migrate
toward their steady state locations, the apparent
mixing~unmixing phenomenon is seen.

A second cause of apparent unmixing after
prolonged mixer operation is the milling that
inadvertently occurs because of abrasion of the
particles. This frequently occurs during scaling
up to production from small laboratory mixers.
The often substantial fill weights of production
mixers can generate high shear forces between
particles sliding past each other under a heavy
load of material above. As a consequence, the
particle size distribution after mixing may bear
only slight resemblance to the original distribu-
tion. An expected and common effect is the gen-
eration of fine particulate matter (fines), which
can dilute lubricants and otherwise modify for-
mulation properties.

References

1. Johnstone, R. E., and Thring, M. W.: Pilot Plants,
Models and Scale—Up Methods in Chemical Engineer—
ing. McGraw-Hill, New York, 1957.

2. Uhl, V. W., and Gray, J. B.: Mixing—Theory and Prac-
tice. Vol. 1. Academic Press, New York, 1966.

3. Uhl, V. W., and Gray, J. B.: Mixing—Theory and Prac—
tice. Vol. 11. Academic Press, New York, 1967'.

4. Sterbacek, Z., and Tausk, P.: Mixing in the Chemical
Industry. Pergamon Press, New York, 1965.

5. Bridgeman, P. W.: Dimensional Analysis. Yale Univer—
sity Press, New Haven, 1931.

6. Perry, R. H. Chilton, C. 1-1., and Kirkpatrick, S. D.:
Chemical Engineers’ Hand-book. 4th ed. McGraw-
Hill, New York, 1963.

7. Herdan, 0.: Small Particle Statistics. Academic Press,
New York, 1960.

8. Rippie, E. (3., and Chou, D. H.: Powder Technol,
212205, 1978.

mm - 19

Page 29



Page 30

General References

Nagata, 8.: Mixing: Principles and Applications. John
Wiley and Sons, New York. 1975.

Nauman, E. B.: Mixing in Continuous Flow Systems.
John Wiley and Sons, New York, 1983.

Nielsen, L. E: Predicting the Properties of Mixtures:
Mixture Rules in Science and Engineering. Marcel
Dekker, New York, 1978.

20 - The Theory and Practice of Industrial Pharmacy

Oldshue, J. Y.: Fluid Mixing Technology. Chemical Engi-
neering Magazine. American Institute of Chemical
Engineering (AlChE), New York, 1983.

Randolph, J; Mixing in the Chemical and Allied Indus-
tries. Noyes Development Corp., Park Ridge, NJ, 1967.

Weidenbaum, S. 8.: Mixing of Solids. Advances in Chem-
ical Engineering. Vol. 2. Academic Press, New York,
1958, p. 209.

Page 30



Page 31

 

Milling
EUGENE L. PARROTT

Few materials used in pharmaceuticals exist in
- the optimum size, and most materials must be

comminuted at some stage during the produc—
tion of a dosage form. Milling is the mechanical
process of reducing the particle size of solids.
Various terms (crushing, disintegration, disper-
sion, grinding, and pulverization) have been
used synonymously with comminution depend-
ing on the product, the equipment, and the proc—ess.

Milling equipment is usually classified as
coarse, intermediate, or fine acéording to the
size of the milled product. Size is conventionally
expressed in terms of mesh (number of open-
ings per linear inch of a screen). As an arbitrary
classification for the consideration of pharma-
ceuticals, coarse milling produces particles
larger than 20-mesh, intermediate milling pro-
duces particles from 200- to 20-mesh (74 to 840
microns), and fine milling produces particles
smaller than 200—mesh. A given mill may oper—
ate successfully in more than one class: a harn-
mer mill may be used to prepare a 16—mesh
granulation and to mill a crystalline material to a
120-mesh powder.

Pharmaceutical Applications
The surface area per unit weight, which is

known as the specific surface, is increased by
size reduction. This increased specific surface
affects the therapeutic efficiency of medicinal
compounds that possess a low solubility in body
fluids by increasing the area of contact between
the solid and the dissolving fluid. Thus, a given
weight of a finely powdered medicinal com-
pound dissolves in a shorter time than does the
same weight of a coarser powder. The control of
fineness of griseofulvin led to an oral dosage reg-
imen half that of the originally marketed prod-
uct.1 Control of particle size and specific surface

influences the duration of adequate serum con-
centration, rheology, and product syringeability
of a suspension of penicillin G procaine for intra-
muscular injection.2 The rectal absorption of
aspirin from a theobroma oil suppository is re—
lated to particle size.3 Increased antiseptic
action has been demonstrated for calomel oint-

ment when the particle size ofcalomel has been
. reduced.4 The size of particles used in inhala-
tion aerosols determines the position and reten-
tion of the particles in the bronchopulmonary
system.5 Fincher has reviewed the influence of
particle size of medicinal compounds and its re-
lationship to absorption and activity.6 Size may
affect texture, taste, and rheology of oral suspen-
sions in addition to absorption.7

Extraction or leaching from animal glands
(liver and pancreas), and from crude vegetable
drugs, is facilitated by comminution. The time
required for extraction is shortened by the in—
creased area of contact between the solvent and
the solid and the reduced distance the solvent

has to penetrate into the material. The control of
particle size in the extraction process provides
for more complete extraction and a rapid filtra—
tion rate when the solution is filtered from the

mare. Similarly, the time required for dissolu-
tion of solid chemicals in the preparation of solu—
tiOns is shortened by the use of smaller particles.

The drying of wet masses may be facilitated by
milling, which increases the surface area and
reduces the distance the moisture must travel

within the particle to reach the outer surface.
Solvolytic decomposition of solids initially oc—
curs at surface irregularities and is increased by
the presence of solvates or moisture. Microniza-
tion and subsequent drying increase the stability
because the occluded solvent is removed.8

In the manufacture of compressed tablets, the
granulation of the wet mass results in more
rapid and uniform drying. The dried tablet gran—

2]
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ulation is then milled to a particle size and distri-
bution that will flow freely and produce tablets of
uniform weight. The flowability of powders and
granules in high-speed filling equipment and in
tablet presses affects product uniformity. Rela—
tionships between flow rate and particle size
have been reported.“11 The role of size reduc-
tion in tablet manufacturing has been dis
cussed. ‘2

The mixing or blending of several solid in—
gredients of a pharmaceutical is easier and more
uniform if the ingredients are approximately the
same size. 13 This provides a greater uniformity
of dose. Solid pharmaceuticals that are artifi-
cially colored are often milled to distribute the
coloring agent to ensure that the mixture is not
mottled and is uniform from batch to batch.

Even the size of a pigment affects its color.
Lubricants used in compressed tablets and

capsules function by virtue of their ability to coat
the surface of the granulation or powder. A fine
particle size is essential if the lubricant is to
function properly.M The milling of ointments,
creams, and pastes provides a smooth texture
and better appearance in addition to improved
physical stability.

Size Distribution and

Measurement ,

In naturally occurring particulate solids and
milled solids, the shape of particles is irregular,
and the size of the particles varies within the
range of the largest and smallest particle. There
is no known method of defining an irregular par-
ticle in geometric terms; however, statistical
methods have been developed to express the
size of an irregular particle in terms of a single
dimension referred to as its diameter. If this di-

ameter is measured by a standardized procedure
for a large number of particles, the values may
be expressed by several diameters. It is only re-

~quired that the surface area is proportional to
the square of the diameter and the volume is
proportional to the cube of the diameter.

For an irregular particle, an equivalent parti-
Cle with the same surface or volume may be sub-
stituted. For convenience of mathematical treat-

ment, an irregular particle is considered in
terms of an equivalent sphere. The size of the
particle can then be expressed by a single pa—
rameter, d (the diameter). The volume of a parti-
cle may be determined by displacement in a liq-
uid and equated to the volume of a hypothetic
sphere possessing an equivalent diameter. As
the volume of a sphere is 7rd3/6, the equivalent
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diameter of an irregular particle with a volume V
_ is:

d: V6_v <1)

The effective diameter of particles based on
their rate cf sedimentation is commonly used in
pharmacy. The time required for the particle to
settle between two fixed points in a suitable liq—
uid is experimentally determined and allows
evaluation of the rate of sedimentation. By use
of Stokes’ equation (see under “Sedimentation”
in this chapter), the effective diameter is calcu-
lated. This effective, or Stokes’, diameter is the
diameter of a sphere that requires the same time
to settle between two fixed points in the liquid as
does the irregular particle.

ln addition to the two effective diameters de-
scribed, several other diameters are defined and
their values are calculated in Table 2-1 for 261

particles measured by microscopy. The arithme-
tic average diameter is the sum of the diameters
of the separate particles divided by the number
of particles. If n1, H2, and I1n are the number of
particles having diameters d1, d2, and clm respec-
tively, the average diameter is:

nld1 + ngdg + . nndn _ 201d)d _
ave r11+n2+...nn 2n

 

(2)

The average diameter of a group of 261 particles
can be calculated from the data in Table 2-2

The average diameter is.

5366

dave : 261 a 20.6 ,im (3)

The geometric mean diameter is the nth root
of the product of the n particles measured:

dgeo = \"/d1d2 _ . . d" ‘ (4)

Using the logarithmic form of this equation, the
geometric mean diameter of the 261 particles is
calculated by use of the following:

2(n log d)
En

336.0874 >

261 (5)
1.2876

log dgee =

ll

and

dgeo = antilog 1.2876 = 19.4 um (6)
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TABLE 2-1. Definitions of Various Diameters and Their Values for 261 Particles Measured by Means of
an Optical Micrometer 

 

 

 

 

 

 

Number in

Mean of Each Size-
Size-group Size-group, (1 group, n not log d n log d nd2 nd3 nd‘

4 to 7.9 ,an 6 ,um 5 30 0.7782 3.9910 180 1080 6480
8 to 11.9 10 15 150 1.0000 15.0000 1500 15,000 150,000

12 to 15.9 14 46 644 1.1461 52.7206 9016 126,224 1,767,136
16 to 19.9 18 68 1224 1.2553 85.3604 22,032 396,476 7,138,368

20 to 23.9 22 58 1276 1.3424 77.8592 28,072 617,584 13,586,848
24 to 27.9 26 32 832 1.4150 45.2800 21,632 562,432 14,623,232
28 to 31.9 30 22 660 1.4771 32.4962 19,800 594,000 17,820,000
32 [0 35.9 34 10 340 1.5315 15.3150 11,560 393,040 1,336,336

36 to 39.9 38 2 76 1.5798 3.1596 2888 109,744 2,085,136
40 to 43.9 42 2 84 1.6232 3.2464 3528 148,176 8,222,392
44 to 47.9 46 0 0 1.6628 0 0 0 0

48 to 51.9 50 _1 50 1.6990 1.6990 2500 125,000 6,250,000
261 5366 3360874 122,708 3,088,756 70,985,928

Diameter Definition Diameter for 261 Particles

12nd? 122,708 _
Mean surface cls — in d. — T— 21.7 am

3/ 2nd3 38,088,756 _
Mean volume (1,, — En dv — VT— 228 ,um3 >1

Mean volume—surface d“; = $232 dv5 =%: 25.2,um
. End“ _ 70,985,928 _

Weight mean (21,, — End3 (1... — 3.088756 — 22.9 ,um

TABLE 2-2. Summation for the Determination of the Median Diameter of 261 Particles Measured by an
Optical Micrometer

 

 

Number in Number Less Than Percentage of Particles Percentage of Particles Less
Each Size- Maximum of Size- in Each Size— Than Maximum

Size-group group, n group group Size of Group

4 to 7.9 mm 5 5 1.9 1.9
\.\ 8 to 11.9 15 20 ' 5.8 7.7

12m 159 46 66 17.7 25.4
16 to 29.9 68 134 26.0 51.4

20 to 23.9 58 192 22.2 73.6
24 to 27.9 32 . 224 12.4 85.8
28 to 31.9 22 246 8.4 94.2
32 to 35.9 10 256 3.8 98.0

36 to 39.9 2 258 0.8 98.8
40 to 43.9 2 260 0.8 99.6
44 to 47.9 0 260 0 99.6
48 to 51.9 1 261 0.4 100
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The median diameter is the diameter for

which 50% of the particles measured are less
than the stated size. An inspection of Table 2-2
shows that 134 particles of the ‘26] are less than
18 microns; therefore, the median diameter is
approximately 18 microns. Cumulative plots are
those in which the percentage of particles less
than (or greater than) a given particle size are
plotted against size. As shown in Figure 2—1 for
the data in Table 22, the cumulative percentage
less than the stated size is plotted against size,
and the median diameter is read from the 50%
value of the curve.

The arithmetic or geometric mean and the
median have no physical significance. The
meaningful choice of diameter depends on its
relevance to some significant physical property.
The packing and flow of a powder or granulation
depends on its volume; thus, if packing is a
prime consideration, the size should be ex-
pressed as a mean volume diameter. Dissolution
and adsorption processes are a function of the
surface area of the particles, and with these
processes, the particle size should be expressed
as a mean surface diameter. As sedimentation is

‘an important property of suspensions, the size of
the suspended solids should be expressed as a
Stokes’ diameter.

Representation of Data
When a material is milled, the particles have a

variety of sizes as determined by flaw structure.
The purpose of particle size measurement is to

 

59
 

 
 

(D O

,—
dusm. = 2O

isOPERCENTLESSTHANSTATEDSIZE |\)0)OO   
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SlZE

FIG. 2-1. Cumulative distribution plot used to determine
the median size.
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determine the percentage frequency of distribu—
tion of particle sizes. The most precise method of
data presentation is tabular form, as in Table
2-1_ The data may be presented as a bar graph or
histogram of the frequency as a function of par-
ticle size. Size-distribution data are commonly
presented graphically because a graph is more
concise and permits easy visualization of the
mean and skewness of distribution. A size-fre-

quency curve is a plot of the percentage frequen-
cies of various particles against the mean of size—
groups. The size-frequency curve in Figure 2-2
is drawn from the data in Table 2-1. The arith-

metic and geometric mean diameters are indi-
cated. The mode is the maximum in the size—fre—
quency curve.

An infinite number of particle size distribu-
tions may have the same average diameter or
median. For this reason, parameters other than
a median or average diameter are required to
define the size of a powder. A powder should be
characterized with a size-frequency curve.

Size distributions that follow the probability
law are referred to as normal or Gaussian distri—

butions, as shown in Figure 2-2. This normal-
probability distribution is symmetric about a ver-
tical axis. The size-frequency distribution of
ground material is usually skewed with the
number of particles increasing with decreasing
size. It is believed that the size distributions of

FREQUENCY   
0

IO 20 30 4O 50
S I Z E

FIG. 2-2. Size—frequency distribution of 26] particles
measured by microscopy.
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FIG. 2-3. Arithmetic—probability plot of data in Table 2-2.

milled material follow an exponential law. If the
distribution is asymmetric or skewed, it fre-
quently can be made symmetric and will follow
the norrnaloprobability law if the sizes are re-
placed by the logarithms of the sizes.

Size-frequency data are conveniently plotted
on an arithmetic-probability or logarithmvproba-
bility grid. For a normal distribution, a plot of the
cumulative percentage less (or greater) than the
stated size against size produces a straight line.
In Figure 2-3, using the data from Table 2—2,
Cthe size is plotted against the cumulative per—
centage less than the stated size using an arith—
metic-probability grid. For a skewed distribu-
tion, a plot of the cumulative percentage less (or
greater) than the stated size against the loga—
rithm of size generally produces a straight line,
as shown in Figure 2-4.

When the plots are made on either probability
grid, the distributions must be asymptotic on
both extremes. In practice, there may be a larg—
est and smallest particle in the material meas-

SIZE 
O.l 051 5 IO 20 4O 60 8090 98

PERCENT LESS THAN STATED SlZ E

FIG. 2-4. Loganthm~probability plot of data in Table 2-6.

ured; therefore, the distribution is not asymp-
totic, and the plots on the probability grids often
depart from linearity at the extremes. This does
not detract from the usefulness of such plots, as
the areas extending from the extremes t0 infin»
ity are negligible compared to the area contained
under the distribution curve between the largest
and the smallest particles measured.

The calculations involved in computing the
mean diameter and the standard deviation are

reduced by the use of probability grids. The
median diameter for both grids is obtained by
reading from the curve the size corresponding to
50% value on the probability scale. In the arith-
metic-probability plot, the mean is the arithme-
tic average; in the logarithm—probability plot, the
50% size is the geometric mean. The standard
deviations can be obtained from the arithmetic-

probability plot from the relation:

0 = 84.13% size — 50% size
. . (7)(r = 50% Size - 15.87% size

and from the logarithm—probability plot from the
relation:

84.13% size
50% size

50% size
15.87% size

”gen

(8)ll

Using these probability functions, Hatch de-
rived equations relating various types of diame-

ters by use of the standard deviation and
mean. 5 These statistical parameters are a func-
tion of the size and numeric frequency of the
particles for a given size. To calculate their val-
ues, the size-distribution data must be ex-
pressed in terms of 3 numbers frequency. In
microseopy, this requirement is met directly;
however, in sieving and sedimentation methods,
the data obtained provide a weight distribution.
Fortunately, as shown in Table 2-3, equations
have been derived relating the weight distribu-
tion data to statistical diameters, The prime on
the déeo and Ugeb signify a weight distribution
rather than a numbers distribution. The geomet—
ric standard deviations for a weight and num—
bers distribution are practically identical.

To illustrate the use of these equations, the
data from a sample of magnesium hydroxide
given in Table 2-6 are plotted in Figure 2-4 with
the cumulative percentage less than stated size
on the probability grid and the size on the loga—
rithmic grid. The geometric mean diameter cor-
responding to the 50% value on the cumulative

MILLING - 25
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' TABLE 2-3. Definitions of Diameters of Nonuniform Particulate Systems in Terms of the Parameter of
Size Distribution Curves by Number and by Weight

Diameter Numbers Distribution Weight Distribution 

Geometric mean,

7 2(n log d)
dgeo - __En

Arithmetic mean,

_ End
ave ‘ in

d

Mean surface,
 

 

 

[—2

d. = v 2;?
Mean volume,

d. = 61%En

Mean volume-surface

dvs _ 2nd3

log daVe = log dgeo + 1.151 log2 ageo

log d5 = log dge0 + 2.302610g2 ageo

log dv = log dgeo + 3.4539 log'" aw

log dVS = log dgeo + 5.756510g2 0950

log dgeo = log dge‘,‘ — 6.9078 log2 age;

log dm = log dgeo’ _ 5.75610g2 agm’

log d5 = log dzeu’ — 4.6052 log2 age;

log dv : log dgeo’ 7 3.453910g2 age;

log dvs = log dgeo’ — 1.1513 log2 ageo’

_ End'l

percentage axis is 29.2 microns. The geometric
standard deviation is:

, _ 84.13% size

”gm 7 50% size (9)
— 29-2 —1.37um

Knowing the value of the geometric mean diam—
eter and the geometric standard deviation, the
Hatch and Choate equations may be used to cal-
culate statistical diameters given in Figure 2-4.
For example, the mean surface diameter of the
sample of magnesium hydroxide is:

log dS = loggeo — 4.60610g201geo

log d5 : log 29.2 — (4.606 x 0.0187) 10
= 1,3793 ( )

d5 2 23.9 um

Microscopy
Microscopy is the most direct method for size

distribution measurement. Its lower limit of ap—
plication is determined by the resolving power of
the lens. A particle cannot be resolved if its size
is close to the wave length of the light source.
For white light, an ordinary microscope is used
to measure particles from 0.4 to 150 microns.

26 - The Theory and Practice of Industrial Pharmacy

With special lenses and ultraviolet light, the
lower limit may be extended to 0.1 micron. In
the ultramicroscope, the resolution is improved
by use of a darkfield illumination. The size range
of the ultramicroscope is from 0.01 to 0.2 mi-cron.

The diameters of the particles on the slide are
measured by means of a calibrated filar microm—
eter eyepiece. The hairline of the eyepiece is
moved by the micrometer to one edge of a parti—
cle, and the reading on the micrometer is re-
corded. The hairline is then moved to the oppo—
site edge of the particle being measured, and the
micrometer is read. The difference between the

two readings is the diameter of the particle. All
of the particles are measured along an arbitrary
fixed line.

Graticules or eyepieces with grids of circles
and squares are used to compare the cross-sec-
tional area of each particle in the microscopic
field with one of the numbered patterns. The
number of particles that best fits one of the
numbered circles is recorded, The field is

changed, and the procedure is repeated with
another numbered circle. This procedure is re.-
peated until the entire size range is covered.

In both techniques, the magnification is de-
termined by the use of a calibrated stage mi-
crometer, as the magnification is not equal to
the product of the nominal magnification of the
objective and the eyepiece.

The particulate field tobe counted should be
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random. The total number of fields to be

counted depends on the number of particles per
field. In principle, the number of particles meas-
ured should be great enough so that the results
do not change on measuring a larger number.
The British Standard on microscopic counting
recommends at least 625 particles. If the particle
size distribution is wide, it may be necessary to
count more particles. If the particle size distribu-
tion is. narrow, as few as 200 particles may be
sufficient.

There is considerable variation among opera—
tors using the microscopy technique. Photomi—
crographs, projections, and automatic scanners
have been used to lessen operator fatigue.

The diameters measured by a microscope and
defined in Table 2-1 are number parameters,
since microscopy involves a counting procedure.

Sieving
Sieving is the most widely used method for

measuring particle size distribution because it is
inexpensive, simple, and rapid with little varia-
tion between operators. Although the lower limit
of application is generally considered to be 50
microns, micromesh sieves are available for ex-
tending the lower limit to 10 microns.

A sieve consists of a pan with a bottom of wire
cloth with square openings. In the United
States, two standardsof sieves are used. In the
Tyler Standard Scale, the ratio of the width of
openings in successive sieves is V2. The Tyler
Standard Scale is based on the size of opening
(00029”) in a wire cloth having 200 openings
per linear inch, i.e., 200-mesh. The United
States Standard Scale proposed by the National
Bureau of Standards in general uses the ratio
V2, but it is based on an opening of 1 mm (18-
mesh). The two standard sieves are compared in
Table 2-4.

The procedure involves the mechanical shak-
ing of a sample through a series of successively
smaller sieves, and the weighing of the portion
of the sample retained on each sieve. The type of
motion influences sieving: vibratory motion is
most efficient, followed successively by side-tap
motion, bottom—tap motion, rotary motion with
tap, and rotary motion. Time is an important fac-
tor in sieving. The load or thickness of powder
per unit area of sieve influences the time of siev-
ing; for a given set of sieves, the time required to
sieve a given material is roughly proportional to
the load plated on the sieve. Therefore, in size
analysis by means of sieves, the type of motion,
time of sieving, and load should be standardized.

A typical size-weight distribution obtained by
. sieving is shown in Table 2-5. The size assigned

TABLE 2-4. Designations and Dimensions of US.
Standard and Tyler Standard Sieves

U. S. Standard Tyler Standard

Micron Mesh Micron Mesh

5660 31/2 5613 31/2
4760 4 4699 4
4000 5 3965 5
3360 6 3327 6
2830 7 2794 7
2380 8 2362 8
2000 1 0 1 651 1 0
1680 12 1397 12
14 10 14 1 168 14
1 190 16 991 16
1000 18 883 20
840 20 701 24
710 25 589 28
590 30 495 32
500 3 5 41 7 35
420 40 351 42
350 45 295 48
297 50 246 60
250 60 208 65
210 70 1 75 80
177 80 147 100
14 9 100 124 1 15
125 120 104 150
105 140 88 170
88 l 70 74 200
74 200
62 230
53 270
44 325
37 400

to the sample retained is arbitrary, but by con—
vention, the size of the particles retained is
taken as the arithmetic or geometric mean of the
two sieves (a powder passing a 30-mesh and re—
tained on a 45—mesh sieve is assigned an arith-
metic mean diameter of (590 + 350)/2 or 470
microns).

If the weight distribution obtained by sieving
follows a logarithm-probability distribution, the
Hatch-Choate equations given in Table 2-3 per:
mit conversion of the weight to a number distri-
bution.

Sedimentation

Sedimentation methods may be used over a
size range from 1 to 200 microns to obtain a size—
weight distribution curve and to permit calcula-
tion of the particle size. The sedimentation
method is based on the dependence of the rate of
sedimentation of the particles on their size as
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Page 37



Page 38

TABLE 2-5. Weight-Size Distribution of Granular Sodium Bromide as Measured by US. Standard
Sieves 

Arithmetic Mean

 

 

 

 

 

Sieue Number Size of Weight Retained % Retained Weight
(Passed/Retained) Openings on Smaller Sieve on Smaller Sieve Size

(1) (2) (3) (4) (2) X (4)

30/45 470 pm 57.3 g 13.0 6100
45/60 300 181.0 41.2 12,380
60/80 213 110.0 25.0 5320

80/100 163 49.7 11.3 1840
100/140 127 20.0 4.5 572
140/200 90 22.0 5.0 450

400.0 100.0 26,662

26,662 _
dave - 100 — 267 pm

expressed by Stokes equatlon: ’l‘ SUCTION TO Fl LL

181, x I PIP E T TO
dSlokes: NWT (11) \Io-ML. MARK

where dsmkes is the effective or Stokes’ diameter, Two-w“ sfopcocx
1; is the viscosity of the dispersion fluid, x/t is the FOR DRAIN,“
rate of sedimentation or distance of fall x in time s AMPLE ,‘il-lll'.
t, g is the gravitational constant, and p and [10 are

the densities of the particle and the medium, ‘ GROUND- GLAss
respectively. Stokes’ equation is applicable to J omr
free spheres that are falling at a constant rate. If
the concentration of the suspension does not
exceed 2%, there is no significant interaction
between the particles, and they settle inde—
pendent of one another.

The pipet method (Andreasen) is the simplest
means of incremental particle size analysis. A
1% suspension of the powder in a suitable liquid
medium is placed in the pipet (Fig. 2—5). At
given intervals of time, samples are withdrawn
from a specified depth without disturbing the
suspension, and they are dried so that the resi—
due may be weighed, By means of Stokes’ equa-
tion, the particle diameter corresponding to each
interval of time is calculated, with x being the
height of the liquid above the lower end of the
pipet at time t when each sample is withdrawn.
As the sizes of the particles are not uniform, the
particles settle at different rates. The size-distri-
bution and concentration of the particles vary
along the length of the suspension assedimen-
tation occurs. The larger particles settle at a
faster rate and fall below the pipet tip sooner

28 ' The Theory and Practice of Industrial Pharmacy

 

 
PIPET TUBE ——v—

  
FIG. 2—5. At measured time intervals, a lO—ml sample is
withdrawn by aspiration at a depth that can be read from
the scale etched on the Andreasen Pipet.
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TABLE 2-6. Weight-Size Distribution of Magnesium Hydroxide as Determined by Andreasen Pipet
Using Water as Medium 

Particle Diameter

  

Weight of Calculated by Means
Time Height Residue Percentage of of Stokes' Equation
(sec) (cm) (9) Initial Suspension (pm)

120 20.0 0.0912 92.4 44.5
240 19.6 0.059] 59.9 30.5
360 19.2 0.0321 32.5 25.1
420 18.8 0.0134 13.9 22.9
480 18.4 0.0107 10.9 20.7
600 18.0 0.0089 9.0 18.5
720 17.2 0.0069 7.0 16.8

than the smaller particles; thus, each sample
drawn has a lower concentration and contains

particles of smaller diameters than the previous
sample.

From the weight of the dried sample, the per-
centage by weight of the initial suspension is
calculated for particles having sizes smaller than
the size calculated by Stokes’ equation for that
time. The weight of each sample residue is
called the weight undersize, and the sum of the
successive weights is known as the cumulative
weight undersize. Typical data obtained by use of
the Andreasen pipet are given in Table 2-6. In
Figure 2—4, the plot of logarithm of size against
the percentage less than the stated size pro-
duces a straight line and allows the evaluation of
geometric mean diameter and standard devia-

, tion. The geometric mean diameter correspond—
ing to the graphic 50% size is 29.2 microns. The
standard deviation, which is evaluated as the
ratio of the 84.13% size to the 50% size (40/
29.2), is 1.37. With these two values, the weight
distribution obtained by sedimentation may be
converted into number distribution by use of the
Hatch-Choate equations. For example, if one
wishes to calculate the mean surface diameter,
the appropriate equation selected from Table 2-3
is:

log d5 = log déeo — 4.6052 log2 a}...

= log 29.2 — (4.6052 log2 1.37) (12)

ds = antilog 1.3793 = 23.9 um

Other Methods

The major methods for particle size distribu-
tion measurements, i.e., microscopy, sedimenta—
tion, and sieving, have been discussed to illus—
trate ,, the principles involved. Other useful
methods of measuring particle size involve ad»

sorption, electrical conductivity, light and x-ray
scattering, permeametry, and particle trajectory.
More extensive treatment of particle size meas—
urement is given by various authors.”—19

Theory of Comminution
At present, there is meager basic understand—

ing of the mechanism and quantitative aspects
of milling?“25 The mechanical behavior of sol-
ids, which under stress are strained and de-
formed, is shown in the stress~strain curve in
Figure 2—6. The initial linear portion of the curve
is defined by Hooke’s law (stress is proportional
to strain), and Young’s modulus (slope of lineai‘
portion) expresses the stiffness or softness in
dynes per square centimeter. The stress—strain
curve becomes nonlinear at the yield point,
which is a measure of the resistance to perma-
nent deformation. With still greater stress, the
region of irreversible plastic deformation is

Plastic Deformation

  

 
Fracture

Strength

Stress  
St r0 in

FIG. 2-6. Stress-strain diagram for a solid.
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reached. The area under the curve represents
the energy of fracture and is an approximate
measure of the impact strength of the material.

In all milling processes, it is a random matter
if and. when a given particle will be fractured. If
a single particle is subjected to a sudden impact
and is fractured, it yields a few relatively large
particles and a number of fine particles, with rel—
atively few particles of intermediate size. If the
energy of the impact is increased, the larger par-
ticles are of a smaller size and more numerous,

and although the number of fine particles is in-
creased appreciably, their size is not greatly
changed. It seems that the size of the finer parti-
cles is related to the internal structure of the

material, and the size of the larger particles is
more closely related to the process by which
comminution is accomplished.

Size reduction begins with the opening of any
small cracks that were initially present. Thus,
larger particles with numerous cracks fracture
more readily than smaller particles with fewer
cracks. In general, fine grinding requires more
energy, not only because of the increased new
surface, but also because more energy is needed
to initiate cracks.

For any particle, there is a minimum energy
that will fracture it; however,- conditions are so
haphazard that many particles receive impacts
that are not‘sufficient to fracture them and are

eventually fractured by some excessively force-
ful blow. As a result, the most efficient mills uti-
lize less than 1% of the energy input to fracture
particles and create new surfaces.‘26 The rest of
the energy is dissipated in (1) elastic deforma-
tion of unfractured particles, (2) transport of
material within the milling chamber, (3) friction
between particles, (4) friction between particles
and mill, (5) heat, (6) vibration and noise, and
(7) inefficiency of transmission and motor.

If the force of impact does not exceed the elas-
tic limit (region of Hooke’s law), the material is
reversibly deformed or stressed. When the force
is removed, the particle returns to its original
condition, and the mechanical energy of stress
in the deformed particle appears as heat. For
polymeric materials, hysteresis is frequent.
When a force is released and applied to a poly-
meric material, an elastic loop, or hysteresis,
occurs in the stress-strain cycle; the area of the
loop represents the dissipation of stress energy
(usually heat),

A force that exceeds the elastic limit fractures

the particle. Usually, the surfaces of particles
are irregular, so that the force is initially taken
on the high portion of the surface, with the re-
sult that high stresses and temperatures may be
set up locally in the material. As fracture occurs,
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the points of application of the force are shifted.
The energy for the new surfaces is partially sup-
plied by the release of stress energy. Crystalline
materials fracture along crystal cleavage planes;
noncrystalline materials fracture at random. If
an ideal crystal were pressed with an increasing
force, the force would be distributed unifome
throughout its structure until the crystal disinte-
grated into its individual units. A real crystal
fractures under much less force into a few rela-

tively large particles and several fine particles,
with relatively few particles of intermediate size.
Crystals of pure substances have internal weak-
nesses due to missing atoms or ions in their lat-
tice structures and to flaws arising from me-
chanical or thermal stress.20

A flaw in a particle is any structural weakness
that may develop into a crack under strain. It
has been proposed that any force of milling pro—
duces a small flaw in the particle. The useful
work in milling is proportional to the length of
new cracks produced. A particle absorbs strain
energy and is deformed under shear or compres-
sion until the energy exceeds the weakest flaw
and causes fracture or cracking of the particle.
The strain energy required for fracture is propor-
tional to the length of the crack formed, since
the additional energy required to extend the
crack to fracture is supplied by the flow of the
surrounding residual strain energy to the crack.

The Griffith theory of cracks and flaws as-
sumes that all solids contain flaws and micro—

scopic cracks, which increase the applied force
amording to the crack length and focus the
stress at the atomic bond of the crack apex.27’28
The Griffith theory may be expressed as:9930

(13)

where T is tensile stress, Y is Young’s modulus, e
is the surface energy of the wall of the crack, and
c is the critical crack depth required far fracture.
A linear relationship between the square of ten-
sile strength of minerals and the critical height
for drop weight impact suggests that the square
of tensile strength is a useful criterion of impact
fracture.31

Thermodynamic treatment of the milling
process has been attempted, but there is con- _
fusion about the meaning of surface tension,
surface stress, and surface energy of solids. In
addition, there is some question as to whether a
reversible path may be devised for a milling
process. Thermodynamics have shown that the
work to fracture a particle depends on surface
energy,32 and that the yield stress depends on
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the rate of strain and temperature of the fluid
filling the particle pore.33 Fracture is predicted
to be more efficient at an elevated tempera-
ture.34

The weakest flaw in a particle determines its
fracture strength; it controls the number of par-
ticles produced by fracture. Particles with the
weakest flaws fracture most easily and produce
the largest particles; however, they are not nec—
essarily easier to mill to a given size, as they may
require several more stages of fracture than par-
ticles of the same size whose weakest flaw is
strOnger.

The immediate objective of milling is to form
cracks that spread through the deformed parti—
cles at the expense of strain energy and produce
fracture. The useful work is directly proportional
to the new surface area. Since the crack length
is proportional to the square root of the new sur-
face area produced the useful work is inversely
proportional to the square root of the product
diameter minus the feed diameter35 The energy
E’ expended in producing new surface is:

E’= E(VD_:/D_————1—VD_2) (14)
where D1 is the diameter of the material fed to
the mill, D2 is the diameter of the product dis-
charged from the mill, and E is the energy input.

The efficiency of the milling process is influ-
enced by the nature of the force as well as by its
magnitude. The rate of application of force af-
fects comminution, as there is a time lag be—
tween the attainment of maximum force and

fracture. Often, materials respond as brittle ma-
terials to fast impact and as plastic materials to a
slow force. The greater the rate at which the
force is applied, the less effectively the energy is
utilized, and the higher is the proportion of fine
material produced. As the rate of milling is in-
creased, more energy is expended. To produce a
new surface in milliseconds may require three to

four times as much energy as the production ofthe same new surface area in seconds.36

Energy for Comminution
The energy required to reduce the size of par—

ticles is inversely proportional to the size raised
to some power. This may be expressed mathe-
matically as. 37

dB C

E _ —- D11 (15)

 

Where dE is the amount of energy required to

produce a change in size, dD, of unit mass of
material, and where C and n are constants.

In 1885, Kick suggested that the energy re-
quirement, E, for size reduction is directly re-
lated to the reduction ratio (Dl/DQ), where D1
and D2 are the diameters of the feed material
and discharged product, respectively. Thus, if a
certain horsepower is required to mill a given
weight of material from 1000 to 500 microns,
the same energy would be required to reduce the
size from 500 to 250 microns. Kick s theory may
be expressed as.

D__1
E= Cln D2 (16)

The constant C may be regarded as a reciprocal
efficiency coefficient. In the engineering litera-
ture, C = kac, where f, is the crushing strength
of the material and Kk is known as Kick’s con-
stant. If n = 1, the general differential equation
reduces to Kick’s equation. Kick’s proposal was
developed on a stress-strain diagram for cubes
under compression and represents the energy
required to effect elastic deformation before
fracture occurs.38 Kick's equation assumes that
the material has flaws distributed throughout its
internal structure that are independent of parti-
cle volume. Experimental and theoretic values
apply best to coarse milling.39

In 1867, von Rittinger proposed that the en-
ergy required for size reduction is directly pro-
portional to the increase in surface as expressed
by the following relationship:40

E = k1(32 ‘ Si) (17)

where k1 includes the relationship between the
particle surface and diameter, and 31 and SQ are
the specific surface before and after milling, re-
spectively. In terms of particle diameters:

_ .ala)E~C<DQ D, (18)

In the engineering literature, C’ = Krfc, where
Kr is known as Rittinger’s constant.

Equation (18) applies precisely only under the
conditions that all energy is transferred into sur-
face energy, and that the energy of comminu-
tion required -per unit of surface is independent
of particle size. Rittinger’s equation is less appli-
cable if appreciable deformation occurs. It is
most applicable to brittle materials undergoing
fine milling, in which there is minimal deforma-
tion and a rapid production of new surfaces with
concomitant surface-energy absorption.39
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If n = 2 (because the surface is proportional to
the square of the diameter), the solution of the
general differential equation yields Rittinger’s
equation.39 Rittinger’s theory ignores particle
deformation before fracture although work is the
product of force and distance.

In 1952, Bond suggested that the energy re
quired for size reduction is inversely propor-
tional to the square root of the diameter of the
product.“42 This may be expressed mathemati-
callv:

W, a 1/VD2 (19)

where Wt is the total work of comminution in
kilowatt hours per short ton of milled material,
and D2 is the size in microns through which
80% by weight of the milled product will pass.
The total work, Wt, if defined as the kilowatt
hours per ton required to subdivide from an infi-
nitely large particle size to a certain product of
size D2, is proportional to 1/\/D—, since 1/ D1 is
infinitely small when D is infinitel large. How-
ever, W is proportional to (1/VEE)—(1/\/D—1)
when W is the work in kilowatt hours per ton of
material to mill from D1 microns to D2 microns.
Thus:

Wt :+ (20)
1A5 (1/\/D—2) — (l/VD—l)

 

If W, is called a work index, W1, and is re-
quired to be the work input to subdivide from an
infinitely large size to a product size of 100 mi—
crons, then by substitution in equation (20):

If the work index is known, the total input of
energy necessary to mill with the same effi-
ciency from any feed size to any product size
measured in microns may be found from the fol-
lowing:

 

  

x/D1 — v15; / 100
W Z “,1 _/_ fi" 22( VD, lv D, < >

which may be rearranged to:

_ /100 _ /100W “ Wi< D2 D1 ) (23)

If n = 1.5, the solutionof the general differen—
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tial equation yields Bond’s equation:

  
, 1

E=2C(V1E—VE) (24)
I [—

:20 VDLQ(1__\/Elvfig>
Equation (22) in the form of equation (24) is:

  1 1

r : “74 _ _)W, 10 VE VD, (25)

where 10 Wi equals 2C’.
If fracture characteristics of a material were

constant over all size ranges, and if the efficien—
cies of all mills were equal, then the work index
would be a true constant, and the energy re—
quired to mill from any feed size to any product
size could be readily calculated from one test es-
tablishing the work index. In fact, the work
index is not a true constant, but a parameter that
changes with shifts in particle size distribution.
Best use of a work index occurs when conditions

under which the work index is determined ap—
proximate those of the final application.

The work index may be determined by actual
milling tests. For example, if in 6 min, ten tons
of limestone with an initial size of 1600 microns

were passed through an impact mill to produce a
size of 400 microns, the power consumption as
measured by a watt-hour meter was 30 kilowatt—
hours. The work index for limestone in this mill

may be calculated by use of equation (21):

30 V1600 ) / 400w.—— _ ._ 26
‘ (V1600—V4OO ( )_ 10 V 100

W, = 12 kilowatt-hours per ton

The dry grind work index is usually 1.3 times
the wet grind value. For a certain material by
laboratory ball mill tests, it was determined that
the work index is 12.07 kilowatt—hours per short
ton. The energy expended in reducing the size
of this material from 1190 to 149 microns by ball
mill is calculated as:

l1190 _1
'100 149= ,7 _ —

E 120 V149 1190
149

= 6.40 kilowatt-hours per short ton

(27)

which is equivalent to 8.53 horsepower-hours
per short ton.
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Distribution and Limit of

Comminution

As discussed, the variation in size is com—
_monly expressed as a size—frequency distribu—
tion curve. As milling progresses, the particle
size-frequency distribution has a narrower range
and a finer mean size. As shown in Figure 2—7, a
material with initially a monomodal size distri-
bution develops a bimodal size distribution as
milling occurs. The primary component gradu-
ally decreases in weight, and the secondary com—
ponent increases in weight. This reduction of
weight is accompanied by a decrease in modal
size of the primary component and is caused by
preferential fracture of larger particles. The
modal size of the secondary component remains
essentially constant. Continued milling tends to
eliminate the primary component. The process
is repeated if the material is then transferred to a
second mill for finer size reduction.43 As the par-
ticle-size distribution changes, milling charac—
teristics (work index) change because the abun-
dance or shortage of flaws varies at different51268.

A minimum of two specifications is necessary
to characterize a specific size distribution (85%
through a EEO-mesh screen and 5% through a
325-mesh screen). In the simplest case, one
number establishes the limits of particle sizes
involved, and another number determines the
weight relationships in the various size ranges.
Schuhmann“4 experimentally verified the em-
piric equation:

y = 100 (D/kr (28)

 

 

 

 

      
 

 

Size

FIG. 2-7. Diagrammatic representation of the effect of
progressive milling on particle size-frequency distribution.

 

where y is cumulative weight percentage
smaller than size D, k is a size modulus for a
given distribution, and a is a distribution modu—
lus. The size relationship of many fractured
homogeneous materials is described by the
Schuhmann equation. When the cumulative
weight percentage less than a stated size is plot—
ted _on logarithm-logarithm paper against size, a
straight line is obtained with a slope of a, and it
intersects the 100% ordinate line at the theo-

retic maximum—sized particle equal to k.45 For
impact milling, 21—» 1; for abrasion milling,
a —+ 0.

As an example, consider sodium chloride sub-
divided at three impact energies to produce the
size distributions plotted in Figure 2—8 as the
cumulative weight percentage finer (y) than the
size D, corresponding to the sieve on which it is
retained. The experimental size distributions
are well described by the Schuhmann equation.
The extrapolated straight line for the energy of
18.1 kg cm/cm3 intersects the 100% ordinate
line at 1.9 mm, and the slope is 1.17.

When plotted on logarithm—logarithm paper
for impact fracture of sodium chloride, as shown
in Figure 2.9, equation (35) yields a straight
line, where a and C are constants and the slope
is (l — 11). If several milling experiments are
conducted in which the energy inputs and the
size distributions are measured, then n, the ex
ponent in the fundamental energy-size reduc—

 
 

slope, a=i.i7WeightCumulativePercentFiner  
 0,!

0.05 OJ 1. O i O

Size,mm

FIG. 2-8. Particle size-frequency distributions resulting
from. various energies of impact on sodium chloride.
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3’0 slope=(l—n)='0.76

n= L76

  
5

I IO 20

Size Modulus(kl,mm
FIG. 2-9. Energy-size reduction relationship for impact of
sodium chloride.

ImpactEnergy,kgcm/cm3
tion equations, may be determined. The only
limitation is that for both, size distributions and
shapes of the size distribution curves are the
same and are displaced only laterally with a
change in energy input.

As shown in Figure 2-9, if a logarithm-loga-
rithm plot is made of the energy inputs against
the size modulus, a straight line with a slope of
(1 — n) is produced. For sodium chloride subdi—
vided by an impact mill, the slope is 1.76.

Frequently, milled powders have a logarithm-
probability distribution; as expressed by the
equation:

Ay = VET: 1n afi?

exp{—[ln Dig/(vs ln 0)]2 } d(]n D) (29)
where Ay is the weight fraction of particles be-
tween diameters D1 and D2, Dgeo is the geomet-
ric mean diameter, and 0' is the geometric stan-
dard deviation.46 The manipulations of these
equations are tedious, and the calculations are
simplified by use of logarithm—probability paper,
as previously discussed.

It is experimentally impossible to fracture par-
ticles of one uniform size to particles of a smaller
and still uniform size, as required by equations
(15),'(16), and (18). Accurate description of the
weight relationships of sizes in a given material
by a single number is also impossible, because
for a given size modulus, there is theoretically
an infinite number of size distributions to which

the modulus may refer. Also, the energy re-
quired to produce each size distribution from a
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given size differs. For these reasons, the experi—
mental proof of the relationship between energy
and size reduction is difficult.

Verification of an energy-size reduction rela»
tionship is also difficult because of the definition
of energy actually causing fracture and other
forms of energy in the milling process. As frac—
ture depends on strain energy of elastic defor—
mation, the energy seems to be related to size
reduction. Although strain energy absorbed by
slow compression is easily measured, strain en-
ergy absorbed by impact is difficult to measure
because of the complex milling process involv—
ing translatory motion, vibratory motion, plastic
deformation, and sound.

Another difficulty in establishing energy-size
reduction relationships arises from the fact that
each equation implies that n is a constant inde—
pendent of the mechanism and quantity of size
reduction. Probably n is a variable that depends
on the material and manner by which it is frac-
tured. The following derivation shows a general
method by which n and C may be calculated
using a single distribution plot for any milling
test.

If equations (15) and (28) are combined, the
energy E required to reduce an element of
weight of material dy from size Dm to size D is:

k D

E =f I (—Cle/D1“)dy (30)D, D...

As size distribution is described by the Schuh-
mann equation:

100a 

 

 

dy =[ k, Da‘1]dD (31)
Thus:

_ k D n 1003 3—]
E— LfDm(—CdD1/D] )( k, n do)

(32)

E_ C3 I: ka-—n—1 ka(n —1)l<a a — 11 +1 aDm"_l

DOa—n-H Doa ]a - 11 +1 + aDm’“1 (33)

For materials following the Schuhmann distri—
bution, D0—> 0. Thus:
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If Dm is large compared to k, then:

Ca

(n— l)(a—n+l)

 

E = k1 r" (35)

Equation (35) is real only if n is greater than 1
and less than (a + i). From experimentally de—
termined size distributions, a has been found to
be as great as 1.5, but is usually approximately
0.8. The values of n range from 1 to 2:5. This
range was empirically chosen for equations (16),
(18), and (20). For hard, brittle materials, (a —
com; + l) approaches zero, and its value cannot
be accurately found. Consequently, the constant
C cannot be determined accurately; however, for
any specific milling conditions, the followingterm is constant:

Ca

A: (n—l)(a—n+l) (36)

The general energy-size reduction equation—
equation (15)—may then be expressed as:

E = Aka—n) (37)

where A is a mill constant that can be deter-

mined easily for any size reduction test when
the exponent n has been determined as dis-
cussed. In the example of sodium chloride sub-
divided by impact, n is 1.76, and the mill con—
stant may be calculated by the following:

18.1= A 190476)

A = 29.5 (38)

in pharmacy, relatively small amounts of ma-
terials are milled, and the extent of size reduc-

tion is determined by the enhancement of clini-
cal efficacy and product characteristics, and by
the facilitation of production, rather than by
energy expenditure. The proposed theories of
comminution are suitable for specific applica-
tions and are to be used in a qualitative manner.
The only reliable means for determining the size
reduction provided by a given mill is experimen—
tal testing with the actual material.

According to the general differential equation
of size reduction and its special cases, a material
given sufficient time may be milled to unlimited
fineness; however, in these equations, the size
and energy input are inadequately defined. If
the ultimate size reduction by mechanical
means were attributed to the unit of the crystal
lattice, the limit of comminution would be ap-
proximately 10‘3 microns (or a specific surface

of roughly 6 X 107 cm2/cm3. Milling limit refers
to the size distribution to which a milling opera—
tion tends as a consequence of mill characteris-
tics, material properties, and operating condi-
tions when given sufficient time.

The milling process is affected by time. When
the resident time in a mill is brief, the material is
subjected to a relatively constant fracture-pro—
ducing environment. Changes in milling condi—
tions that are insignificant for short milling peri-
ods may be controlling factors in prolonged
milling. In prolonged milling, the milling envi-
ronment may not be constant.

As the particle becomes smaller with pro—
longed milling, the probability that an individual
particle will be involved in a fracture dimin-
ishes. As size reduction proceeds, the mean
stress required to cause fracture increases
through the depletion of cracks, while the mag-
nitude of available local stress decreases. Be—

cause of diminishing local stress and increasing
aggregation, increases in energy expenditures
are useless, and size reduction reaches some

practical milling limit.47
An empiric equation was suggested by Har-

ris48 to express a limiting specific surface, Sm:

S = Sm [1 — eKP (—KE“)l (39)

where E is energy input, and K is a constant that
depends on milling conditions.

As shown in Figure 2-10, after 5 hours of ball
milling, the size reduction of sulfadimethoxine
reaches a limiting value.49 The data fits the
equation:

dS

a“ = k1 EXP (—kZS) (40)

2.0

a. [.5
N\
E

u LOv

9
x 0.5
0)

2 4 6 8 l0

Milling Time,hr
FIG. 2-10. Increase of surface area of sulfadimethuxine
with passage of ball-milling time. '
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where k1 and k2 are parameters dependent on
physical properties of the material and coher-
ency, respectively.

The type of mill and its operation influence
the milling limit. Excessive clearance between
the impacting surfaces limits size reduction. In
wet milling, the fineness decreases with in-
creased viscosity, which depends on the disper-
sion medium, the size and concentration of par-
ticles, and the shear rate. In tumbling mills, as.
the particles become smaller and more numer—
ous, friction diminishes, and the material be-
haves as a semisolid. Larger particles can arch
and protect smaller ones from impact. Fine par-
ticles may coat the grinding medium and cush-
ion larger particles from impact.

Milling Rate
The mass and size of particles and the time in

the mill affect the milling rate. It has been re—
ported that batch milling of brittle materials in
small mills follows a first-order law.5°‘51 The

original particles are fractured to produce first-
generation particles, which are then fractured to
produce second-generation particles, which are-
also fractured, and so on. As this is analogous to
the process of radioactive decay, milling rate is
expressed in terms of a decay constant, A, which
is a function of particle size and varies with the
size of the material introduced into the mill,52
and the size of the grinding medium in a ball

_ niill.53
If impact milling follows a first-order rate, the

number of particles, N, that survive fracture is
the product of the initial number, No, and the
probable fraction surviving fracture at time t:

N = N0 exp (—At) (41)

When the average mass of a particle in a given
size range is constant, then MN, is equivalent
to M/Mo, where M is the mass of particles yet
unfractured and M0 is the initial mass. The mill-
ing rate is:

dM

W — —AM (42)

For brief milling time, the survival probability
is approximately (1 — At), and the most probable
fraction of initial material fractured is 1 - (1 —
At), or At. The weight of material that has been
comminuted is:

M, — M = M, At (43)
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The total mass of material in a size smaller

than the largest size may increase, although the
amount of original material of that size must
always decrease. As particles formed from frac-
ture of larger particles may enter the size of in-
terest faster than the original material is frac-
tured to a smaller size, the total mass of the size
of interest is increased. A set of first-order differ-

ential equations was proposed and verified over
a 30—min milling period by Sedlatschek and
Bass.54 The weight percentage of particles, Mi,
having a size range between D,_1 and Di has a
rate change, dM,/dt, given by:

 

_% = I‘iiMi _ 2 1‘th (44)
dt k=i+1

where the rate of change, dMl/dt, is:

dM "

— dt1 = ‘2 Akle (45)k=1

In general, Afi = E Arkk=1—1
n

where 2 Mk = 100%.k=1

For example, a material is milled into four ar-
bitrary groups, i = 1, 2, 3, and 4, with size limits
0.0 to. 0.1, 0.1 to 0.2, 0.2 to 0.3, and 0.3 to
0.4 mm, respectively. For these limits, equa-
tions (35) and (36) have the following forms.

For Group 4, the largest size:

 

 

 

 

_ d3?! = A44M4 <46)

For Group 3:

_ (13:3 = A33M3 — ABM. <47)

For Group 2:

_ (13:12 = A22M2 — A32M3 - A42M4 (48)

For Group 1:

_ dg’tll = A41M4 — A31M3 — A21M2. (49)
For a mass balance:

1‘44 = 443 + A42 + A41 (50)
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(51)

(52)

These equations express the rate at which the
largest size, Group 4, decays; the rate at which
Group 3, the next size smaller, decays as modi—
fied by the contributions from Group 4; the rate
at which Group 2 decays as modified by the con—
tributions from Groups 4 and 3; and the rate at
which the smallest size of material decays as
modified by the contributions of all groups.

The milling process has also been desc_ribed
by use of an integrodifferential equation.53 Ma—
trix algebra methods requiring computer solu-
tion have been proposed.56

Types of Mills
A mill consists of three basic parts: (1) feed

chute, which delivers the material, (2) grinding
mechanism, usually consisting of a rotor and
stator, and (3) a discharge chute. The principle
of operation depends on direct pressure, impact
born a sharp blow, attrition, or cutting. In most
mills, the grinding effect is a combination of
these actions. The most commonly used mills in
pharmaceutical manufacturing are the rotary
cutter, hammer, roller, and fluid-energy
mill.50’57‘59 Diagrammatic representations of
these mills are shown in Figure 2—11. General
characteristics of the types of mills are given in
Table 2-7.

The manner in which an operator feeds a mill
markedly affects the product. If the rate of feed
is relatively slow, the product is discharged read—
ily, and the amount of undersize or fines is mini—
mized. If the mill is choke fed at a fast rate, the
material is in the milling chamber for a longer

 

 
SCREEN  

NOZZLES

FLUID'ENERGY

  
HAMMER ROLLER

FIG. 2-1 1. Diagrammatic representation of four types of
mills commonly used in processing pharmaceuticals (See
text under "Fluid-Energy Mill" for explanation of labels
A—D.)

time, as its discharge is impeded by the mass of
material. This provides a greater reduction of
particle size, but the capacity of the mill is re-
duced, and power consumption is increased.
Choke feed is used when a small amount of ma-

terial is to be milled in one operation.
The rate of discharge should be equal to the

rate of feed, which is such that the milling parts
can operate most effectively. Most mills used in
pharmaceutical operations are designed so that

TABLE 2-7. General Characteristics of Various Types of Mills

 

Type of Mill Action Product Size Used For Not Used For

Cutter cutting 20- to 80.mesh fibrous, crude friable material
animal and

vegetable drugs

Reviflving attrition and 20— to ZOO—mesh fine grinding of soft material
impact abrasive material

Hammer impact 4- to 325—mesh almost all drugs abrasive material
Roller pressure 20- t0 ZOO-mesh soft material abrasive material
Attrition attrition 20- to 200-mesh soft and fibrous abrasive material

material

Fluid-energy attrition and 1 to 30 am moderately hard soft and sticky
impact and friable material

material
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the force of gravity is sufficient to give free dis-
charge generally from the bottom of the mill. For
ultrafine grinding, the fOrce of gravity is re—
placed by a fluid carrier. A current of steam, air,
or inert gas removes the product from the attri-
tion, fluid-energy, or high—speed hammer mill.
The powder is removed from the fluid by cyclone
separators or bag filters.

If the milling operation is carried out so that
the material is reduced to the desired size by
passing it once through the mill, the process is
known as open-circuit milling. A closed-circuit
mill is one in which the discharge from the‘mill—
ing chamber is passed through a size—separation
device or classifier, and the oversize particles are
returned to the grinding chamber for further
reduction of size. Closed-circuit operation is
most valuable in reduction to fine and ultrafine
srze.

Hammer Mill. The hammer mill is an im-

pact mill using a high—speed rotor (up to
10,000 rpm) to which a number of swinging
hammers are fixed. The material is fed at the top
or center, thrown out centrifugally, and ground
by impact of the hammers or against the plates
around the periphery of the casing. The clear-
ance between the housing and the hammers
contributes to size reduction. .The material is
retained until it is small enough to fall through
the screen that forms the lower portion of the
casing. Particles fine enough to pass through the
screen are discharged almost as fast as they are
formed.

The hammer mill can be used for almost any
type of size reduction. Its versatility makes it
popular in the pharmaceutical industry, where it
is used to mill dry materials, wet filter-press
cakes, ointments, and slurries. Comminution is
effected by impact at peripheral hammer speeds
of up to 7600 meters per minute, at which speed
most materials behave as if they were brittle.
Brittle material is best fractured by impact from
a blunt hammer; fibrous material is best reduced
in size by cutting edges. Some models of harm
mer mills have a rotor that may be turned 180
degrees to allow use of either the blunt edge for
fine grinding or the knife edge for cutting or
granulating.

In the preparation of wet granules for com-
pressed tablets, a hammer mill is operated at
2450 rpm with knife edges, using circular or
square holes of a size determined by what will
pass without clogging (1.9 to 2.54 cm). In mill~
ing the dried granulation, the mill is operated at
1000 or 2450 rpm with knife edges and circular
holes in the screen (023 to 0.27 cm). Hammer
mills range in size from 5 to 500 horsepower
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units; the smaller mills are especially useful for
developmental and small-batch milling.

A hammer mill can be used for granulation
and close control of the particle size of powders.
The size of the product is controlled by selecting
the speed of the hammers and the size and type
of the screen. Speed is crucial. Below a critical
impact speed, the rotor turns so slowly that a
blending action rather than comminution is ob-
tained. This results in overloading and a rise in
temperature. Microscopic examination of the
particles formed when the mill is operating
below the critical speed shows them to be sphe-
roidal, indicating not an impact action, but an
attrition action, which produces irregularly
shaped particles. At very high speeds, there is
possibly insufficient time between hammers for
the material to fall from the grinding zone. In
wet milling of dispersed systems with higher
speeds, the swing hammers may lay back with
an increased clearance; for such systems, fixed
hammers would be more effective.

Figure 2-12 shows the influence of speed on
the particle size—frequency curves for boric acid
milled at 1000, 2450, and 4600 rpm in a ham-
mer mill fitted with a screen having 6.35-mm
circular holes.

The screens that retain the material in the

milling chamber are not woven but perforated.
The particle size of the discharged material is
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FIG. 2-12. Influence of speed on the size—frequency distri-
bution of boric acid flakes milled by a hammer mill operat-
ing with impact edge forward and fitted with a round hole
No. 4 screen (hole diameter: 6.35 mm). Key: C, 1000 rpm,-
D, 2450 rpm,- and O, 4600 rpm.
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(a)
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FIG. 2-13. In a hammer mill, particle size is influenced
by speed (a) and thickness of screen (b).

smaller than the screen hole or slot, as the parti-
cles exit through the perforation on a path ap-
proximately tangential to the rotor. For a given
screen, a smaller particle size is obtained at a
higher speed, as is shown in Figure 2-13. Efforts
to strengthen a screen by increasing its thick-
ness influence particle size. For a given rotor
speed and screen opening, a thicker screen pro-
duces a smaller particle, which is also illustrated
in Figure 2—13.

Figure 2-14 shows the influence of screen size
on the size-frequency distribution of a tablet
granulation that was passed through a 4-mesh
screen after wet granulation with acacia, a blend
of tetra alba, and two active ingredients, to-
gether constituting 4.2% of the formulation. The
dried granulation was milled at 2450 rpm
through a Type A plate having 1.65-mm open-
ings, and a Type B screen having 0.84-mm
openings. The granulation was also milled in a
hammer mill with a vertical rotor operating at
medium speed and fitted with a no. 10 screen. A
comparison of the particle size-frequency distri-
butions is shown in Figure 2-14.

A circular hole design is the strongest screen
and the most difficult to keep from clogging. It is
recommended for the grinding of fibers The
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FIG. 2-14. Influence of screen size on the size-frequency
distribution ofa terra alba granulation milled with a ham—
mer mill operating at 2450 1pm, and a comparison with
the granulation milled by a vertical hammer mill fitted
with a no. 10 screen. Key: C, hammer mill, 0.84 mm; .,
hammer mill, 1.65 mm; and :1, vertical hammer mill. 

herringbone design consists of a series of slotted
holes repeated across the surface of the screen at
an angle of 45 degrees to the length of the
screen. A herringbone design is preferred for
grinding crystalline material and for continuous
operation. A herringbone design with the width
of the slot equal to the diameter of a round hole
grinds more coarsely than the round hole. A her-
ringbone design should not be used for fibrous
material, as it is possible for the fibers to align
themselves along the slots and pass through
with inadequate size reduction.

A cross slot at right angles to the path traveled
by the hammer is not used in fine grinding be-
cause it clogs readily; a cross slot is recom-
mended for milling slurries. The jump—gap
screen is a series of bars so arranged that the
particle approaches a ramp, which deflects the
particle into the chamber away from the opening
of the screen. The jump—gap screen is for abra-
sive and clogging materials.

Hammer mills are compact with a high capac—
ity. Size reduction of 20 to 40 microns may be
achieved; however, a hammer mill must be op—
erated with internal or external classification to

produce ultrafine particles. Because inertial
forces vary with mass as the inverse cube of the
diameter, small particles with a constant veloc—
ity impact with much less kinetic energy than
larger'ones, and the probability that particles
less than a certain size will fracture decreases

rapidly. In addition, small particles pass through
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the screen almost as fast as they are formed
Thus, a hammer mill tends to yield a relatively
narrow size distribution. Hammer mills are sim-
ple to install and operate. The speed and screen
can be rapidly changed. They are easy to clean
and may be operated as a closed system to re—
duce dust and explosion hazards.

Ball Mill. The ball mill consists of a horizon-

tally rotating hollow vessel of cylindric shape
with the length slightly greater than its diame-
ter. The mill is partially filled with balls of steel
or pebbles, which act as the grinding medium. If
pebbles are used, it is known as a pebble mill; if
rods or bars are used, it is known as a rod mill.
The rod mill is particularly useful with sticky
material that would hold the balls together, be—
cause the greater weight of the rods causes them
to pull apart. The tube mill is a modified ball mill
in which the length if about four times that of
the diameter and in which the balls are some-
what smaller than in a ball mill. Because the

material remains in the longer tube mill for a
greater length of time, the tube mill grinds more
finely than the ball mill. The ball mill may be
modified to a conical shape and tapered at the
discharge end. If balls of different size are used
in a conical ball mill, they segregate according to
size and provide progressively finer grinding as
the material flows axially through the mill. Re-
cently, small-scale vibration ball mills, which
produce particles of a few microns, have been
introduced.60 These oscillate 1500 to 2500 cy-
cles per minute through an amplitude of approx-
imately 4 mm.

Most ball mills utilized in pharmacy are batch-
operated; however, there are available continu-
ous ball mills. which are fed through a hollow
trunnion at one end, with the product dis—
charged through a similar trunnion at the oppo-
site end. The outlet is covered with a coarse

screen to prevent the loss of the balls.
In a ball mill rotating at a slow speed, the balls

roll and cascade over one another, providing an
attrition action. As the speed is increased, the
balls are carried up the sides of the mill and fall
freely onto the material with an impact action,
which is responsible for most size reduction.
Ball milling is a combination of impact and attri-
tion. If the speed is increased sufficiently, the
balls are held against the mill casing by centrifu-
gal force and revolve with the mill. The critical
speed of a ball mill is the speed at which the
balls just begin to centrifuge with the mill. Thus,
at the critical speed, .the centrifugal force is
equal to the weight of the ball, and the critical
angular velocity, wc, may be expressed.-

/— (53)_ i
wC—Vr
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where r is the radius of the ball mill. For exam-

ple, a ball mill 1.2 m in diameter is run at
48 rpm and is found to be milling unsatisfacto—
rily. The critical angular velocity of the mill is:

= 980
0.6

a:C = 4.04 radian per second

(54)we

The actual angular velocity of the mill is
2 77(48/60) or 5.02 radians per second; there-
fore, the speed of rotation is too high, and the
balls are being carried around in contact with
the walls with little relative movement. If 0.6 we
is selected, 0.6 X 4.04 or 2.42 radians per sec-
ond would be the angular velocity, which is
equivalent to 60 x 2.4/2 77' or 23 rpm. This is
half of the speed of the unsatisfactory operation.

At and above the critical speed, no significant
size reduction occurs. The critical speed nC is
given by the equation:

= 76.6
V5

no (55)

where D is the diameter of the mill in feet. A

larger mill reaches its critical speed at a slower
revolution rate than a smaller mill (a 228.6—cm
ball mill and a 11.4—cm jar mill may have critical
speeds of 28 and 125 rpm, respectively).

Ball mills are operated from 60 to 85% of the
critical speed. Over this range, the output in-
creases with the speed; however, the lower
speeds are for finer grinding. An empiric rule for
the optimum speed of a ball mill is:

n = 57 — 40 log D (56)

where n is the speed in revolutions per minute
and D is the inside diameter of the mill in feet.

In actual practice, the calculated speed should
be used initially in the process and modified as
experience is acquired.

For a given feed, smaller balls give a slower
but finer grinding. The smaller balls provide
smaller voids than the larger balls; conse-
quently, the void through which material can
flow Without being struck by a ball is less, and
the number of impacts per unit weight of mate‘-
rial is greater. It has been suggested that the op-
timum diameter of a ball is approximately pro-
portional to the square root of the size of the
feed:59

Dhallz = kD (57)

where Dbau and D are the diameters of the ball
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and the feed particles, respectively. If the diame-
ters are expressed in inches, k may be consid-
ered to be a grindability constant varying from
55 for hard to 35 for soft materials. Small balls
facilitate the production of fine material, but
they are ineffective in reducing large-sized feed.

The charge of balls can be expressed in terms
of percentage of volume of the mill (a bulk vol-
ume of balls filling one half ofa mill is a 50% ball
charge). To operate effectively, a ball charge
from 30 to 50% of the volume of the mill is re—

quired.
The amount of material to be milled in a ball

mill may be expressed as a material-to-void ratio
(ratio of the volume of material to that of the
void in the ball charge). The efficiency of a ball
mill is increased as the amount of material is
increased until the void space in the bulk vol-
ume of ball charge is filled; then, the efficiency
of milling is decreased by further addition of
material.

Increasing the total weight of balls of a given
size increases the fineness of the powder. The
weight of the ball charge can be increased by
increasing the number of balls or by using a ball
composed of a material with a higher density.
Since optimum milling conditions are usually
obtained when the bulk volume of the balls is
equal to 50% of the volume of the mill, variation
in weight of the balls is normally effected by the
use of materials of different densities. Thus,
steel balls grind faster than porcelain balls, as
they are three times more dense. Stainless steel
balls are also preferred in the production of oph-
thalmic and parenteral products, as there is less
attrition and less subsequent contamination
with particulate matter.

In dry milling, the moisture should be less
than 2%. With batch processing, dry ball milling
produces a very fine particle size. With wet mill-
ing, a ball mill produces ZOO-mesh particles
from slurries containing 30 to 60% solids. From
the viewpoint of power consumption, wet grind-
ing is more efficient than dry grinding. A slower
speed is used in wet milling than in dry milling
to prevent the mass from being carried around
with the mill. A high viscosity restricts the mo-
tion of the grinding medium, and the impact is
reduced. With 1.27-cm steel balls, a viscosity
from 1000 to 2400 centipoises (cp) is satisfac-
tory for wet milling.

Wetting agents may increase the efficiency of
milling and the physical stability of the product
by nullifying electrostatic forces produced dur—
ing comminution. For those products containing
wetting agents, the addition of the wetting agent
at ‘the milling stage may aid size reduction and
reduce aggregation.

In addition to being used for either wet or dry
milling, the ball mill has' the advantage of being
used for batch or continuous operation. In a
batch operation, unstable or explosive materials
may be sealed with an inert atmosphere and sat-
isfactorily ground. Ball mills may be sterilized
and sealed for sterile milling in the production of
ophthalmic and parenteral products. The instal-
lation, operation, and labor costs involved in ball
milling are low. Finally, the ball mill is unsur—
passed for fine grinding of hard, abrasive mate—
rials.

Fluid-Energy Mill. In the fluid-energy mill
or micronizer the material is suspended and
conveyed at high velocity by air or steam, which
is passed through nozzles at 100 to 150 pounds
per square inch (psi). The violent turbulence of
the air and steam reduces the particle size
chiefly by interparticular attrition. Air is usually
used because most pharmaceuticals have a low
melting point or are thermolabile. As the com-
pressed air expands at the orifice, the cooling
effect counteracts the heat generated by milling,

As shown in Figure 2—11, the material is fed
near the bottom of the mill through a venturi
injector (A). As the compressed air passes
through the nozzles (B), the material is thrown
outward against the wall of the grinding cham—
ber (C) and other particles. The air moves at
high speed in an elliptical path carrying with it
the fine particles that pass out of the discharge
outlet (D) into a cyclone separator and a bag col-
lector. The large particles are carried by centrif-
ugal force to the periphery, where they are fur—
ther exposed to the attrition action. The design
of the fluid-energy mill provides internal classi—
fication, which permits the finer and lighter par-
ticles to be discharged and the heavier oversized
particles, under the effect of centrifugal force, to
be retained until reduced to a small size.

Fluid-energy mills reduce the particle to 1 to
20 microns. The feed should be premilled to
approximately a 20- to loo-mesh size to facili-
tate milling. A 2—inch laboratory model using 20
to 25 cubic feet per minute of air at 100 psi mills
5 to 10 grams per minute. In selecting fluid—en—
ergy mills for production, the cost of a fluid—en-
ergy source and dust collection equipment must
be considered in addition to the cost of the mill.

Cutting Mill. Cutting mills are used for
tough, fibrous materials and provide a succes-
sive cutting or shearing action rather than attri—
tion or impact.

The rotary knife cutter has a horizontal rotor
with two to 12 knives spaced uniformly on its
periphery turning from 200 to 900 rpm and a
cylindric casing having several stationary
knives. The bottom of the casing holds a screen
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that controls the size of the material discharged
from the milling zone. The feed size should be
less than 1 inch thick and should not exceed the
length of the cutting knife. For sizes less than
20-mesh, a pneumatic product-collecting sys-
tem is required. Under the best operating condi-
tions, the size limit of a rotary cutter is 80-mesh.

A disc mill consists of two vertical discs; each
may rotate in opposite directions (double-runner
disc mill), or only one may rotate (single—runner
disc mill), with an adjustable clearance. The
disc may be provided with cutting faces, teeth,
or convolutions. The material is premilled to
approximately 40-mesh size and is usually sus-
pended in a stream of air or liquid when fed to
the mill.

Roller Mill. Roller mills consist of two to five

smooth rollers operating at different speeds;
thus, size reduction is effected by a combination
of compression and shearing action.

Colloid Mill. A colloid mill consists of a

high-speed rotor (3000 to 20,000 rpm) and sta-
tor with conical milling surfaces between which
is an adjustable clearance ranging from 0.002 to
0.03 inches, as indicated by the schematic dia—
gram in Figure 2-15. The rotor speed is 3000 to
20,000 rpm. The material to be ground should
be premilled as finely as possible to prevent
damage to the colloid mill.

In pharmacy, the colloid mill is used to proc-
ess suspensions and emulsions; it is not used to
process dry materials. The premilled solids are
mixed with the liquid vehicle before being intro—
duced into the colloid mill. Interfacial tension
causes part of the material to adhere to, and to
rotate with, the rotor. Centrifugal force throws
part of the material across the rotor onto the sta-

 
 

 

SERRATED
ROTOR

STATO R

OUTLET

FIG. 2-15. Colloid mill with a rotor and stator with a
narrow clearance that may be adjusted.

42 - The Theory and Practice of Industrial Pharmacy

tor. At a point between the rotor and stator, the
motion imparted by the rotor ceases, and hy-
draulic shearing force exceeds the particle-parti-
cle attractive forces holding the individual parti-
cles in an aggregate. The particle size of milled
particles may be smaller than the clearance, be—
cause the high shear is the dispersing force. In
emulsification, a clearance of 75 microns may
produce a dispersion with an average particle
size of 3 microns. The milled liquid is dis-
charged through an outlet in the periphery of
the housing and may be recycled.

Rotors and stators may be smooth-surfaced or
rough-surfaced. With a smooth-surfaced rotor
and stator, there is a thin, uniform film of mate-
rial between them, and it is subjected to the
maximum amount of shear. Rough—surfaced
mills add intense eddy currents, turbulence, and
impaction of the particles to the shearing action.
Rough-surfaced mills are useful with fibrous
materials because fibers tend to interlock and

clog smooth—faced mills.
A colloid mill tends to incorporate air into a

suspension. Aeration may be minimized by use
of a vertical rotor, which seals the point at which
the rotor shaft enters the housing, and keeps the
rotor and stator in contact with the liquid. The
wasted energy of milling, which appears as heat,
may raise the temperature of a liquid by as much
as 40°. The passage of cooling water through the
mill jacket may reduce the temperature by as
much as 20°. Sanitary design mills, which may
be sterilized, are available.

Factors Influencing Milling
The properties of a solid determine its ability

to resist size reduction and influence the choice

of equipment used for milling. The specifica-
tions of the product also influence the choice of
a mill. The grindability of coal is expressed in
terms of numbers of revolutions of a standard-
ized ball mill required to yield a product of which
80% passes a 200-mesh screen. Although a sim-
ilar expression could be applied to pharmaceuti-
cal materials, no quantitative scale has been
adopted to express hardness. It is perhaps as
useful to speak of hard, intermediate, and soft
materials. Hard materials (iodine, pumice) are
those that are abrasive and cause rapid wear of
mill parts immediately involved in size reduc-tion. I

The physical nature of the material deter-
mines the process of comminution. Fibrous ma-
terials (glycy'rrhiza, rauwolfia) cannot be
crushed by pressure or impact; they must be cut.
Friable materials (dried filter cake, sucrose) tend
to fracture along well-defined planes and may be
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milled by an attrition, impact, or pressure proc-
ess. The presence of more than 5% water hin-
ders comminution and often produces a sticky
mass upon milling. This effect is more pro-
nounced with fine materials than with larger
particles. At concentrations of water greater
than 50%, the mass becomes a slurry, or fluid
suspension. The process then is a wet milling
process, which often aids in size reduction. An
increase in moisture can decrease the rate of

milling to a specified product size. Glauber’s salt
and other drugs possessing water of crystalliza-
tion liberate the water at low temperatures,
causing clogging of the mill. Hygroscopic mate—
rials (calcium chloride) rapidly sorb moisture to
the extent that the wet mass sticks and clogs the
mill.

The heat during milling softens and melts
materials with a low melting point. Synthetic
gums, waxes, and resins become soft and plas-
tic. Heat—sensitive drugs may be degraded or
even charred. Pigments (ocher and sienna) may
change their shade of color if the milling tem-
perature is excessive. Unstable compounds and
almost any finely powdered material may ignite
and explode if the temperature is high.

Other product specifications influence the
choice of a mill. The shape of the milled parti—
cles may be important. An impact mill produces
sharp, irregular particles, which may not flow
readily. When specifications demand a milled
product that will flow freely, it would be better to
use an attrition mill, which produces free-flow-
ing spheroidal particles.

Milling may alter crystalline structure and
cause chemical changes in some materials. Wet
milling may be useful in producing a suspension
that contains a metastable form causing crystal
growth and caking. For example, when cortisone
acetate crystals are allowed to equilibrate with
an aqueous vehicle, subsequent wet milling pro-
vides a satisfactory suspension.61 Starch, amy-
lose, and amylopectin may be broken dOW'n by a
vibratory mill to a wide molecular weight
range.62 Powdered povidone breaks down into
lower molecular weight polymers during ball
milling.63 Pure C 12- and Ole—fatty acids may be
decarboxylated and converted to the hydrocar-
bon containing one less carbon atom by ball mill-
ing with wet sand.64 Milling well-dried micro-
.crystalline cellulose from 1 to 25 hours
decreases its crystallinity.65 Excessive shear of a
colloid mill may damage polymeric suspending
agents so that there is a loss of viscosity.66 A de—
crease in particle size of crystals in a hammer
mill was reported to increase the rate of crystal
grOWth during storage, owing to alterations in
Crystal lattice and the formation of active sites.67

Specifically, crystals of phenobarbital (initial
size of 310 microns) milled to 22.7 microns grew
to 38.9 microns after 4 weeks at 60°C; however,
crystals milled to 31.5 microns showed little
growth on storage.

Selection of a Mill

In general, the materials used in pharmaceu—
ticals may be reduced to a particle size less than
40-mesh by means of ball, roller, hammer, and
fluid-energy mills. The types of mill used to re-
duce some typical pharmaceutical materials are
shown in Table 2-8. The choice of a mill is based

on (1) product specifications (size range, particle
size distribution, shape, moisture content, phys—
ical and chemical properties of the material);
(2) capacity of the mill and production rate re—
quirements; (3) versatility of operation (wet and
dry milling, rapid change of speed and screen,
safety features); (4) dust control (loss of costly
drugs, health hazards, contamination of plant);
(5) sanitation (ease of cleaning, sterilization);
(6) auxiliary equipment (cooling system, dust
collectors, forced feeding, stage reduction);
(7) batch or continuous operation; and (8) eco-
nomical factors (cost, power consumption, space
occupied, labor cost).

After consideration of these factors (listed in
Table 2-9) for a specific milling problem, it is
suggested that the equipment manufacturer be
consulted and its pilot laboratory be utilized, as
there exists a wide variety of mills differing in
details of design and modifications. The indus-
trial pharmacist should evaluate the pilot study
personally to observe the temperature of the in-
let and outlet air, the temperature of the milled
material, and the size reduction performance at
different mill speeds. A size-frequency analysis
should be made on samples from each condition
of operation. Samples should be recycled to find
if there is buildup in the milling chamber. The
pilot evaluation is important because laboratory
procedures of size reduction do not duplicate
milling conditions in production mills.

Techniques of Milling
In addition totthe standard adjustments of the

milling process (i.e., speed, screen size, design
of rotor, load), special techniques of milling may
be useful.

Special Atmosphere. Hygroscopic material
can be milled in a closed system supplied with
dehumidified air. Thermolabile, easily oxidiza-
ble, and combustible materials should be milled
in a closed system with an inert atmosphere of
carbon dioxide or nitrogen. Almost any fine dust
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TABLE 2-8. Index for Milling to Less Than 40—mesh Size 

Matcnals

Acetanilid
Alum
Antibiotics
Ascorbic acid
Barium sulfate
Benzoic acid
Boric acid
Caffeine
Calcium stearate

Carboxymethylcellulose
Citric acid
Color, dry
Color, wet
Filter-cake fluid energy
Gelatin
Iodine

Methylcellulose
Sodium acid phosphate
Sodium benzoate
Sodium metaphosphate
Sodium salicylate
Stearates

Sugar
Urea
Vitamins
Wax

(dextrin, starch, sulfur) is a potential explosive
mixture under certain conditions and especially
if static electrical charges result from the proc—
essing. All electrical switches should be explo—
sion-proof, and the mill should be grounded.

Temperature Control. As only a small per-
centage of the energy of milling is used to form
new surface, the bulk of the energy is converted
to heat. This heat may raise the temperature of
the material many degrees, and unless the heat
is removed, the solid will melt, decompose, or
explode. To prevent these changes in the‘mate—
rial and to avoid stalling of the mill, the milling
chamber should be cooled by means of a cooling
jacket or a heat exchanger. Stainless steel equip—
ment (Type 304 with no. 4 finish) is routinely
used in preparing pharmaceuticals because it
minimizes contamination and reaction with the

drugs. With the use of refrigerants, the mill
must be ,constructed of stainless steel since cast
iron becomes brittle and may shatter at low tem-
peratures.

Waxy and low—melting—point materials are
chilled before milling. If this is not sufficient to
embrittle the material, it may be fed to the mill
simultaneously with dry ice. Stearic acid and
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Mill

bal, roller, hmnmer, fluid-energy
bal, roller, hammer, fluid-energy
bal, hammer, colloid, fluid-energy
ball, roller, hammer, fluidenergy
hammer, colloid, fluid-energy
hammer, fluid—energy
bal, roller, hammer, fluid-energy
rol er, hammer
hammer, colloid, fluid-energy
bal, hammer, colloid, fluid-energy
hammer, fluid-energy
bal, hammer, fluid—energy
hammer, colloid, fluid—energy
ball, roller, hammer, colloid
hammer

hammer, fluideenergy
ball, hammer
hammer, fluid-energy
hammer, fluid-energy
hammer, fluid-energy
hammer, fluid-energy
hammer, fluid-energy
hammer, fluid-energy
ball, hammer, fluid-energy
ball, hammer, fluid-energy
hammer, colloid, fluid-energy

 

beeswax may be reduced in a hammer mill to
loo-mesh size with the use of dry ice.

Pretreatment. For a mill to operate satisfac-
torily, the feed should be of the proper size and
enter at a fairly uniform rate. If granules or in—
termediate—sized particles are desired with a
minimum of fines, presizing is vital. Pretreat—
ment of fibrous materials with high-pressure
rolls or cutters facilitates comminution.

Subsequent Treatment. If extreme control
of size is required, it may be necessary to recycle
the larger particles, either by simply screening
the discharge and returning the oversize parti-
cles for a second milling, or by using air—separa-
tion equipment in a closed circuit to return the
oversized particles automatically to the milling
chamber, With materials to be reduced to mi—
cron size, an integrated air-separation, conveyor,
and collection element usually are required,

Dual Process. The milling process may
serve simultaneously as a mixing process if the
feed materials are heterogeneous. If hot gas is
circulated through a mill, the mill can be used to
comminute and dry moist solids simultaneously.
The fluid-energy mill has been suggested as a
means of simultaneous size reduction and dis—
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TABLE 2-9. Factors in Selection of a Mz'll 

Material

Physical property: hard, soft, fibrous, elastic, hygroscopic,
solvated

Size
Moisture content
Melting point
Flammability
Thermolability
Subsequent processing

Operation
Size specification of milled material
Ease of sanitization
Ease of sterilization
Ease of adjustments during operation
Contamination of milled material
Versatility
Capacity
Batch or continuous
Wet or dry
Rate of introduction of material

Space occupied
Labor cost

Auxiliary Equipment
Dust collector
Mechanical introduction of material

Temper ture control: jacket, refrigerated air, liquid nitro-
gen, dry ice

inert atmosphere: carbon dioxide, nitrogen
Air sweep

Safety
Explosiyity
lmtativity
Toxicity
Safety features incorporated into mill 

From Parrott, E. L.: J. Phann. Sci., 63:826. 1974. Reproduced
with permission of the copyright owner, the American Pharma-
ceutical Association.

persion. it has been suggested that the particles
in a fluid-energy mill can be coated with almost
a monomolecular film by premixing with as little
as 0.25% of the coating agent.

Wet and Dry Milling. The choice of dry or
wet milling depends on the use of the product
and its subsequent processing. If the product
undergoes physical or chemical change in water,
dry milling is recommended. In dry milling, the
Limit of fineness is reached in .the region of 100
microns when the material cakes on the milling
chamber. The addition of a small amount of
grinding aid may facilitate size reduction. The
use of grinding aids in pharmacy is limited by
the physiologic and toxicologic restrictions on
medicinal products. In certain cases, the addi-
tion of ammonium salts, aluminum stearate,

arylalkyl sulfonic acid, calcium stearate, oleic
acid, and triethanolamine salts have been use-
ful. These dispersing agents are especially use—
ful in the revolving mill if coating of the balls
occurs; the addition of less than 0.1% of surface—
active agent may increase the production rate of
a ball mill 20 to 40%.

Wet grinding is beneficial in further reducing
the size, but flocculation restricts the lower limit
to approximately 10 microns. Wet grinding elim-
inates dust hazards and is usually done in low-
speed mills, which consume less power. Some
useful dispersing agents in wet grinding are the
silicates and phosphates.
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Drying

ALBERT S. RANKELL, HERBERT A. LIEBERMAN,
and ROBERT F. SCHIFFMANN

There is hardly a pharmaceutical plant engaged
in the manufacture of tablets or capsules that
does not contain dryers. Unfortunately, the op-
eration of drying is so taken for granted that ef-
forts for achieving increased efficiency in the
production of tablets do not include a study of
drying. This chapterintroduces the industrial
pharmacist to the theory and fundamental con-
cepts of drying.

Definition. For the purpose of this discus-
sion, drying is defined as the removal of a liquid
from a material by the application of heat, and is
accomplished by the transfer of a liquid from a
surface into an unsaturated vapor phase. This
definition applies to the removal of a small
amount of water from moisture-bearing table
salt as well as to the recovery of salt from the sea
by evaporation. Drying and evaporation are dis-
tinguishable merely by the relative quantities of
liquid removed from the solid.

There are, however, many nonthermal meth-
ods of drying, for example, the expression of a
solid to remove liquid (the squeezing of a wetted
sponge), the extraction of liquid from a solid by
use of a solvent, the adsorption of water from a
solvent by the use of desiccants (such as anhy-
drous calcium chloride), the absorption of mois—
ture from gases by passage through a sulfuric
acid column, and the desiccation of moisture
from a solid by placing it in a sealed container
with a moisture-removing material (silica gel in
a bottle).

Purpose. Drying is most commonly used in
pharmaceutical manufacturing as a unit process
in the preparation of granules, which can be dis-
pensed in bulk or converted into tablets or cap—
sules. Another application is found in the proc—
essing of materials, eg, the preparation of dried
aluminum hydroxide, the spray drying of lac-
tose, and the preparation of powdered extracts.
Drying also can be used to reduce bulk and

weight, thereby lowering the cost of transporta-
tion and storage. Other uses include aiding in
the preservation of animal and vegetable drugs
by minimizing mold and bacterial growth in
moisture-laden material and facilitating commi-
nution by making the dried substance far more
friable than the original, water-containing drug.

Dried products often are more stable than
moist ones, as is the case in such diverse sub-
stances as effervescent salts, aspirin, hygro-
scopic powders, ascorbic acid, and penicillin.
The drying reduces the chemical reactivity of
the remaining water, which is expressed as a
reduction in the water activity of the product.
Various processes for the removal of moisture
are used in the production of these materials.
After the moisture is removed, the product is
maintained at low water levels by the use of
desiccants and/or low moisture transmission

packaging materials. The proper application. of
drying techniques and moisture-protective
packaging requires a knowledge of the theory of
drying, with particular reference to the concept
of equilibrium moisture content.

Psychrometry
A critical factor in drying operations is the

vapor-carrying capacity of the air, nitrogen, or
other gas stream passing over the drying mate-
rial. This carrying capacity determines not only
the rate of drying but also the extent of drying,
i.e., the lowest moisture content to which a
given material can be dried. The determination
of the vapor concentration and carrying capacity
of the gas is termed psychrometry. The air—
water vapor system is "the system most com-
monly employed in pharmaceutical drying oper-
ations and is therefore included in this
discussion.

The concentration of water vapor in a gas is
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called the humidity of the gas. Humidity may be
expressed in various ways, depending on the
information required. A knowledge of humidity
is necessary. therefore, to understand the basic
principles of drying.

Psychrometric Chart. The humidity char-
acteristics of air are best shown graphically in a
psychrometric or humidity chart. Such charts
can be found in various handbooksl’2 The psy—
chrometric chart has a fonnidable look because
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of the wealth of information presented in a small
area. If the different curves in the chart are sep-

arated and analyzed individually, however, their
utility and ease of use becomes apparent.

The basic curves of the psychrometlic chart
are shown in a simplified version in Figure 3—1.
These curves are graphic representations of the
relationship between the temperature and hu-
midity of the air—water vapor system at constant
pressure. The temperature is shown in the hori-

ABSOLUTEHUMIDITY(GrainsWater/PoundDryAir)
15% ‘

DR Y-BULB TEMPERATURE (°F)
FIG. 3-1. Diagram of psychrometric chart showing the relationship of air temperature to humidity.
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zontal axis; the vertical axis represents absolute
humidity (weight of water vapor per unit weight
of dry air). The most important curve shown is
the curve for saturation humidity, curve CDE.
Saturation humidity is the absolute humidity at
Which the partial pressure of water vapor in the
air is equal to the vapor pressure of free water at
the same temperature. Under these conditions,
the air is completely saturated with moisture,
and the humidity does not change when it is in
contact with liquid water at the same tempera-
ture.

The saturation humidity curve is actually the
boundary of a phase diagram. Any point on the
curve is uniquely determined by one measure-
ment, either the temperature or the absolute
humidity. The relationship between the two var-
iables can be shown more clearly by considering
the dotted line, FCA, which corresponds to the
absolute humidity, 78 grains water/pound dry
air.

At point C, the air is saturated with water
vapor, and its temperature, 60°F, is referred to as
the dew point. The dew point is defined as the
temperature to which a given mixture of air and
water vapor must be cooled to become saturated
(i.e., to hold the maximum amount of moisture
without condensation taking place). When the
mixture is cooled to temperatures below the dew
point, such as 50°F (point F), the water vapor
condenses to produce a two-phase system of sat-
urated air (condition C) and droplets of free
water.

To make the air usable for drying purposes
(without changing the absolute humidity), its
temperature must be raised. If the temperature
is increased to 81°F (point A), the air is not com—
pletely saturated and can accept more water
vapor. The relative saturation is usually meas—
ured in terms of percent relative humidity, the
ratio of the partial pressure of water vapor in the
air to the vapor pressure of free water at the
same temperature. The saturation humidity
curve, CDE, is thus the curve for. 100% relative
humidity (100% RH). Curves of temperature
versus absolute humidity at a constant relative
humidity are plotted on the same axes at specific

intervals of relative humidity. One of these
curves is shown as curve GK with 50% relative

humidity. The relative saturation also can be
expressed as percent humidity or percent abso-
lute humidity, the ratio of the absolute humidity
to saturation humidity at the same temperature.
For air at condition A, the percent absolute hu-
midity is represented by the ratio of the absolute
humidity to the absolute humidity of saturated
air atthat temperature (78/161 = 48%).

If air, under the conditions represented by

point A, is used to dry a wet material, the differ—
ence in vapor pressure between the surface
water and the air causes some of the liquid to
evaporate. The latent heat of vaporization of the
water cools the evaporating surface below the air
temperature. The resultant difference in tem-
perature causes a transfer of heat from the air to
the liquid at a rate that increases as the tempera—
ture difference becomes larger. Eventually, the
heat transferred becomes equal to the heat of
vaporization, and the temperature stabilizes.
The temperature that is reached is called the
wet—bulb temperature. It is defined as the equi—
librium temperature reached by an evaporating
surface when the rate of heat transferred to the

surface by convection is equal to the rate of heat
lost by evaporation. It is called the wet-bulb tem—
perature because it can be measured by means
of a thermometer whose bulb is covered by a
wick saturated with water. The actual tempera-
ture of the air as measured by an ordinary ther-
mometer is called the dry-bulb temperature,

The wet-bulb temperature is a function of the
temperature and humidity of the air used for the
evaporation, and thus can be employed as a
means of measuring humidity. For this purpose,
a second type of curve is superimposed on the
temperature-humidity curves of the psychro-
metric chart. This is the constant wet-bulb tem-

perature line. The constant wet-bulb tempera—
ture line is AD for air at condition A, and the
temperature corresponding to saturation at point
D is the wet-bulb temperature, 67°F.

The humidity of the air is determined by
measuring two temperatures, the wet-bulb and
the dry-bulb temperatures. The psychrometric
chart is entered at the wet-bulb temperature,
and the coordinate is followed vertically upward
until it intersects the saturation or 100% relative

humidity curve. Then the constant wet«bulb
temperature line is followed until it intersects
the dry—bulb temperature coordinate. Now the
absolute humidity can be read directly, and the
relative humidity can be found by interpolation
between the curves for constant relative humid-

ity. For example, let us assume a wet-bulb tem-
perature of 54°F and a dry-bulb temperature of
60°F. The 54°F line is followed until it intersects

the saturation humidity curve at an absolute
humidity of 62 grains water/pound dry air.
Then, the 54°F wet-bulb temperature line is fol-
lowed until it intersects the 60°F dry-bulb tem—
perature line at an absolute humidity of 53
grains water/pound dry air. The relative humid-
ity is found to be 70%.

The constant wet-bulb temperature lines are
also valuable for determining the temperature of
drying surfaces. The wet-bulb temperature is
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approximately the same as the adiabatic satura-
tion temperature, i.e., the temperature that
would be attained if the air were saturated with

water vapor in an adiabatic process (a process in
which there is no heat gained or lost to the sur—
roundings). This is the case when drying is car-
ried out With the heat supplied by the drying air
only. Thus, for the example given above, a wet
material being dried with air having a wet-bulb
temperature of 70°F would remain at that tem-
perature as long as there is a film of free mois-
ture at the surface. The assumption that the
wet-bulb temperature is equal to the adiabatic
saturation temperature does not hold true, how—
ever, for nonaqueous systems.

Humidity Measurement. The most accu—
rate means of measuring humidity is by the
gravimetric method. In this procedure, a known
amount of air is passed over a previously
weighed moisture-absorbing chemical such as
phosphorus pentoxide, and the resultant in—
crease in weight of the chemical is measured.
Although accurate, the gravimetric method is
cumbersome and slow. For rapid determination
of humidity, temperature-measurement meth-
ods are most often used.

As indicated in the discussion of the psychro-
metric chart, humidity can be determined by
taking two temperature measurements. The
simplest instrument for this purpose is the sling
psychrometer (Fig. 3-2). It consists of two bulb
thermometers set in a frame that is attached to a

swivel handle. One thermometer, the dry-bulb
thermometer, has a bare bulb; the bulb of the
other thermometer, the wet-bulb thermometer, is
covered by a wick saturated with water. The psy-
chrometer is whirled through the air, and the
two thermometer readings are taken at succes-
sive intervals until these temperatures no longer
change. In psychrometers used as permanent
installations, the movement of air across the

Dry bulb thermommi

 
 
  

 

 

 

Movable
ioint

Conversion than
"of readings to

relolive humidity

Sling handle

FIG. 3-2. Sling psychrometer.
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thermometer bulbs is induced by a motor—driven
fan, and a reservoir is provided to keep the wet-
bulb wick saturated with water. The thermome-

ters used in such an installation may be of al—
most any type—mercury bulb, bimetallic strip,
vapor pressure, or electrical.

Another temperature method for determining
humidity is based on the dew point instead of
the wet-bulb temperature measurement. The
dew point is determined directly by observing
the temperature at which moisture begins to
form on a polished surface in contact with the
air. The surface is cooled by refrigeration until
the first fog of moisture appears.

An entirely different method for measuring
humidity employs the hygrometer. This instru-
ment utilizes certain materials whose properties
change on contact with air of different relative
humidities. The mechanical hygrometer uses
such materials as hair, wood fiber, or plastics,
which expand or shrink with changes in humid-
ity. The moisture-sensitive element is con-
nected to a pointer in such a fashion that a
change in length causes the pointer to move
across a dial calibrated in humidity units. Elec-
tric hygrometers measure the change in electri-
cal resistance of moisture-absorbing materials
with humidity.

Theory of Drying
Drying involves both heat and mass transfer

operations. Heat must be transferred to the ma-
terial to be dried in order to supply the latent
heat required for vaporization of the moisture.
Mass transfer is involved in the diffusion of

water through the material to the evaporating
surface, in the subsequent evaporation of the
water from the surface, and in diffusion of the
resultant vapor into the passing air stream.

The drying process can be understood more
easily if attention is focused on the film of liquid
at the surface of the material being dried. The
rate of evaporation of this film is related to the
rate of heat transfer by the equation:

dW/da = q/A (1)

where dW/d0 is the rate of evaporation pounds
of water per hour, q is the overall rate of heat
transfer (BTU per hour), and )t is the latent heat
of vaporization of water (BTU per pound).

The rate of diffusion of moisture into the air
stream is expressed by rate equations similar to
those for heat transfer. The driving force is a
humidity differential, whereas for heat transfer,
it is a temperature differential. The rate equa-
tion is as follows.
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dW/d0 = 1mm. — Hg) (2)

where dW/d6 is the rate of diffusion expressed
as pounds of water per hour; k’ is the coefficient
of mass transfer [pounds of water/(hour) (square
foot) (absolute humidity difference)]; A is the
area of the evaporating surface in square feet; HS
is the absolute humidity at the evaporating sur-
face (pounds of water per pound of dry air); and
H is the absolute humidity in the passing airg l

stream (pounds of water per pound of dry air).
The coefficient of mass transfer, k’, is not a

constant, but varies with the velocity of the air
stream passing over the evaporating surface.
The relationship is in the form:

k’ = cGn (3)

whererc is a proportionality constant, G is the
rate of flow of air [pounds of dry air/(hour)
(square foot)], and n is a fractional exponent,
usually about 0.8.2

After an initial period of adjustment, the rate
of evaporation is equal to the rate of diffusion of
vapor. and the rate of heat transfer [equation
(1)] can be equated with the rate of mass trans-
fer [equation (2)], or:

dW/d0 = q/A = k'A(HS' — Hg). (4)

If the overall rate of heat transfer, q, is ex-
pressed as the sum of the rates of heat transfer
by convection, radiation, and conduction, equa-
tion (4) is expanded to the form:

dW/d0 = (qc + qr + qk)/)t

= 1('A(Hs — Hg) (5)

where qc, qr, and qk are the rates of heat transfer
by convection, radiation, and conduction, re-
spectively.

The rate of drying may be accelerated by in-
creasing any of the individual terms in equation
(5). The rate of convection heat transfer, qc, can
be increased by increasing the air flow rate and
by raising the inlet air temperature. The rate of
radiation heat transfer, qr, can be speeded up by
introducing a high-temperature radiating heat
source into the drying chamber. The rate of con-
duction heat transfer, qk, can be stepped up by
reducing the thickness of the material being
dried and by allowing it to come in contact with
raised~temperature surfaces. Increasing the air
velocity also speeds up the rate of drying by in-
Creasing the coefficient of mass transfer, k’, as

shown in equation (3). Dehumidifying the inlet
air, thus increasing the humidity differential,
(HS — Hg), is still another means of speeding up
the rate of drying.

Rapid drying may also be accomplished
through the application of a microwave or die—
lectric field. In this case, heat is generated inter-
nally by the interaction of the applied electro—
magnetic field With the solvent. Mass transfer
results from an internal pressure gradient estab-
lished by the internal heat generation, while the
mass concentration remains relatively uniform.
The drying rate, then, primarily depends on the
strength of the field applied to the material.

The utility of equation (5) in actual practice
can be demonstrated by the following analysis:
What is the effect of heating the air in a dryer to
150°F if the outside air is 81°F with 50% relative

humidity? From the psychrometric chart (Fig.
3-1), it can be seen that for ambient air at this
condition (point A), the absolute humidity is 78
grains water/pound dry air. Following the wet-
bulb temperature line from this point to the sat—
uration curve (point D) yields an absolute hu-
midity of 99 grains water/pound dry air.

For the ambient air, the humidity differential
(Hs — H is (99 — 78), which is equal to 21
grains 0.003 pounds) water/pound dry air,
When this air is heated to 150°F, the absolute
humidity remains the same, but the relative
humidity is now reduced to 7%, and following
the new wet-bulb temperature line (85°F) to the
saturation curve yields a saturation humidity of
185 grains water/pound dry air. The humidity
gradient is now 185 i 78, which is equal to 107
grains (0.0153 pounds) water/pound dry air, an
increase of fivefold, indicating an increase in
drying rate of 500% produced by 3 69°F rise in
temperature. In actual practice, the increase in
drying rate would be even higher because in-
creasing the inlet air temperature would in—
crease k' as well as the humidity gradient. It
should be noted that this increase in the drying
rate does not produce a serious increase in the
temperature of the material being dried, because
the wet-bulb temperature of the 150°F air is only
85°F.

The foregoing discussion holds true as long as
there is a film of moisture on the surface of the

material being dried. When the surface becomes
partially or completely dry, the heat and mass
transfer equations become more complex. In
this case, the rate of drying is controlled by the
rate of diffusion of moisture from the interior of

the material. This diffusion is greatly influenced
by the molecular and‘capillary structure of the
solid. The process becomes further complicated
when the drying surface causes a shrinkage of
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the solid, This phenomenon can cause blocking
and distortion of the capillary structure and thus
interfere with the transfer of internal water to
the surface of the material. A striking example of
this is the so—called “case hardening” phenome-
non, in which the surface of the solid becomes
harder than the interior and less permeable to
the transmission of interior moisture.

Drying of Solids
Loss on Drying. The moisture in a solid can

be expressed on a wet-weight or dry-weight
basis. On a wet—weight basis, the water content
of a material is calculated as a percentage of the
weight of the wet solid, whereas on the dry—
weight basis, the water is expressed as a per-
centage of the weight of the dry solid.

In pharmacy, the term loss on drying, com—
monly referred to as LOD, is an expression of
moisture content on a wet—weight basis, which is
calculated as follows:

wt, of water in sample

% LOD : total wt. of wet sample
x 100

(6)

The LOD of a wet solid is often determined by
the use of a moisture balance, which has a heat
source for rapid heating and a scale calibrated in
percent LOD. A weighed sample is placed on the
balance and allowed to dry until it is at constant
weight. The water lost by evaporation is read di-
rectly from the percent LOD scale. It is assumed
that there are no other volatile materials present.

Moisture Content. Another measurement
of the moisture in a wet solid is that calculated
on a dry-weight basis. This value is referred to as
moisture content, or MC:

wt. of water in sample
% MC : wt. of dry sample

x 100

(7)

If exactly 5 g of moist solid is brought to a con-
stant dry weight of 3 g:

=5—3
3

5—3
5

 
MC X 100 = 66.7%

whereas LOD :
 

x 100 = 40%

LOD values can varyin any solid—fluid mix-
ture from slightly above 0% to slightly below
100%, but the MC values can change from

52 - The Theory and Practice of Industrial Pharmacy

Ffi

slightly above 0% and approach infinity. Thus, a
small change in LOD value, from 80% to 83%,
represents an increase in MC of 88%, or a 22%
increase in the amount of water that must be

evaporated per pound of dry product. Thus, per-
cent MC is a far more realistic value than LOD

in the determination of dryer load capacity.
Behavior of Solids During Drying. How

would one know if 8 or 12 hours are required to
dry a batch weight of material in a certain dryer?
How can one determine the size of a particular
type of dryer required for drying a substance
from one moisture level to the desired moisture
content?

The rate of drying of a sample can be deter-
mined by suspending the wet material on a scale
or balance in a drying cabinet and measuring
the’ weight of the sample as it dries as a function
of time. In determining an accurate drying rate
curve for a material in a particular oven, it is
important that the drying conditions approxi-
mate the conditions in a full-size dryer as closely
as possible.

The information obtained from the drying rate
determination may be plotted as moisture con-
tent versus time. The resultant curve is of the

type shown in Figure 3—3. The changes taking
place may be seen more easily if the rate of dry—
ing is calculated“ and plotted against the mois-
ture content as shown in Figure 3—3B. Compari-
son of the rate of drying curve with the drying
time curve is clarified when the moisture con—

tent is plotted in reverse order, i.e., with the high
values to the left.

When a wet solid is first placed in a drying
oven, it begins to absorb heat and increases in
temperature. At the same time, the moisture
begins evaporating and thus tends to cool the
drying solid. After a period of initial adjustment,
the rates of heating and cooling become equal
and the temperature of the drying material sta-
bilizes. As long as the amount of heat transfer by
radiation is relatively small, the temperature
reached equals the wet-bulb temperature of the
drying air. This period of initial adjustment: is
shown as segment AB in Figures 3-3A and 3-3B.
If the wet solid is initially at a higher tempera-
ture than the wet-bulb temperature, it cools
down following segment A'B.

‘Method of determining rate of drying: The difference
in moisture content between any two measurements di—
vided by the time period between measurements repre—
sents the rate of drying for this time period. This value is
plotted against the midpoint of the time period for a dry
ing rate versus time curve, or against the midpoint of the
moisture content values for a drying rate versus moisturecontent curve.
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FIG. 3-3. The periods of drying.

At point B, the temperature is stabilized and
remains constant as long as there is a film of
moisture remaining at the surface of the drying
solid. Between points B and C, the moisture
evaporating from the surface is replaced by
water diffusing from the interior of the solid at a
rate equal to the rate of evaporation. The rate of
drying is constant, and the time BC is the con-
stant rate period.

At point C, the surface water is no longer re—
placed at a rate fast enough to maintain a contin-
uous film. Dry spots begin to appear, and the
rate of drying begins to fall off. The moisture
content at which this occurs is referred to as the

critical moisture content. Between points C and
D, the number and area of the dry spots con-
tinue to grow, and the rate of drying falls stead-
ily. The time CD is referred to as the first falling
rate period or the period of unsaturated surface
drying.

At point D, the film of surface water is com-
pletely evaporated, and the rate of drying de—
pends on the rate of diffusion of moisture to the
surface of the solid. Point D is referred to as the

second critical point. Between points D and E
the rate of drying falls even more rapidly than
the first falling rate, and time DE is called the
second falling rate period.

When the drying rate is equal to zero, starting
at point E, the equilibrium moisture period be-

gins, and the solid is in equilibrium with its sur—
roundings, i.e., its temperature and moisture
content remain constant. Continued drying after
this point is a waste of time and energy.

Classification of Solids Based on Drying
Behavior. Solids may be classified into two
major categories on the basis of their drying be-
havior, namely (1) granular or crystalline type
solids and (2) amorphous solids. The water in
crystalline solids is held in shallow and open
surface pores as well as in interstitial spaces be—
tween particles that are easily accessible to the
surface. Materials with fibrous, amorphous, or
gelatinous structures are in the second category.
In these solids, the moisture is an integral part
of the molecular structure as well as being phys-
ically entrapped in fine capillaries and small in-
terior pores. Typical pharmaceuticals of the first
category are‘ calcium sulfate, zinc oxide, and
magnesium oxide. Materials that fall into the
second category are starch, casein, yeast, insu-
lin, and gelatinous inorganic materials such as
aluminum hydroxide. All of the amorphous solid
materials are more difficult to dry than granular
or crystalline solids.

The moisture in crystalline solids is lost with
little hindrance by either gravitational or capil—
lary forces. The constant rate period is the major
portion of the drying curve, and this period con-
tinues until the material has virtually no free .
water. The falling rate period is much shorter.
Materials in this category are usually inorganic
substances and consequently are not affected by
heat, unless the temperature is high enough to
change any hydrate forms that the chemical
may manifest. Equilibrium moisture contents
for these materials are close to zero.

Moisture movement is slow in substances in

the second category. The liquid diffuses through
structural obstacles caused by the molecular
configuration. The drying curves of these amor-
phous materials have short constant-rate peri-
ods, ending at high critical moisture contents.
The first falling rate period, the period of water
unsaturation on the surface, is relatively short.
The second drying rate period is longer, as it
depends on the diffusion rate of the water
through the solid. The equilibrium moisture
content is high, because most of the water re-
mains intimately associated within the molecu-
lar interstitial spaces of the substance. The
structure and physiologic activity of many'of
these substances are affected by high tempera-
tures. The drying of these materials often re-
quires the use of lower temperatures, reduced
pressure, and increased air flow.

The condition in which a material is in equi-
librium with its surroundings, neither gaining
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nor losing moisture, may be expressed in terms
of its equilibrium moisture content, equilibrium
relative humidity, or water activity. These val—
ues may differ greatly for various materials, and
in addition to affecting drying, they affect physi-
cal and chemical stability, susceptibility to mi-
crobial growth, and packaging requirements.

Equilibrium Moisture Content. The mois-
ture content of a material that is in equilibrium
with an atmosphere of a given relativity is called
the equilibrium moisture content (EMC) of the
material'at this humidity. It is the moisture con—
tent at which the material exerts a water vapor
pressure equal to the vapor pressure of the at—
mosphere surrounding it; thus, it has no driving
force for mass transfer. EMC values of various
materials may differ greatly under the same con-
ditions, despite the fact that they are in equilib-
rium with their environment. These differences
are due to the manner in which the water is held

by the material. The water may be held in fine
capillary pores that have no easy access to the
surface, dissolved solids may reduce the vapor
pressure, or the water may. be molecularly
bound.

Equilibrium Relatii'le Humidity. The rela-
tive humidity surroundinga material at which
the material neither gains nor loses moisture is
called the equilibrium relative humidity (ERH).
At a given temperature, the ERH for a material
is determined by its moisture content, just as the
EMC is determined by the surrounding relative
humidity.

Water Activity. The water activity (aw) of a
material is the ratio of the water vapor pressure
exerted by the material to the vapor pressure of
pure water at the same temperature. Pure water
is assigned an aW of unity, equivalent to an ERH
of 100%. Thus, the water activity Value for a
material is the decimal fraction corresponding to
the ERH divided by 100. For example, an ERH
of 50% corresponds to an aw of 0.5.

The water activity value has special signifi-
cance because it is a measure of the relative

chemical activity of the water in the material. It
is related to the thermodynamic chemical poten-
tial by the equation:

U = U’ + RT - how) (8)

where U is the chemical potential of water in the
material; U' is the chemical potential of pure
water; R is the gas law constant; T is the abso-
lute temperature; and In is the natural loga-
rithm.3

The smaller the water activity is, the smaller
are the chemical potential of the water and the
driving force for chemical reactions involving
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water. The most important effects of lowered
water activity are increased chemical stability
and reduced potential for micro-organism
growth. Water activity can be reduced by the
addition of solutes such as sucrose. glycerin,
polyols. and surfactants, as well as by reduced
moisture content. '

Measurement Methods. The equilibrium
moisture content of a material can be deter—

mined by exposing samples in a series of closed
chambers, such as desiccators, which are par—
tially filled with solutions that can maintain
fixed relative humidides in the enclosed air

spaces. (Lists of such solutions can be found in
any handbook of chemistry.) The exposure is
continued until the material comes to constant

weight. This process, which can take more than
a month for some materials, can be accelerated
by placing a revolving fan in the chamber or by
passing air currents with proper humidity and
temperature over the material. Curves of the
EMC versus relative humidity have been deter—
mined for many pharmaceutical substances.4
Typical curves are illustrated in Figure 3-4.

Equilibrium relative humidity and water ac—
tivity of a material can be measured by allowing
the material to equilibrate in a small vapor tight
chamber, such as a glass jar, with a hygrometer
humidity sensor (mechanical or electric)
mounted on the lid. This measurement proce-
dure is much more rapid than the EMC tech-
nique; it yields practical near equilibrium values
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in several hours, and true end points in a day or
“No.5

Knowledge of the EMC versus relative humid~
itv curve or ERH versus moisture content for a

product allows more intelligent selection of the
drying conditions to be used. .The relative hu—
midity of the air in the dryer must be lower than
the ERH, corresponding to the desired moisture
content of the product being dried. In general,
the product should be dried to a moisture con-
tent corresponding to the EMC at the ambient
conditions of processing and storage. If the
moisture content differs markedly from this
EMC, the product will pick up or lose moisture
unless precautions are taken either to maintain
the product under controlled humidity condi—
tions or to- use packaging materials with low
water vapor transmission rates.

Classification of Dryers
Dryers may be classified in several different

ways depending on the criteria used. Two useful
classifications are based on either the method of

heat transfer or the method of solids handling.
Classification according to the type of heat
transfer is important in demonstrating gross dif-
l'erences in dryer design, operation, and energy
requirements. Classification by the method of
solids handling is more suitable when special
attention must be giVen to the nature of the ma—
terial to be dried.

When dryers are classified according to their
lnethod of solids handling, the major criterion is
the presence or absence of agitation of the mate-
rial to be dried. A dryer that produces excessive
agitation is contraindicated when the dried ma—
terial is friable and subject to attrition. On the
other hand, if the diied product is intended to be
pulverized, then the drying time can be reduced,
and the process made more efficient, by the use
of a dryer that produces intense agitation during
the drying cycle.

Classification based on the method of solids

handling is shown schematically in Figure 3—5.
Dryers in this classification scheme are divided
into the following types:

1. Staticrbcd dryersisystems in which there
is no relative movement among the solid parti-
cles being dried, although there may be bulk
motion of the entire drying mass. Only a fraction
of the total number of particles is directly ex-
posed to heat sources. The exposed surface can
be increased by decreasing the thickness of the
bed and allowing drying air to flow through it.

2. Moving—bed dryers—systems in which the
drying particles are partially separated so that
they flow over each other. Motion may be in-

duced by either gravity or mechanical agitation.
The resultant separation of the particles and
continuous expoSure of new surfaces allow more
rapid heat and mass transfer than can occur in
static beds.

3. Fluidized-bed dryers—systems in which
the solid particles are partially suspended in an
upward~moving gas stream. The particles are
lifted and then fall back in a random manner so

that the resultant mixture of solid and gas acts
like a boiling liquid. The gas—solid contact is ex-
cellent and results in better heat and mass trans-

fer than in static and moving beds.
4. Pneumatic dryers—systems in which the

drying particles are entrained and conveyed in a
high-velocity gas stream. Pneumatic systems
further improve on fluidized beds, because there
is no channeling or short-circuiting of the gas
flow path through a bed of particles. Each parti-
cle is completely surrounded by an envelope of
drying gas. The resultant heat and mass transfer
are extremely rapid; thus, drying times are
short.

Because of the great variety of available drying
equipment, it is impossible to describe all types
of dryers. Attention is devoted to those that find
ready application to the production of pharma-
ceuticals. These dryers are grouped according to
their method of solids handling.

Static-Bed Systems
Tray and Truck Dryers. The dryers most

commonly used in pharmaceutical plant opera
tions are tray and truck dryers. An example of a
tray dryer is illustrated in Figure 376. Tray dry»
ers are sometimes called shelf, cabinet, or com—
partment dryers. This dryer consists of a cabinet
in which the material to be dried is spread on
tiers of trays. The number of trays varies with
the size of the dryer. Dryers of laboratory size
may contain as few as three trays, whereas
larger dryers often hold as many as twenty trays.

A truck dryer is one in which the trays are
loaded on trucks (racks equipped with wheels),
which can be rolled into and out of the drying
cabinet. In plant operations, the truck dryer is
preferred over the tray dryer because it offers
greater convenience in loading and unloading.
The trucks usually contain one or two tiers of
trays. with about 18 or more trays per tier. Each
tray is square or rectangular and about 4 to 8
square feet in area. Trays are usually loaded
from 0.5 to 4.0 inches deep with at least 1.5
inches clearance between the surface and the

bottom of the tray above.
Drying in tray or truck dryers is a batch proce-

dure, as opposed to continuous drying as per-
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FIG. 3-6. Tray dryer. (Courtesy of the Proctor and
Schwartz Company.)

formed in a moving belt dryer. Batch drying is
used extensively in the manufacture of pharma—
ceuticals for several reasons: (1) Each batch of
material can be handled as a separate entity. (2)
The batch sizes of the pharmaceutical industry
are relatively small (500 or less pounds per
batch) compared with the chemical industry
(2000 or more pounds per hour). (3) The same
equipment is readily adjusted for use in drying a
wide variety of materials.

Tray dryers may be classified as direct or indi—
rect. Most tray dryers used in the pharmaceuti—
cal industry are of the direct type, in which heat—
ing is accomplished by the forced circulation of
large volumes of heated air. Indirect tray dryers
utilize heated shelves or radiant heat sources

inside the drying chamber to evaporate the
moisture, which is then removed by either a vac-
uum pump or a small amount of circulated gas.
Further discussion in this section is confined to

the direct (convection-type) dryer. Vacuum dry—
ers are described separately later in the chapter.

The trays used have solid, perforated, or wire
mesh bottoms. The circulation of drying air in
trays m‘th a solid base is limited to the top and
bottom of the pan, whereas in trays With a perfo-
rated screen, the circulation can be controlled to
pass through each tray and the solids on it. The
screen trays usedin most pharmaceutical drying
operations are lined with paper, and the air thus
circulates across rather than through the drying
material. The paper is used as a disposable tray
liner to reduce cleaning time and prevent prod—
uct contamination.

To achieve uniform drying, there must be a
constant temperature and a uniform airflow over
the material being dried. This is accomplished
in modern dryers by the use of a well-insulated
cabinet with strategically placed fans and heat-
ing coils as integral parts of the unit. The air
circulates through the dryer at 200 to 2000 feet
per minute. The use of adjustable louvers helps
to eliminate nonuniform airflow and stagnant
pockets.

The preferred energy sources for heating the

drying air used on pharmaceutical products are
steam or electricity. Units fired with coal, oil,
and gas produce higher temperatures at lower
cost, but are avoided because of possible product
contamination with fuel combustion products,
and explosion hazards when flammable solvents
are being evaporated. Steam is preferred over
electricity, because steam energy is usually
cheaper. lf steam is not readily available, and
drying loads are small, electric heat is used.

Tunnel and Conveyor Dryers. Tunnel dry-
ers are adaptations of the truck dryer for contin-
uous drying. The trucks are moved progressively
through the drying tunnel by a moving chain.
These trucks are loaded on one side of the dryer,
allowed to reside in the heating chamber for a
time sufficiently long to effect the desired dry—
ing, and then discharged at the exit. The op-
eration may be more accurately described as
semicontz’nuous, because each truck requires
individual loading and unloading before and
after the drying cycle. Heat is usually supplied
by direct convection, but radiant energy also
may be used.

Conveyor dryers are an improvement over
tunnel dryers because they are truly continuous.
The individual trucks of the tunnel are replaced
with an endless belt or screen that carries the

wet material through the drying tunnel. Con—
veyor dryers provide for uninterrupted loading
and unloading and are thus more suitable for
handling large volumes of materials.

The drying curve characteristic of the mate-
rial in batch drying is altered considerably when
continuous type dryers are used. As the mass is
moved along its drying path in a continuous op-
eration, this mass is subjected to drying air, the
temperature and humidity ofwhich are continu-
ally chang‘ing. As a consequence, the “constant
rate” period is not constant, but decreases as the
air temperature decreases, although the surface
temperature of the wetted mass remains con-
stant. Thus, drying rate curves for batch drying
are not equally applicable to continuous drying
procedures.

Moving-Bed Systems
Turbo-Tray Dryers. The turbo—tray dryer,

illustrated in Figure 3-7, is a continuous shelf,
moving-bed dryer. It consists of a series of rotat-
ing annular trays arranged in a vertical stack, all
of which rotate slowly at 0.1 to 1.0 rpm. Heated
air is circulated over the trays by turbo-type fans
mounted in the center of the stack. Wet mass

fed through the roof of the dryer is leveled by a
stationary Wiper. After about seven-eighths of a
revolution, the material being dried is pushed
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through radial slots onto the tray below, where it
is again spread and leveled. The transfer of mass
from one shelf to the next is complete after one
revolution. The same procedure continues
throughout the height of the dryer until the
dried material is discharged at the bottom. Be—
cause the turbo-tray dryer continuously exposes
new surfaces to the air, drying rates are consid-
erably faster than for tunnel dryers.

Pan Dryers. Pan dryers are moving—bed dry-
ers of the indirect type that may operate under
atmospheric pressure or vacuum, and are gener-
ally used to dry small batches of pastes or slur-
ries. The dryer consists of a shallow, circular
jacketed pan having a diameter of 3 to 6 feet and
.depth of 1 to 2 feet, with a flat bottom and verti—
cal sides. Heat is supplied by steam or hot water.
There is a set of rotating plows in the pan that
revolve slowly, scraping the moisture-laden
mass from the walls and exposing new surfaces
to contact with the heated sides and bottom.

Atmospheric pan drying allows moisture to es
cape, whereas in vacuum dryers, in which the
pan is completely enclosed, solvents are recover-
able if the evacuated vapors are passed through
a condenser. The dried material is discharged
through a door on the bottom of the pan.

Fluidized-Bed Systems
If a gas is allowed to flow upward through a

bed of particulate solids at a velocity greater than
the settling velocity of the particles and less than
the velocity for pneumatic conveying, the solids
are buoyed up and become partially suspended
in the gas stream. The resultant mixture of sol-
ids and gas behaves like a liquid, and the solids
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are said to be fluidized. The solid particles are
continually caught up in eddies and fall back in
a random boiling motion. The gas-solids mixture
has a zero angle or repose, seeks its own level,
and assumes the shape of the vessel that con-
tains it.

The fluidization technique is efficient for the
drying of granular solids, because each particle
is completely surrounded by the drying gas. In
addition, the intense mixing between the solids
and gas results in uniform conditions of temper-
ature, composition, and particle size distribution
throughout the bed.

Fluidized bed drying has been reported to
ofi'er distinct advantages over conventional tray
dryng for tablet granulations.6 In general, tablet
granulations have the proper particle sizes for
good fluidization. The only requirements are
that the granules are not so wet that they stick
together on drying, and that the dried product is
not so friable as to produce excessive amounts of
fine particles through attrition. It was found that
the fluidized bed dryer showed a twofold to six—
fold advantage in thermal efliciency‘ over a tray
dryer. The fluidized bed dryer was also shown to
be significantly faster in both drying and han-
dling time than the tray dryer. To avoid electro-
static charge buildup and the resultant explo—
sion hazards, fluid beds are provided with static
charge grounding devices.

Types of Fluidized-Bed Dryers. The fluid-
ized-bed dryers available for use in the pharma-
ceutical industry are of two types, vertical and
horizontal. The design features of a vertical flu—
idized—bed dryer are shown in Figure 3-8. The
fluidizing air stream is induced by a fan
mounted in the upper part of the apparatus. The
air is heated to the required temperature in an
air heater and flows upward through the wet
material, which is contained in a drying cham—
ber fitted with a Wire mesh support at the bot-
tom. The air flow rate is adjusted by means of a
damper, and a bag collector filter is provided at
the top of the drying chamber to prevent carry-
over of fine particles. The unit described is a
batch»type dryer, and the drying chamber is
removed from the unit to permit charging and
dumping. Dryer capacities range from 5 kg to
200 kg and the average drying time is about 20
to 40 min. Because of the short drying time and
excellent mixing action of the dryer, no hot spots
are produced, and higher drying temperatures
can be employed than are used in conventional
tray and truck dryers. '

*Thermal efficiency is the ratio of the minimum energy
input theoretically required to dry a material to the actual
energy input used by the dryer.
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FIG. 3-8. Fluidized-bed grandlator—dryer: 1, product container; 2, blower fan; 3, air inlet pre-filter; 4, air heater (steam or
electric); 5, spray nozzle for granulating liquid; 6, fabric filter bags; 7, air volume control flap. (Courtesy ofAeromatic AG.)

.The unit shown in Figure 3-8 is designed for
the direct preparation of tablet granulations as
well as for the drying of conventionally produced
wet granulations.7 When the unit is used as a
granulator, the. dry ingredients are placed in the
chamber and fluidized while the granulating liq-
uid is sprayed into the bed, causing the particles
to agglomerate into granules. At the end of the
granulating cycle, the granules are dried by
heating the fluidizing air.

A continuous dryer is more suitable than a
batch type for the drying of larger volumes of
materials. A fluidized-bed dryer of this type,
which is suitable for pharmaceutical use, is a
horizontal vibrating conveyor dryer, shown in
Figure 3-9. The heated air is introduced into a
chamber below the vibrating conveying deck
and passes up through the perforated or lou-
vered conveying surface, through the fluidized
bed of solids, and into an exhaust hood. A fluid-
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FIG. 3-9. Horizontal vibrating conveyor fluidized bed dryer. (Courtesy of the Jeffrey Manufacturing Company.)

ized bed of uniform density and thickness is
maintained in any given drying zone by the vi-
bration. Residence time in any drying zone is
controlled by the length of the zone, the fre—
quency and amplitude of the vibration, and the
use of dams. The dryer can be divided into sev-
eral different zones with independent control of
airflow and temperature, so that drying can take
place at the maximum desirable rate in each
stage without sacrificing efficiency or damaging
heat-sensitive materials. Dryers vary in width
from 12 to 57 inches and in length from 10 to 50
feet, with bed depths to 3 inches. Dryer capacity
is limited only by the retention time produced by
conveying speeds, which range from 5 to 25 feet
per minute. In pharmaceutical operations, ca-
pacities range as high as l to 2 tons per hour.

Pneumatic Systems
Spray Dryers. Spray dryers differ from most

other dryers in that they can handle only fluid
materials such as solutions, slurries, and thin
pastes. The fluid is dispersed as fine droplets
into a moving stream of hot gas, where they
evaporate rapidly before reaching the wall of the
drying chamber. The product dries into a fine
powder, which is carried by the gas current and
gravity flow into a collection system.

When the liquid droplets come into contact
with the hot gas, they quickly reach a tempera-
ture slightly above the wet—bulb temperature of
the gas. The surface liquid is quickly evapo-
rated, and a tough shell of solids may form in its
place. As drying proceeds, the liquid in the inte-
rior of the droplet must diffuse through this
shell. The diffusion of the liquid occurs at a
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much slower rate than does the transfer of heat

through the shell to the interior of the droplet.
The resultant buildup of heat causes the liquid
below the shell to evaporate at a far greater rate
than it can diffuse to the surface. The internal

pressure causes the droplet to swell, and the
shell becomes thinner, allowing faster diffusion.
If the shell is nonelastic or impermeable, it rup-
tures, producing either fragments or budlike
forms on the original sphere. Thus, spray-dried
material consists of intact spheres, spheres with
buds, ruptured hollow spheres, or sphere frag-ments.

There are many types of spray dryers, each
designed to suit the material being dried and the
desired product characteristics. One example is
shown in Figure 3—10. All spray dryers can be
considered to be made up of the following com-
ponents: feed delivery system, atomizer, heated
air supply, drying chamber, solids-gas separator,
and product collection system.

The feed is delivered to the atomizer by grav-
ity flow or by the use of a suitable pump. The
rate of feed is adjusted so that each droplet of
sprayed liquid is completely dried before it
comes in contact with the walls of the drying
chamber, and yet the resultant dried powder is
not overheated in the drying process. The'proper
feed rate is determined by observation of the
outlet air temperature and visual inspection of
the walls of the drying chamber. If the inlet air
temperature is kept constant, a drop in the liq-
uid feed rate is reflected by arise in the outlet
temperature. Excessive feed rates produce a
lowering of the outlet temperature, and ulti-
mately, a buildup of material on the walls of the
chamber.
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FIG. 3-10. Spray dryer: 1, feed tank; 2, centrifugal atom»
izer; 3, drying chamber; 4, inlet air filter; 5, air supply fan;
6, air heater; 7, triple inlet duct; 8, adjustable air dis—
perser,- 9, cooling air fan; 10, chamber product collection;
11, cyclone product collection; 12, exhaust fan. (Courtesy
of Nichols Engineering Er Research Corp.)

Spray dryer atomizers are of three basic types:
pneumatic atomizers, pressure nozzles, and
spinning disc atomizers. In the pneumatic atom-
izer (also called two-fluid or gas-atomizing noz-
zle), the liquid feed is broken up into droplets by
a high-velocity jet of air or other gas. Pneumatic
atomizers are used to produce small particles
and for spraying more viscous liquids than can
be handled by pressure nozzles. The pneumatic
atomizer, however, requires more power than
other type atomizers to achieve the same fine
spray. The liquid feed is delivered by pressure
nozzles under high pressure (up to 7000 pounds
per square inch) and is broken up on coming
into contact with the air or by impact on another
jet or fixed plate. In spinning disc atomizers, the
liquid is fed to the center of a rapidly rotating
disc (3000 to 50,000 rpm), where centrifugal
force breaks the fluid up into droplets. Spinning
disc atomizers find wide utility in the spray dry-
ing of pharmaceuticals because of their ability to
handle all types of liquid feeds, including high-
viscosity liquids and slurries of particles that
would clog other atomizers.

Hot drying air is supplied by the blowing of air
over a heat exchanger. The heat may be sup-
plied by steam, or by direct- or indirect-fired
heaters. The usual heat source in laboratory
units is electricity or gas. Steam or indirect—fired
heaters are preferred in the spray drying of phar—
maceuticals because their use avoids product
contamination with combustion products.

Separation of the solid product from the efflu-
ent gas is usually accomplished by means of a
cyclone separator. It is referred to as the primary
Collector. The dried product collected at this

point is referred to as cyclone product. Any dust
remaining in the air may be removed by means
of a filter bag collector or a wet scrubber to avoid
air pollution. Product that reaches the walls of
the drying chamber, referred to as chamber
product, is removed at the bottom of the cham-
ber. This chamber product is usually coarser in
size and subjected to heat longer (because of
increased retention time) than is the cyclone
product. The final dried product is usually a
mixture of both the chamber and cyclone prod-
ucts.

Spray Drying and Spray Congealing of
Pharmaceuticals. Spray drying finds great
utility in the pharmaceutical industry because of
the rapidity of drying and the unique form of the
final product. There are three major uses for the
spray drying processes: (1) drying heat—sensitive
materials, (2) changing the physical form of
materials for use in tablet and capsule manufac—
ture, and (3) encapsulating solid and liquid par-
ticles.

Spray drying can be used to dry materials that
are sensitive to heat and/or oxidation without

degrading them, even when high temperature
air is employed. The liquid feed is dispersed into
droplets, which are dried in seconds because of
their high surface area and intimate contact
with the drying gas. The product is kept cool by
vaporization of the enveloping liquid, and the
dried product is kept from overheating by rapid
removal from the drying zone.

Spray drying is valuable in the modification of
materials for use in tablet and capsule fonnula-
tions, because the drying process changes the

shape, size, and bulk density of the dried prod-
uct. The spherical particles produced usually
flow better than the same product dried by con—
ventional procedures, because the particles are
more uniform in size and shape, with fewer
sharp edges. The spherical shape has the least
possible surface area, thus minimizing air en-
trapment between the particles. The improve-
ment in flow and reduction of air entrapment
make the spray dried material suitable for use in
the manufacture of tablets and capsules. The
spherical particle shape is obtained by spray dry—
ing either a solution of the material or a slurry of
particles in a saturated solution of the same ma—
terial. In the latter case, the configuration of the
suspended particle is rounded out by deposition
of the material in solution. An example of a
spray dried material that is commonly used as a
tablet excipient is spray dried lactose.

Spray drying has proved extremely useful in
the coating and encapsulation of both solids and
liquids. Solid particles are coated by spray drying
a suspension of the material in a solution of the
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coating agent. As the solvent is evaporated, the
coating material envelops the suspended parti—
cle. The coating provides such valuable charac-
teristics as taste and odor masking, improve-
ment in stability, enteric coating, and sustained
release. Oily liquids may be encapsulated by
emulsification in water with the aid of a gum
such as acacia, or starch, and subsequent spray
drying. As the water evaporates, the oil is en—
trapped in a shell of the gum. This process is
used for the preparation of “dry” flavor oils.

An alternative to spray for the encapsulation
of solid particles is spray chilling or spray con—
gealing. This process consists of suspending the
particles in a molten coating material and pump
ing the resultant slurry into a spray dryer in
which cold air is circulated. The slurry droplets
congeal on coming into contact with the air and
are collected in the same manner as the spray
dried product. The coating agents normally
employed are low melting materials such as
waxes. The congealing process requires a much
higher ratio of coating agent to active material
than does spray drying, because only the molten
coating agent constitutes the liquid phase. Spray
congealed coatings are used mainly for taste
masking and for sustained-release formulations.

Flash Dryers. In flash drying, the moistened
solid mass is suspended in a finely divided state
in a high—velocity (3000 to 6000 feet per min-
ute), high-temperature (300°F to 1300°F) air
stream. The dispersed particles may be carried
in the air stream to an impact mill, or the pneu-
matic flow itself may reduce the particle size of
friable material. The resultant attrition exposes
new surfaces for more rapid drying. The dried,
fine particulate matter passes through a duct
with an opening small enough to maintain de—
sired air-carrying velocities. The dried solid is
collected by a cyclone separator, which may be
followed by a bag collector or wet scrubber.
Thus, the flash dryer is an example of a parallel
(cocurrent) airflow drying system.

The drying process is referred to as flash dry-
ing, because the drying time is extremely short.
The drying air temperature can drop from
1300°F to 600°F in two seconds and to 350°F in

only four seconds. The temperature of the dry-
ing solid can be kept at 100°F or less.

The drying cycle in many flash dryers occurs
in one unit (single-stage conveyor). Multistage
units are employed for drying solids that have
high moisture content and contain large
amounts of bound water. Figure 3-11 illustrates
a two-stage unit wherein partial drying occurs in
the first unit, and drying is completed in the sec-
ond pneumatic conveyor dryer. In other units,
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some of the dried material is mixed with the wet

incoming solid to make it easier to mill.

Specialized Drying Methods
Freeze Dryers. Many products of pharma-

ceutical interest lose their viability in the liquid
state and readily deteriorate if dried in air at nor-
mal atmospheric pressures. These pharmaceuti-
cal materials may be heat—sensitive or they may
react readily with oxygen, so that in order to be
stabilized, they must be dehydrated to a solid
state. The material to be dried is first frozen and

then subjected under a high vacuum to heat
(supplied by conduction or radiation, or by both)
so that the frozen liquid sublimes leaving only
the solid, dried components of the original liq—
uid. Such materials as blood serum, plasma, an-
tibiotics, hormones, bacterial cultures, vaccines,
and many foodstuffs are dehydrated by freeze
drying, also referred to as lyophilization, gelsic—
cation or drying by sublimation. The dried prod-
uct can be readily redissolved or resuspended by
the addition of water prior to use a procedure
referred to as reconstitution.

Freeze drying depends on the phenomenon of
sublimation, wh ereby water passes directly from
the solid state (ice) to the vapor state without
passing through the liquid state. As shown in
the schematic pressure-temperature diagram for
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FIG. 3-12. Schematic pressure-temperature diagram for water, showing the conditions for various phases. (This figure is
not drawn to scale because of the wide range of pressures involved.) (From Daniels, F., and Alberty, R. A.: Physical
Chemistry. 2nd Ed., John Wiley and Sons, Inc, New York, N.Y., 1961, p. 131.)

water (Fig. 3—12), sublimation can take place at
pressures and temperatures below the triple
point, 4.579 mm Hg absolute (4579 microns)
and 0.0099°C. The water in pharmaceutical
products intended for freeze drying contains dis-
solved solids, resulting in a different pressure-
temperature relationship for each solute. In
such cases, the pressure and temperature at
which the frozen solid vaporizes without conver—
sion to a liquid is referred to as the eutectic
point. Freeze drying is carried out at tempera-
tures and pressures well below this point to pre-
vent the frozen water from melting, which
would result in frothing, as the liquid and frozen
solid vaporize simultaneously. In actual prac-
tice, freeze drying of pharmaceuticals is carried
out at temperatures of —-lO°C to —40°C, and at
pressures of 2000 to 100 microns.

Freeze drying must meet the three basic re—
quirements for all types of drying, despite this
unusual approach to drying. First, the vapor
pressure of the water on the surface of the mate-

rial being dried must be higher than the partial
pressure of the enveloping atmosphere, i.e.,
there must be a positive vapor pressure driving
force. Second, the latent heat of vaporization
must be introduced to the drying solid at such a
rate as to maintain desirable temperature levels
at both the surface and interior. Third, provision
must be made for removal of the evaporated
moisture.

Freeze dryers are composed of four basic com-
ponents: (1) a chamber for vacuum drying, (2) a
vacuum source, (3) a heat source, and (4) a
vapor-removal system. The chamber for vacuum
drying is generally designed for batch operation
and thus can be compared to the vacuum shelf
dryer. Special inlet and outlet mechanisms have
been designed in some drying chambers to
achieve a continuous drying operation. Vacuum
is achieved by pumps, steam ejectors, or a com-
bination of the two. Heat is provided by conduc-
tion or radiation, or by both. Three different
methods for the removal of water vapor are em-
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ployed: condensers, desiccants, and pumps. The
water vapor is removed from the drying chamber
and condensed in the form of a thin layer of ice
on a heat-transfer surface in the condenser. The

ice is removed intermittently by melting it with a
heated fluid that is circulated through the con-
denser, or in the case of a continuous operation,
by means of scraper blades. Liquid or solid
desiccants are often employed in the initial
vapor removal to enhance the efficiency of the
pumps removing the water vapor. In general,
scraper blades and desiccants are used for freeze
drying large—volume biologicals (e.g., serum,
penicillin), and usually are not used for prepar-
ing pharmaceutical dosage forms.

Microwave Drying. The application of mi—
crowave energy to the drying of solids represents
a radical departure from conventional means of
drying. Instead of applying heat externally to a
material, energy in the form of microwaves is
converted into internal heat by interaction with
the material itself. This permits extremely rapid
heat transfer throughout the material, which in
turn can lead to rapid drying.

The heating effect is produced by the interac-
tion of a rapidly oscillating electric field (915 or
2450 megahertz) with the polarized molecules
and ions in the material. The field imposes order
on otherwise randomly oriented molecules. As
the field reverses polarity, it relaxes and allows
the molecules to return to their random orienta-

tion, giving up stored potential energy as ran-
dom kinetic energy, or heat. The interaction of
the alternating field with ions causes billiard—
ball-like collisions with un—ionized molecules,
and the impact energy is converted into heat.

A given material’s molecular and ionic
makeup intimately affects its ability to be dried,
as is shown in the power conversion equation for
microwave heating:9

(9)
P = kaZe' tan 5 = kaZg'

where: P = the power developed,
(watts/unit volume)

k = a constant

f = the frequency
E = the electric field strength,

(volts/unit distance)
6’ = the relative dielectric constant

of the material being heated
tan 6 = the loss tangent, or dissipation

factor of the material

5” = the loss factor of the material,
equal to the product 6’ tan 6
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In microwave drying, the mass transfer is pri-
marily the result of a pressure gradient due to
rapid vapor generation inside the material, that
is, most of the internal moisture is vaporized be-
fore leaving the sample. Thus, the moisture is
mobilized as a vapor rather than a liquid, and its
movement to the surface can be extremely rapid
because it does not depend on mass concentra-
tion gradients or on slow liquid diffusion rates.

Industrial microwave dryers are usually of the
static bed continuous type. Materials to be dried
are placed on conveyor belts and conveyed
through the microwave applicator. Generally, a
stream of hot air is used simultaneously with the
microwaves to sweep away the moisture evolv-
ing from the surface of the material being dried.
Often, the microwave treatment is used in the
last stages of hot air drying (the second falling
rate period of Fig. 3-3) to remove the last re—
maining portion of the solvent, reducing total
drying time by 50% or more.

Microwave drying can be used for the drying
of pharmaceutical materials at low ambient tem—
peratures, avoiding high surface temperatures,
case hardening, and solute migration. Micro-
wave vacuum drying at low pressure (I to
20 mm Hg) and moderate temperature (30 to
40°C) can be used for drying therrnolabile mate—
rials such as vitamins, enzymes, proteins, and
flavors.

The rising cost of energy has generated a great
deal of interest in microwave drying. The micro—
waves couple directly into the solvent, and no
energy is used to heat the air, the walls of the
dryer, the conveyor, or the trays. This results in
extremely efficient energy utilization, and en-
ergy savings of as much as 70% have been real—
ized in industrial installations.
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Compression and
Consolidation

of Powdered Solids

KEITH MARSHALL

Unlike other physical states of matter, powdered
solids are heterogeneous because they are com-
posed of individual particles of widely differing
sizes and shapes, randomly interspersed with air
spaces. For this reason, it is virtually impossible
to characterize these complex systems fully in
terms of fundamental properties. Nevertheless,
considerable advances have been made in un—

derstanding powder behavior, and many useful
qualitative and semiquantitative measurements
of factors important to the industrial user are
now available. Properties at two levelsz namely
those associated with an individual particle and
those typical of bulk powder, are of interest in
the context under review.

Compaction of powders is the general term
used to describe the situation in which these

materials are subjected to some level of mechan-
ical force. In the pharmaceutical industry, the
effects of such forces are particularly important
in the manufacture of tablets and granules, in
the filling of hard-shell gelatin capsules, and in
powder handling in general.

The physics of compaction may be simply
stated as “the compression and consolidation of
a two-phase (particulate solid—gas) system due to
the applied force." Compression means a reduc-
tion in the bulk volume’ of the material as a re-

sult of displacement of the gaseous phase. Con-
solidation is an increase in the mechanical

strength of the material resulting from particle/
particle interactions.* Before each of these si-
multaneous processes is discussed in more de-
tail, brief consideration is given to certain inher-
ent properties of all powdered solids, , which
contribute to the characteristics of interest. In

addition, some derived parameters that facilitate

*Some authors have used these terms interchangeably.
The unequivocal definitions used here should avoid fur-
ther confusion.
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quantification of important variables are de—
scribed.

The Solid—Air Interface

Atoms or ions located at the surface of any
solid particle are exposed to a different distribu-
tion of intramolecular and intermolecular bond—

ing forces than those within the particle. As in—
dicated in Figure 4-1, they may be envisaged as
unsatisfied attractive molecular forces extend-

ing out some small distance beyond the solid
surface. This condition gives rise to what is
called the free surface energy of the solid, which
plays a major role in the interaction between
particles, and between a particle and its environ—
ment. Many important phenomena such as ad—
sorption, cohesion and adhesion, rate of solu-
tion, and crystallization are manifestations of
this fundamental property of all solids.

Because of these unsatisfied bonding forces at
the surface of particles, those that approach
each other closely enough are inherently at—
tracted and tend to stick to one another. This

attraction between like particles is called cohe—

 

   
 

 

‘33,
FIG. 4-1. Diagram of distribution of attractive bands be-
tween constituent ions or atoms in a solid, compared with
those at its surface.
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sion. In addition, when they approach other

types of particles or solid surfaces, they are at—
tracted to them, leading to what is termed adhe-
sion. These attractions give rise to an intrinsic
property of all bulk powdered solids: they resist
differential movement of their constituent parti—
cles when subjected to external forces. This phe-
nomenon has an important influence on several
operations, such as flow from hoppers or feed—
ers, relative motion in mixers, and compression
to produce granules or tablets.

The overall resistance to relative movement of

particles may be markedly affected by two other
factors. First, many powders of pharmaceutical
interest readily develop electrostatic forces, es—
pecially when subjected to internal friction, al—
though particle contact and separation are the
only prerequisite. The charge developed de—
pends on the particular material involved and
the type of motion produced in it. Usually, elec—
trostatic forces are relatively small, but may be
significant because they act over a greater dis-
tance than the molecular forces. The second fac—

tor, namely the presence of an adsorbed layer of
moisture on the particles, reduces the chance of
any complicating electrostatic effect by provid-
ing a conducting path for charge dissipation.

- When particles approach one another closely
enough, however, these films of moisture can
form liquid bridges which hold the particles to—
gether by surface tension effects and by a nega-
tive capillary pressure.

Angles of Repose
Although the contributions of each of these

effects cannot always be distinguished, there are
relatively simple practical techniques for measv
uring resistance to particle movement. For ex—
ample, a quantity called the angle of repose of a
powder can be determined. This is the angle (1)
as defined by the equationf”

TanCI>=ggi ( ;_.1 )

.It is the maximum angle that can be obtained
between the freestanding surface of a powder
heap and the horizontal plane, as shown in Fig—
ure 4-2a. Such measurements give at least a
qualitative assessment of the internal cohesive
and frictional effects under low levels of external

loading, as might apply in powder mixing, or in
tablet die or capsule shell filling operations.

”‘See Appendix A for explanation of symbols used in for-
mulas throughout this chapter.

Angle of repose methods, which result in a so—
called dynamic angle, are preferred, since they
most closely mimic the manufacturing situation,
in which the powder is in motion.

A typical dynamic test involves a hollow cylin—
der half-filled with the test powder, with one end
sealed by a transparent plate. The cylinder is ro-
tated about its horizontal axis (Fig. 4-2b), until
the powder surface cascades. The curved wall is
lined with sandpaper to prevent preferential slip
at this surface. In a second method, a sandpa-
per-lined rectangular box is filled with the pow;
der and carefully tilted until the contents begin
to slide, as shown in Figure 4-2c‘.‘ Values of (ID are
rarely less than 20°, and values of up to 40° indi~
cate reasonable flow potential. Above 50°, how-
ever, the powder flows only with great difficulty,
if at all.

With care, dynamic angle of repose measure-
ments can be replicated with relative standard
deviations of approximately 2%. They are partic-
ularly sensitive to changes in particle size distri-
bution and to moisture content, and they pro-
vide a rapid means of monitoring significant
batcheto-batch differences in these respects.

Flow Rates

Alternatively, resistance to movement of parti-
cles, especially for granular powders with little
cohesiveness may be assessed by determining
their flow rate Q through a circular orifice (a tab-
let die, for instance) fitted in the base of a
cylindric container. Flow experiments with mix—
tures of different size fractions of the same ma—

terial can be particularly valuable, because in
many instances, there exist optimum propor—
tions that lead to a maximum flow rate, as

shown in Figure 4—3. Note that for this system.
when the proportion of fine particles exceeds
approximately 40%, there is a dramatic fall in
the flow rate.1

A simple indication of the ease with which a
material can be induced to flow is given by appli-
cation of a compressibility index (1) given by the
equation:

1=[i——V—]-ioo (2)V0

where v is the volume occupied by a sample of
the powder after being subjected to a standard-
iZed tapping procedure, and v0 is the volume
before tapping. Values of 1 below 15% usually
give rise to good flow characteristics, but read-
ings above 25% indicate poor flowability.
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FIG. 4-2. Measurement of dynamic angles of repose, (I), as defined from the dimensions of a conical bed of the powder
(Figure 3), where tan (1) = twice the powder bed height (h)/powder bed diameter (D). Figures b and c represent the rotating
cylinder and tilted box methods of measurement, respectively.

Therefore, at least three interpretations ofMass-Volume Relationships
“powder volume” may be proposed:

Volume

Although the mass of a bulk powder sample 1. The true volume (Va—the total volume of the
can be determined with great accuracy, meas—
urement of the volume is more complicated than
it may first appear. The main problem arises in
actually defining volumes of bulk powders, as
may be seen from Figure 4—4, in which three
types of air spaces or voids can be distinguished:

solid particles, which excludes all spaces
greater than molecular dimensions, and
which has a characteristic value for each
material.

. The granular volume (particle volume) (va—
the cumulative volume occupied by the parti-
cles, including all intrapaiticulate (but not

1. Open intrapfirticulate voids—those within a interpaiticulate) voids. The boundary be-
Single partic e bUt open to the external env1- tween open intraparticulate and interparticu-
ronment. late air spaces may be interpreted differently,

2. Closed intraparticulate voids—those within a so that this interpretation of volume depends
single particle but Closed to the external envi- on the method of measurement.

ronment. . The bulk volume (vb)— the total volume oc—
3. Interparticulate voids—the air spaces be— cupied by the entire powder mass under the

tween individual particles.

68 f The Theory and Practice of Industrial Pharmacy

particular packing achieved during the meas-
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FIG. 4-3. Effect of fines on the rate of flmu of mixtures of
coarse granules (0.561 mm) as a function of increasing
amounts of fines: (A) 0.158 mm,- (o) 0.09 mm,- (1:)
0.059 mm,- (0) 0.048 mm. (From Jones.’ Reproduced with
permission of the copyright owner.)

urement. Thus, this interpretation also de—
pends on method.

When studying phenomena resulting in a
change in volume, it may be convenient to con—
sider the volume v of the sample under specific
experimental conditions, relative to the true vol-
ume VI. A useful dimensionless quantity relative
volume (v,) may be defined as:

V .

Vr ‘ 7t (3)

The relative volume decreases and tends thard

unity as all the air is eliminated from the mass.

Inter-
particulatevoids 
FIG. 4-4. Diagram of various intraparticulate and inter-
particulate air spaces in a bed of powder.

open
Intra— ’particulate -voids ‘

closed

This phenomenon occurs in compressional
processes such as tabletting.

The voids present in the powder mass may be
more significant than the solid components in
certain studies. For example, a fine capillary
network of voids or pores has been shown to
enhance the rate of liquid uptake by tablets,
which in turn increases the rate of their disinte—

gration. For this reason, a second dimensionless
quantity, the ratio of the total volume of void
spaces (v,,) to the bulk volume of the material, is
often selected to monitor the progress of com-V

pression. This ratio 7"- is referred to as the po-1:

rosity (E) of the material:

Vv = vb 7 VI: (4)

, v — v v
Therefore: porOSIty E =#= tVb Vb

Porosity is frequently expressed as a percentage:

E=100-[—1‘-] (5)Vb

For example, a cylindric tablet of 10 mm di-
ameter and 4 mm height weighed 480 mg and
was made from material of true density 1.6
g cm‘a. The bulk volume vb is given by:

V: X(—L)2Xicm3b " 10x2 10

(volume of a cylinder is mgh)

= (0.5)2 . 0.4 = 0.3142 cm3

The true volume of the solid is the true density
divided by the mass, that is:

_ 480 ; _O.48‘_ 3
Vti 1000 . 1.67—1’6 40.3cm

Therefore, the porosity E is:

0.3 ]_ fl0.3.142 _100(1 0.9548)

= 4.5% (approximately)

E ,="'1ro‘0'"‘- [1

several practical techniques are available for
measuring the volume of powder samples. Apart
from x-ray diffraction methods, the nearest ap—
proach to true volume is probably provided by a
helium pycnometer. This works on the principle
that within a sealed system containing helium (a
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nonadsorbing gas), the change in pressure
caused by a finite change in volume of the sys-
tem is a function of its total volume. A schematic

diagram for a typical apparatus is shown in Fig-
ure 4-5. During operation, the volume of the sys
tem is varied by means of the piston until a pre—
set constant pressure is produced. This pressure
is indicated by the sealed bellows pressure de—
tector, which incorporates an integral electrical
contact. The piston movement (U) necessary to
achieve this pressure is read off from the scale.
This value depends on the total volume of the
system, which in turn is a function of the sam-
ple volume in the cell. The pycnometer is first
calibrated using a sample of known volume vC
(usually a stainless steel sphere). The operating
equation for the instrument then becomes:

2L.
Ui—U2

V 1 [U1 — Us] (6)

where U1, U2 and US are the variable volume
scale readings for an empty cell, with standard
volume, and with test powder, respectively.

Alternatively in some instances, a large com-
pact of the material can be prepared at high
compressional force (therefore assuming zero
porosity). Then, by accurately measuring its
overall dimensions, true volume can be calcu—
lated. Liquid displacement by a powder pycnom-
eter (specific gravity bottle method) can also be
used, but unless special precautions are taken to
ensure that no air remains in the sample, the
results are prone to errors. For this reason. liq-
uid displacement is probably best regarded as a

Helium

Atmos. Vacuum 

 
electrical

/coniact

  
 

PRESSURE
SAMPLE DETECTOR

CELL

VARIABLE
VOLUME
PISTON

FIG. 4-5. Diagram of a helium pycnometer for determin-
ing the true volume of powders. The variable volume pis-
ton positions (U1. U2, and Us) are read off from the scale
and are used in equation (6) (see text).
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FIG. 46. Diagram of apparatus for determining the bulk
volume of powders.

measurement of granule volume, especially if
liquids that do not readily wet the powder are
used, e.g., certain inert organic liquids, or mer—
cury.

Bulk volumes are measured in a variety of
ways. ranging from simple pouring of a known
weight into a graduated vessel to sophisticated
techniques involving standard tamping, tape
ping, or vibrating procedures, as shown in Fig-
ure 4—6. In all these techniques, reproducibility
may be poor unless precise procedures are fol—
lowed, and of course, the results greatly depend
on the particular method Chosen.

Density
The ratio of mass (weight) to volume is known

as the density of the material. Three different
densities for powdered solids, based on the fol—
lowing ratios, may be defined.
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T = pt the true density1

M

v— = pg the granular densityg

VM = pb the bulk densityb

where M is the mass of the sample. Comparing
the density p of a sample under specific test con-
ditions with the true density (sometimes called
theoretical density) of the material leads to the
dimensionless quantity pr, the relative density,
where:

p
r=— 7

p p: ()

During compressional processes, relative den-
sity increases to a maximum of unity when all
air spaces have been eliminated.

Effect of Applied Forces

Defamation

When any solid body is subjected to opposing
forces, there is a finite change in its geometry,
depending upon the nature of the applied load.
The relative amount of deformation produced by
such forces is a dimensionless quantity called
strain. Three of the commonest kinds of strain

are illustrated in Figure 4—7. For example, if a
solid rod is compressed by forces acting at each
end to cause a reduction in length of AH from an
unloaded length of H0 (Fig. 4-7b), then the com-
pressive strain Z is given by the equation:

2 = AH/Ho (8)

The ratio of the force F necessary to produce this
strain to the area A over which it acts is called
the stress 0', that is:

' 0' = F/A (9)

Because most pgwder masses contain some
air spaces, true analogous behavior to a solid
body should not be‘expected. Nevertheless,
under low porosity conditions (high applied
forces), comparisons do provide a useful way of
interpreting experimental observations, as is
demonstrated in the following discussion.

 
FIG. 4-7. Diagram shows change in geometry (strain)
of a solid body resulting from various types of applied
force: tensile strain (a), compressive strain (b), and shear
strain (0).
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Compression
When external mechanical forces are applied

to a powder mass, there is normally a reduction
in its bulk volume as a result of one or more of

the following effects. The onset of loading is
usually accompanied by closer repacking of the
powder particles, and in most cases, this is the
main mechanism of initial volume reduction. as

shown diagrammatically in Figure 478. As the
load increases. however, rearrangement be
comes more difficult, and further compression
involves some type of particle defamation. If on
removal of the load. the deformation is to a large
extent spontaneously reversible, i.e., if it be-
haves like rubber, then the deformation is said
to be elastic. All solids undergo some elastic de-
formation when subjected to external forces.
With several pharmaceutical materials, such as
acetylsalicyclic acid and microerystalline cellu-
lose. elastic deformation becomes the dominant
mechanism of compression within the range of

 
/

deformation

 

 
on decompression

FIG. 4-8. Diagram of the effect ofcompressional force on a
brd of powder. '
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maximum forces normally encountered in prac~
tice.

in other groups of powdered solids, an elastic
limit, or yield point, is reached, and loads above
this level result in deformation not immediately
reversible on removal of the applied force. Bulk
volume reduction in these cases results from

plastic deformation and/or viscous flow of the
particles, which are squeezed into the remaining
void spaces, resembling the behavior of model—
ing clay. This mechanism predominates in ma—
terials in which the shear strength is less than
the tensile or breaking strength (see Fig. 4-7).
Conversely, when the shear strength is greater,
particles may be preferentially fractured, and
the smaller fragments then help to fill up any
adjacent air space. This is most likely to occur
with hard, brittle particles and in fact is known
as brittle fracture; sucrose behaves in this man-
ner. The predisposition of a material to deform
in a particular manner depends on the lattice
structure, in particular whether weakly bonded
lattice planes are inherently present.

Irrespective of the behavior of large particles
of the material, small particles may deform plas-
tieally, a process known as microsquashing, and
the proportion of fine powder in a sample may
therefore be significant. Asperities that are
sheared off larger, highly irregular particles
could also behave in this way, thus, particle
shape is another important factor.

The above account describes all of the possible
mechanisms that can contribute to a reduction

in the bulk volume of a bed of powder, when
subjected to external mechanical forces. The
chemicophysical characteristics of the material
being studied determine the contribution each
effect makes as the compressional load is in-
creased. All of the deformation effects may be
accompanied by the breaking and formation of
new bonds between the particles, which gives
rise to consolidation as the new surfaces are

pressed together.
The packaging of'bulk powders and the filling '

of hard gelatin capsules mestly involve bulk vol—
ume reductions achievable by’ repacking, and
possibly a minimal amount of deformation. At
the other end of the scale, in the tabletting proc-
ess—or in such specialized techniques as roll
compacting or extruding, which involve high
levels of compressive force—repacking, elastic
deformation, plastic deformation, and brittle
fracture may all take place.

Some deformation processes (plastic deforma-
tion, for example) are time-dependent and occur
at various rates during the compaction se-
quence, so that the tablet mass is never in a ’
state of stress/strain equilibrium during the ac-
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tual tabletting event. This means that the rate at
which load is applied and removed may be a crit-
ical factor in materials for which dependence on
time is significant. More specifically, if a plasti-
cally deforming solid is loaded (or unloaded) too
rapidly for this process to take place, the solid
may exhibit brittle fracture. This is a contribut-
ing factor to the well-known problem of structur-
ally failed tablets of some drugs as tablet ma-
chine speed is raised. Conversely, if the dwell
time under the compressive load is prolonged,
then plastic deformation may continue, leading
to more consolidation. This phenomenon has
recently been studied using a compaction simu~
lator, 2 whereby it was shown that the expansion
of acetaminophen tablets (a material with
known laminating tendency) during decom-
pression was particularly sensitive to dwell time
under a maximum load. For this reason, rela-
tively slower machine speeds and compression
rolls of large diameter sometimes help with trou-
blesome tablet formulations.

Consolidation

\Nhen the surfaces of two particles approach
each other closely enough (e. g., at a separation
of less than 50 nm), their free surface energies
result in a strong attractive force, a process
known as cold welding. The nature of the bonds
so formed are similar to those of the molecular

structure of the interior of the particles, but be-
cause of the roughness of the particle surface
(on a molecular scale), the actual surface area
involved may be small. This hypothesis is fa-
vored as a major reason for the increasing me-
chanical strength of a bed of powder when sub-
jected to rising compressive forces.

On the macroscale, most particles encoun—
tered in practice have an irregular shape, so that
there are many points of contact in a bed of pow—
der (see Fig. 4-4). Any applied load to the bed
must be transmitted through these particle con-
tacts; under appreciable forces, this transmis-
sion may result in the generation of considerable
frictional heat. If this heat is not dissipated, the
local rise in temperature could be sufficient to
cause melting of the contact area of the parti-
cles, which would relieve the stress in that par—
ticular region. In that case, the melt solidifies,
giving rise to fusion bonding, which in turn re—
sults in an increase in mechanical strength of
the mass.

Many pharmaceutical solids possess a low
Specific heat and poor thermal conductivity, so
that heat transfer away from the contact points
is slow. This behavior was quantified by Rankell
and Higuchi, 3 who were able to estimate, from

heat transfer kinetics, that temperatures high
enough to fuse typicalorganic medicinal sub—
stances were theoretically possible, The differ—
ences between this form of bond formation and

cold welding are somewhat pedantic; the end
results are essentially the same.

In both “cold” and “fusion” welding, the proc-
ess is influenced by several factors, including:

. the chemical nature of the materials

. the extent of the available surface

the presence of surface contaminantsescrow
the intersurface distances

The type and degree of crystallinity in a par—
ticular material influences its consolidative be—

havior tinder appreciable applied force. One of
the earliest reports of such influence was that of
Jaffe and Foss,4 who demonstrated that sub-
stances possessing the cubic lattice arrange-
ment were tabletted more satisfactorily than
those with a rhombohedral lattice, for example.
The isotropic nature of the former group might
be expected to contribute to better tabletting
because no alignment of particular lattice planes
is required. In addition they provide three equal
planes for stress relief at right angles to each
other. Lattice planes with the greatest separa—
tion undergo plastic defamation more readily,
since such planes are more weakly bonded. The
particles of most pharmaceutical powders con—
sist of small crystallites, or grains, aggregated in
a random manner so that their crystal planes are
not aligned with one another. Such an arrange-
ment adds to the material’s resistance to plastic
deformation.

Of course, there are many exceptions to gen-
eralizations of this kind. For example, of the two
chemically similar organic materials methacetin
and phenacetin, apparently only the former can
be tabletted without the tendency to laminate.
More importantly, perhaps, different polymor-
phic forms and crystal habits of the same com-
pound may not behave in the same way in terms
of compaction properties. Detection and evalua-
tion of these seemingly unavoidable changes in
the materials from bulk chemical plants, which
are responsible for many of our unanticipated
tabletting problems with established products,
are important. Routine testing of compaction
characteristics in some type of instrumented
tabletting machine constitutes a desirable and
informative part of such procedures.

One interesting observation on the more suc—
cessful direct compression excipients that are
commercially available concerns this “material
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structure” aspect of tabletting. Without excep-
tion, these products may be described as
microgranulations, since they consist of masses
of small crystallites randomly embedded in a
matrix of some glue-like (often amorphous) ma—
terial. Such a combination imparts the desired
overall qualities, which result in (1) strong tab-
lets by providing a plastically deforming compo-
nent (the matrix) to relieve internal stresses,
and (2) strongly bonding surfaces (the faces of
the crystallites) to enhance consolidation.5

The compressional process is affected by the
extent of the available surface, the presence of
surface contaminants, and the intersurface dis-
tances; if large, clean surfaces are brought into
intimate contact, then bonding should occur.
Brittle fracture and plastic deformation should
generate clean surfaces, which the compres-
sional force ensures are kept in close proximity.
This is an important rationale when considering
the tabletting process, since many of the prob-
lems that arise can be traced to interference in
these mechanisms. For example, such lubri-
cants as magnesium stearate form weak bonds,
so that overlubrication, or even overmixing of
lubricant into the tabletting mass, results in a
continuous coating of the latter, and hence in
some cases, weak tablets

Higuchi and his co—workers werevamong the
first to report experimental data in support of
these mechanisms for a pharmaceutical mate—
rial.6 They interpreted the plot of specific sur-
face area versus compressional force shown in
Figure 4-9 in terms of an initial increase in sur-
face area (region 0 to A) due to particle break—
down. At high loads (A to B), rebonding of sur-
faces became dominant, with a resultant
decrease in specific surface areas.

Years later, Armstrong and co—workers de-
scribed similar curves,7 but at high compres-
sional forces (see broken line in Fig. 4-9), they
showed that some materials were subject to an
increase in surface area. This increase was due

to incipient failure or lamination of the tablet
structure that resulted from considerable elastic

recovery on decompression.
The actual solubility of solids also depends

somewhat on the applied pressure, so that if a
film of moisture is present on the solid surface,
then the high pressures at points of solid contact
could force more material into solution. This dis—

solved solid would crystallize on relief of the
applied stress to form a solid bridge whose
strength‘would partly depend on the rate of this
recrystallization. In general, slow rates should
produce a more perfect crystal structure with
consequent higher strength.

The observation that tablets containing at
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SpecificSurfaceArea 
LOW Maximum Force HIGH

FIG. 4-9. The effect of increasing compressional force on
the specific surface area ofa powder mass. When a powder
mass is subjected u increasing compressional force, there
is initial particle fracture, which gives rise to increased
surface area (0 to A on graph). At some point (A), particle
rehonding becomes the dominant factor, and from then on,
surface area decreases (region A to B) unless tablet laminae
tion begins.

least a proportion of water—soluble component
are often more readily formed than those with-
out, may indicate this mechanism. The finding
that some overdried mixtures, in which mois-
ture residues are extremely low, have inferior
tabletting qualities may be further evidence.
The known internal lubricant property of water,
however, provides an alternative, and probably
complementary, explanation of the important
role of moisture.

At low levels of external force, molecular and
electrostatic forces are a source of attractive

tendencies between individual particles. This
attraction might be encountered in the mixing of
dry powders or in the filling of capsule shells.
Valency type molecular forces have an extremely
short range and are therefore unlikely to play a
major role at this stage. Van der Waals forces,
however, may exert a significant effect at dis-
tances up to 100 nm, so that once an agglomer—
ate of particles has been formed, they may serve
to prevent its breakdown. Electrostatic forces
generated by friction or size reduction, though
generally weaker than van der Waals forces, do
have a greater range and probably produce the
initial agglomerate formation in many materials.
Ionic chemicals involve the additional possibility
of surface polarization, which can produce
marked attractive tendencies. '

If the solid particles are soft. then deformation
under low loads could cause more intimate con-

tact between the particles and enhance the
above bonding mechanisms. Recently. however,
it has been shown that coating of a major tablet
ingredient by a lower melting point component
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FIG. 4-10. Plug strength tester. A device for measuring
the strength of the cohesive forces holding together the soft
powder plugs that are produced by some capsule machines.
The force necessary to split the plug using the strain,
gauged blade is measured.

(such as a lubricant) can sometimes lead to re-
duced tensile strength of tablets, especially if _
produced at slightly elevated temperatures
(10"C).8 It is thought that this effect is due to
masking of van der Waals forces between the
particles and the formation of welded bonds by
the coatings.

Some capsule filling machines operate on the
“dosator principle,” that is, formation of a soft
plug, which is transferred to the capsule shell.
in such machines, the plugs are commonly held
together by one or more of the foregoing mecha-
nisms.

A report by Augsburger and associates de—
scribed a simple test to measure the comparative
strength of different formulations in such pow-
der plugs;9 the apparatus is illustrated diagram-
matically in Figure 4-10. Hiestand has reviewed
in detail all the various mechanisms and their

applicability to pharmaceutical powder sys-
terns,‘o concluding that in tabletting, plastic de—
formation is the major mechanism leading to
increased areas of intimate contact, and hence
bonding. by cold welding.

Role of Moisture
At least some moisture is present in virtually

all capsule and tablet formulas and concentra—
tions well below the 1% level can dramatically
affect the behavior of these feed materials and

that of the finished product This is demon-
strated clearly by data such as that given in Fig»
ure 4-1], which shows that as little as 0.02%
moisture can affect the proportion of the applied
force transmitted to the lower punch,rand at
0.55% moisture, the behavior is actually the re—
verse of that for the totally dry material. A more
critical factor concerns the situation where the

0-8

0-7
 
0 10 20 30 40

FA [k N]
FIG. 4-1 1. Effect ofmoisture content on the ratio oftrans-
muted punch force to applied punch force. (After Shotton
and Rees”)

amount of moisture present on the powder sur-
faces isjust sufficient to fill the remaining voids
in the bed. Any further reduction in porosity,
e.g., as a result of increasing compressional
force, results in this water being squeezed out to
the surface of the tablet. This expelled moisture
may act as a lubricant at the die wall, but it could
also cause material to stick to the punch faces.

Recent experiments have shown the effect of
thermal dehydration on the crushing strength of
tablets made from certain hydrates.” The
stren'gth was found to depend on the tempera-
ture at which the dehydration was carried out.
Scanning electron microscopy confirmed that
dehydration had been accompanied by a change
in texture of the crystals, which led to a more
porous mass.

Moisture is also important in moist granula—
tion processes, in which most of the fluids in-
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volved are aqueous in nature. Therefore, before
the bonding produced in tablets is discussed in
more detail, the special consolidative process
that is involved in the granulation of powders by
the addition of a granulating liquid is consid—
ered

Granulation

Moist Granulation

Addition of a granulating liquid to a mass of
powder may be characterized in a series of
stages described by Nevvitt and Conway-Jones;12
these are illustrated in Figure 4-12. If the pow-

der particles are wetted during the initial stage
(Fig, 4-12A), liquid films will be formed on their
surface and may combine to produce discrete
liquid bridges at points of contact. The surface
tension and negative capillary pressure in such
bridges provide the cohesive force and result in
a condition called the pendular state, which has
comparatively low mechanical strength.

As the liquid content increases, several
bridges may coalesce, giving rise to the funicular
state (Fig. 4-12B), and a further modest increase
in the strength of the moist granule. Eventually,
as more liquid is added and the mass is kneaded
to bring particles into closer proximity, the void
spaces within the granule are entirely elimi-
nated. At this point, bonding is effected by inter-

 
FIG. 4-12. Stages in the development of moist granules as the proportion of liquid is increased: pendular (A), funicular
(B), capillary (C), and droplet (D). (After Newitt and Conway-Jones”)

76 ~ The Theory and Practice of Industrial Pharmacy
Page 86



Page 87

facial forces at the granule surface and by a neg-
ative capillary pressure throughout the interior
liquid—filled space, a condition referred to as the
capillary state (Fig. 4—12C). Further addition of
liquid results in droplet formation (Fig. 4-12D),
in which the particles are still held together by
surface tension, but without intragranular
forces; such structures are weaker. The capillary
state coincides with the maximum strength of
the wet granules, and optimization of many
granulation processes involves ensuring that
this state has been achieved. For example, gran-
ulation equipment can be instrumented with
torque measuring devices, which sense the
change in agitator power requirements at the
capillary stage, as shown in Figure 4-13.13

In many formulations, one or more compo-
nents are to some extent soluble in the granulat-
ing liquid, which itself may contain solutes,
such as binders. During drying, solid bridges
form in the granule as these soluble materials
crystallize or precipitate out. This process re-
sults in the often dramatic increase in granule
strength observed during their drying.

A small residual moisture content sometimes

optimizes strength, however, and is desirable for
other reasons, notably its, lubricant potential
during compaction at higher applied loads. Mi—
gration of soluble components to the surface of
the granule during drying may lead to a surface
layer that is atypical of the bulk. This in turn can
assist or hinder the consolidative performance of
the granules when they are subsequently com-
pressed. The migration rate can be reduced by
increasing the viscosity of the granulating fluid
and using fluidized bed drying, as opposed to the
slower process of tray drying. In addition, the
reports of other workers point strongly to opti—
mum moisture levels for particular formula-
tions.” Accurate moisture levels should there—
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FIG. 4-13. Plot of change in torque of mixer shaft during
addition of granulating fluid. Point F represents an appro-
priate end point to wet massing (Frmn‘Tmuers et al.13)

fore be determined routinely during formulation
development.

Properties of Granules
Several characteristics of finished granules

are of major significance because they can exert
a pronounced influence on the progress of the
subsequent tabletting process and the properties
of the tablets produced. These characteristics
include packing ability and flow properties of the
bulk material, together with individual granule
strength and porosity. Particle shape and size
distribution are important factors in packing and
flow. Although the former is not easy to describe
quantitatively, the use of shape factors, such as
those defined by Heywood,15 and exemplified in
the studies of Ridgeway and Rupp,16 have
proved useful. To be specific, particles of more
regular shape (nearly spherical) led to lower
angles of repose and higher bulk densities. In
general, these effects should result in better
granule flow properties, hence smaller tablet
weight variation and a more efficient compres-
sion/consolidation tabletting sequence.

Granule size distributions are best determined

by test sieving procedures, as described in
ASTM 447 A for example.17 The contribution of
particle size to possible performance is difficult
to generalize, but there is often an optimum pro-
portion of fine particles necessary to achieve op~
timum flow properties, as shown in Figure 4-3

The degree of packing in bulk granulation is
important in its relationship to die and dosator
filling. More specifically, the porosity of a tablet
produced under a certain compressive load is in
many cases a function of the initial porosity of
the packing in the die. One of the simplest ex-
pressions of this packing tendency is the com—
pressibility index, I, already described in equa-
tion (2). Compressibility index values up to 15%
usually result in good to excellent flow proper-
ties and indicate desirable packing characteris-
tics. Values for I above 25%, on the other hand,
are obtained from materials whose compres-
sional characteristics are often a source of poor
tabletting qualities. Between these two values,
less than optimum performance might be antici-
pated, and modification of the particle size dis-
tribution could be advisable.

Strength of Granules
Granules should possess sufficient strength to

withstand normal handling and mixing proc-
esses without breaking down and producing
large amounts of fine powder. On the other
hand, some size reduction during compaction
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into tablets is desirable to expose the areas of
clean surface necessary for optimum bonding
(cold welding) to take place.

Definition of “strength” with respect to indi-
vidual ganules may be interpreted in several
ways, depending on the method of applying the
test load. Strength may be expressed in terms of
compressive, tensile, shear, bending, impact,
and abrasion tests. Only compressive and abra-
sion tests have been sufficiently used to provide
the required data to establish general relation-
ships between strength and other tabletting
material or process characteristics.

The compressive strength, or crushing
strength, of granules has been investigated by
placing individual granules between platens and
breaking them by application of a compressive
"load. In many formulations, there is an optimum
range of average granule crushing strength for a
given granule size. Granule strengths below the
lower limit of this range may consolidate well,
but tend to break down during mixing, handling,
and precompression, to generate fines which
retard uniform die filling. Conversely, hard
granules retain their identity up to high com-
pressional forces, but may consolidate poorly
and give rise to weak tablets. Such tablets may
disintegrate readily but sometimes have poor
dissolution characteristics.

Abrasion tests, which involve standardized
tumbling of granules, can also be valuable in
assessing their handling properties and in read-
ily comparing the strength of different batches.
This type of test involves tumbling a known
weight of granules for a specified time and 'then
determining particle size distribution changes.
More specifically, the increased proportion of
fine powder, i.e., fines (of which the average par—
ticle size is less than '75 microns, or 200 mesh),
is noted.

The quantity of granulating fluid used, and
the concentration of any added binder are the
major factors contributing to an increase in
granule strength. One report has demonstrated
that for a given material, smaller initial particle
sizes led to granules of greater strength, presum—
ably because of the increased occurrence of in—
terparticulate contacts.18 Smaller granules
tended to be weaker, probably because they had
not been subjected to as much work during their
development.

Soft, porous granules tend to form tablets that
are better consolidated under lower compres-
sional forces than tablets prepared from hard
and dense granules. In addition, the latter some-
times demonstrate poor dissolution characteris-
tics as well as inferior appearance, but they are
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less friable and often have a more regular shape,
thereby enhancing die-fill uniformity.

Compression and Consolidation

under High Loads
The processes of tabletting, roll compaction,

and extrusion all involve the application of mas-
sive compressive forces, which induce consider-
able deformation in the solid particles. With
many pharmaceutical solids and perhaps most
tabletting mixtures, these forces are large
enough to exceed the elastic limit of the solid (or
at least that of one component of the mixture).
Plastic deformation and/or brittle fracture then

results in the generation of new, clean surfaces,
which being pressed against one another, un-
dergo cold welding. When the compaction force
reaches its maximum, a bulk solid structure of a
certain overall strength will have been pro-
duced.

Irrespective of the bonding mechanism, this
structure must be strong enough to withstand
the new stresses induced during release of the
applied load and those generated by ejection
from the die (in the case of tabletting). Ideally,
relief of these stresses by elastic recovery is pre—
ferred, since at this stage, plastic deformation—
and even worse, brittle fracture—may result in
small failure planes, if not complete lamination,
since any new surfaces tend to separate rather
than consolidate. _

During normal tabletting operations, consoli-
dation is accentuated in those reg’ons adjacent
to the die wall, owing to the intense shear to
which material is subjected, as it is compressed
axially and is pushed along the wall surface.
This consolidation results in a “skin” of material

that is denser over the lateral tablet surface thanin the rest of the tablet mass. This skin is in

some cases visible to the naked eye. Although
this thin layer of material may contribute to ab-
rasion resistance, it may retard the escape of air
during compression and the ingress of liquid
during dissolution, both undesirable features.
For these reasons, smaller tablet height-to—diam-
eter rati0s are preferred. This situation is advan-
tageous from additional standpoints, which are
now to be considered.

The resistance to differential movement of

particles caused by their inherent cohesiveness
results in the applied force not being transmitted
uniformly throughout the entire mass. More
specifically, in the case of a single-station press,
the force exerted by the upper punch diminishes
exponentially at increasing depths below it.
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Thus, the relationship between upper punch
force FA and lower punch force FL“ may be ex—
pressed in the form:

FL = FA - e—KH/D (10)

where K is an experimentally determined mate-
rial-dependent constant that includes a term for
the average die-wall frictional component The
values H and D are the height and diameter of
the tablet, respectively.

The discrepancy between the two punch
forces should be minimized in pharmaceutical
tabletting operations, so that there is no signifi—
cant difference in the amount of compression
and consolidation between one region of the tab-
let and another. Reduction of die-wall friction
effects by having smaller tablet height~to—diame—
ter ratios and by adding a lubricant is therefore
common practice. Because of their important
role in the progress of the compressional se-
quence, frictional effects warrant further discus-Slon.

Efiects of Friction
At least two major components to the fric—

tional forces can be distinguished.
1. Interparticulate friction. This arises at par—

ticle/particle contacts and can be expressed in
terms of a coefficient of interparticulate friction
1.1,; it is more significant at low applied loads.
Materials that reduce this effect are referred to

as glidants. Colloidal silica is a common exam-
ple.

2. Die-wall friction. This results from material
being pressed against the die wall and moved
down it; it is expressed as Mm the coefficient of
die—wall friction. This effect becomes dominant

at high applied forces when particle rearrange-
ment has ceased and is particularly important in
tabletting operations. Most tablets contain -a
small amount of an additive designed to reduce
die-wall friction; such additives are called lubri-
cants. Magnesium stearate is a common choice.

*The various loads on a powder bed are sometimes ex-
pressed in terms of force, the preferred units being new-
tons (N). In other instances, the force acting over a unit
cross-sectional area is used, Le, a pressure. The unit in
this case is the newton per square meter, which is called a
pascal (Pa). To facilitate comparison, expressions origi—
nally derived in other units have been converted to this
(SI) system throughout this chapter. (See Appendix B for
equivalents and conversion factors.)

Force Distribution

Most investigations of the fundamentals of
tabletting have been carried out on single-sta-
tion presses (sometimes called eccentric
presses), or even on isolated punch and die sets
in conjunction with a hydraulic press. The sys-
tem represented diagrammatically in Figure
4-14 is typical of such arrangements, with force
being applied to the top of a cylindric powder
mass. This simple compaction system provides a
convenient way to examine the process in
greater detail. More specifically, the following
basic relationships apply. Since there must be
an axial (vertical) balance of forces:

FA = FL + FD (11)

where FA is the force applied to the upper
punch, FL is that proportion of it transmitted to
the lower punch, and FD is a reaction at the die

 
FIG. 4-14. Diagram of a cross section of a typical simple
punch and die assembly used for compaction studies,
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wall due to friction at this surface. Because of

this inherent difference between the force ap-
plied at the upper punch and that affecting ma-
terial close to the lower punch, a mean compac»
tion force, FM, has been proposed, where:

F+F

FM: A2 L (12)

A recent report confirms that FM offers a prac-
tical friction—independent measure of compac-
tion load, which is generally more relevant than
FA.19 In single-station presses, where the ap-
plied force transmission decays exponentially as
in equation (10), a more appropriate geometric
mean force, F6, might be:

Fc = (FA ' FL)”5 (13)

Use of these force parameters are probably more
appropriate than use of FA when determining
relationships between compressional force and
such tablet properties as tablet strength.

Development of Radial Force
As the compressional force is increased and

any repacking of the tabletting mass is com-
pleted, the material may be regarded to some
extent as a single solid body. Then, as with all
other solids, compressive force applied in one
direction (e.g., vertical) results in a decrease AH
in the height, i.e., a compressive stress as in Fig—
ure 4-7b. In the case of an unconfined solid

body, this would be accompanied by an expan-
sion in the horizontal direction of AD. The ratio

of these two dimensional changes is known as
the Poisson ratio A of the material, defined as:

_ AD.
A — AH (14)

The Poisson ratio is a characteristic constant

for each solid and may influence the tablettirrg
process in the following way. Under the condi—
tions illustrated in Figure 4-14, the material is
not free to expand in the horizontal plane be-
cause it is confined in the die. Consequently, a
radial die—wall force FR develops perpendicular
to the die-wall surface, materials with larger
Poisson ratios giving rise to higher values of FR.
Classic friction theory can then be applied to
deduce that the axial frictional force FD is re-

‘ lated to FR by the expression:

FD = #w ' FR (15)

where aw is the coefficient of die-wall friction.
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Note that FR is reduced when materials of small
Poisson ratios are used, and that in such cases,
axial force transmission is optimum.

The frictional effect represented by I—Lw arises
from the shearing of adhesions that occurs as
the particles slide along the die wall. It follows
that its magnitude is related to the shear
strength S of the particles (or the die-wall-parti-
cle adhesions if these are weaker) and the total
effective area of contact Ae between the two sur-
faces. Therefore, force transmission is also real-
ized when FD values are reduced to a minimum,
which is achieved by ensuring adequate lubrica-
tion at the die wall (lower S) and maintaining a
minimum tablet height (reducing A9).

A common method of comparing degrees of
lubrication has been to measure the applied and
transmitted axial forces and determine the ratio

FL/FA. This is called the coefficient of lubricant
efficiency, or R value.20 The ratio approaches
unity for perfect lubrication (no wall friction),
and in practice, values as high as 0.98 may be
realized. Values below 0.8 probably indicate a
poorly lubricated system. Values of R should be
considered as relating only to the specific system
from which they were obtained, because they
are affected by other variables, such as compres—
sional force and tablet H/D ratio.

Die-wall Lubrication

Most pharmaceutical tablet formulations re-
quire the addition of a lubricant to reduce fric-tion at the die wall. Die—wall lubricants function

by interposing a film of low shear strength at the
interface between the tabletting mass and the
die wall, as-illustrated in Figure 4-15. Preferably,
there is some chemical bonding between this
“boundary” lubricant and the surface of the die
wall as well as at the edge of the tablet. The best
lubricants are those with low shear strength but
strong cohesive tendencies in directions at right
angles to the plane of shear. Table 4-1 gives the
shear strength of some commonly used lubri-

 

 

+—>
lubrlcant stronglycoheslve In thls

planeTlubricant shears
readily In thls plane

_ strong
bonding

FIG. 4-15. Diagram illustrates the preferred characteris-
tics of die wall lubricants.
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TABLE 4-1. The Shear Strength of Some Lubricants 

 
Material Shear Strength Material Shear Strength

(M Pa) (M Pa)

Stearic acid 1.32 Sodium stearate 3.32
Calcium stearate 1.47 Talc with grain 6.20
Hard paraffin 1.86 Talc across grain 7.85
Magnesium stearate 1.96 Boric acid 7.16
Potassium stearate 3.07 Graphite 7.35 

cants as measured by a punch penetration test.
By utilizing materials with low shear strength as
lubricants, shear failure occurs in the lubricant
layers and not at the compressed powder or re-
sultant wall interfaces (Fig. 4-15).

Ejection Forces
Radial die-wall forces and die-wall friction also

affect the ease with which the compressed tablet
can be removed from the die. The force neces-

sary to eject a finished tablet follows a distinctive
pattern of three stages. The first stage involves
the distinctive peak force required to initiate
ejection, by breaking of tablet/die-wall adhe—
sions. A smaller force usually follows, namely
that required to push the tablet up the die wall.
The final stage is marked by a declining force of
ejection as the tablet emerges from the die. Vari-
ations on this pattern are sometimes found, es—
pecially when lubrication is inadequate and/or
“slip-stick” conditions occur between the tablet
and the die wall, owing to continuing formation
and breakage of tablet/die—wall adhesions. Worn
dies, which cause the bore to become barrel-
shaped, give rise to a similar abnormal ejection
force trace and may lead to failure of the tablet
structure.

A direct connection is to be expected between
die wall frictional forces and the force required
to eject the tablet from the die, FE. For example,
well-lubricated systems (as indicated by a large
R value) have been shown to lead to smaller FE
values.

Force-Volume Relationships
The end of the compressional process may be

recognized as being the point at which all air
spaces have been eliminated, i.e., vb = v1 and
therefore E = O. A small residual porosity is de-
sirable, however, so there is particular interest

in the relationship between applied force F6 and
remaining porosity E. Originally, it was ‘sug-
gested that decreasing porosity resulted from a
two—step process: (1) the filling of large spaces

by interparticulate slippage and (2) the filling of
small voids by deformation or fragmentation at
higher loads.

This process can be expressed mathemati-
cally'.”

E0 — E *2 4‘4—-—= _ 1 16
Eo-(l-E) KleP+K3eP ()

where E0 is the initial porosity, E is the porosity
at pressure P, and K1, K2, K3 and K4 are con-
stants. The two terms on the right side of the
equation refer to steps (1) and (2) respectively.
Although equation (16) so far has only been
shown to fit data from a few materials (such as
alumina and magnesia), it does establish that y
the degree of compression achieved for a given
load depends upon the initial porosity (ED).

Therefore, the common practice of comparing
different formulations by means of testing tab-
lets of the same weight is undesirable. One vari-
able is eliminated if experiments are carried out
on tablet masses of the same true volume, and
allowance should be made for varying initial val-
ues of bulk volume (Vb) when interpreting the
results.

A more complex sequence of events during
compression involves four stages, as illustrated
by the data in Figure 4-16. Stage 1 represents the
initial repacking of the particles, followed by
elastic deformation (stage ii) until the elastic
limit is reached. Plastic deformation and/or brit-
tle fracture then dominates (stage iii) until all
voids are virtually eliminated. At this point, the
onset of stage iv, compression of the solid crystal
lattice, occurs.

Attempts that have been made to derive equa-
tions for the first three stages, are of limited
value, because in practice, the stages are not
totally sequential. Owing to transmitted force
variation, they may occur simultaneously in dif-
ferent regions of the same tablet.

In many tabletting processes, however, once
appreciable force has been applied, the relation-
ship between applied pressure (P) and some vol—
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Log F

FIG. 4-16. Decreasing porosity with increasing compres-
sional force for single-ended pressing.

ume parameter such as porosity (E) does be—
come linear over the range of pressure
commonly used in tabletting (region iii in Fig.
4-16). For example, an equation first suggested
by Shapiro has been shown to fit data obtained
from several pharmaceutical materials:22

Log E = Log EO — KP. (17)

where E0 is the porosity when the pressure is
zero, and K is a constant. Another equation for
which there is considerable evidence, is attrib—
uted to Walker:23

 

1_E=K1—K2-LogP (18)

Heckel Plots

The foregoing equations have been criticized
because some of the constants apparently lack
physical significance. Another equation, cred-
ited to Heckel,”1 is free from this empiricism,
however. The Heckel equation is based upon
analogous behavior to afirst-order reaction,
where the pores in the mass are the reactant,
that is:

Log % = KYP + K, (19)

where Ky is a material-dependent constant in-
. versely proportional to its yield strength S

(Ky = 1/38), and KT is related to the inital re-
packing stage, and hence E0. The above relation-
ships ‘may be established by simply measuring
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the applied compressional force F and the move-
ments of the punches during a compression
cycle and translating this data into values of P
(applied pressure) and E (porosity). For a
cylindric tablet, P is given by:

4F

P = 77' _ D2 (20)

 

where D is the tablet diameter. Similarly, values
of E can be calculated for any stage from:

4w

p,-7r-D2-Hl (21)E = 100 ‘ [1 —

where w is the weight of the tabletting mass, pt
is its true density, and H is the thickness of the
tablet at that point (obtained from the relative
punch displacement measurements). (See pre—
vious section, “Mass-Volume Relationships”)

The particular value of Heckel plots arises
from their ability to identify the predominant
form of deformation in a given sample. Materials
that are comparatively soft and that readily un-
dergo plastic deformation retain different de-
grees of porosity, depending upon the initial
packing in the die.25 This in turn is influenced
by the size distribution, shape, etc. of the origi—
nal particles. Heckel plots for such materials are
shown by type a in Figure 4—17; sodium chloride
is a typical example.

Conversely, harder materials with higher yield
pressure values usually undergo compression by
fragmentation first, to provide a denser packing.
Label b in Figure 4—17 shows Heckel plots for
different size fractions of the same material that

are typical of this behavior. Lactose is one such
material.

Type a Heckel plots usually exhibit a higher
final slope (Ky) than type b, which implies that
the former materials have, as expected, a lower
yield stress. Hard, brittle materials are, in gen-
eral, more difficult to compress than soft, yield-
ing ones because fragmentation with subse-
quent percolation of fragments is leSs efficient
than void filling by plastic deformation. In fact,
as the porosity approaches zero, plastic deforma-
tion may be the predominant mechanism for all
materials.

The two regions of the Heckel plot are thought
to represent the initial repacking stage and the
subsequent deformation process, the point of
intersection corresponding to the lowest force at
which a coherent tablet is formed. In addition,
the crushing strength of tablets can be corre-
lated with the value of Ky of the Heckel plot;
larger values of Ky usually indicate harder tab—
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type 'b'

Compressional Force

FIG. 4-17. Examples of Heckel plots. Curves i, ii, and iii
represent decreasing particle size fractions of the same
material. Type a curves are typical ofplastically deforming
materials, while those in which fragmentation occurs ini-
tially tend to show type b behavior.

lets. Such information can be used as a means of

binder selection when designing tablet formula-
tions. Note that Heckel plots can be influenced
by the overall time of compression, the degree of
lubrication, and even the size of the die, so that
the effect of these variables can also be studied.

Another important factor in the use of all
force—porosity relationships is that for many for-
mulations, there is a relatively narrow optimum
residual porosity range that provides adequate
mechanical strength, rapid water uptake, and
hence, good disintegration characteristics. It is
to the formulators' advantage to identify this 0p—
timum range and be able to predict compressing
conditions needed to reach it. In addition to the

predictive capability, establishing behavioral
patterns for a given formulation (so-called “fin-
ger-printing”) may provide valuable diagnostic
information in the event that a particular batch
of the product causes problems.

Note also that the initial porosity can affect
the course of the entire compressional se-
quence, and that in general, slow force applica-
tion leads to a low porosity for a given applied
load.

Decompression
In operations such as tabletting, the compres-

sional process is followed by a decompression

stage, as the applied force is removed. This leads
to a new set of stresses within the tablet as a

result of elastic recovery, which is augmented by
the forces necessary to eject the tablet from the
die. Irrespective of the consolidation mecha-
nism, the tablets must be mechanically strong
enough to accommodate these stresses; other-
wise, structural failure will occur.

For this reason, studies in which data are col—
lected during both parts of the cycle have proved
valuable. In particular, the degree and rate of
relaxation within tablets, immediately after the
point of maximum compression, have been
shown to be characteristic for a particular sys—
tem. Recording this phase of the cycle as well
can provide valuable insight into the reasons
behind inferior tablet quality and may suggest a
remedy. For example, if the degree and rate of
relaxation are high, addition of some plastically
deforming component, such as polyvinyl pyrroli-
done, may be advisable to reduce the risk of pro—
nounced recovery leading to structural failure.

If the stress relaxation process involves plastic
flow,,it may continue after all compressional
force/ has been removed, and the residual radial
pressure will decay with time. The plastic flow
can be interpreted in terms of a viscous arid elas—
tic parameter in series.26 This interpretation
leads to a relationship of the form:

Log Ft = Log F,m - Kt (22)

where Ft is the force left in the viscoelastic re-
gion at a time t, arid Fm is the total magnitude of
this force at time t = O (i.e., when decompress-
ion begins). K is the viscoelastic slope and a mea-
sure of the degree of plastic flow. Materials with
higher K values undergo more plastic flow; such
materials often form strong tablets at relatively
low compaction forces.

Alternatively, the changing thickness of the
tabletting mass due to the compactional force,
and subsequently due to elastic recovery during
unloading, can be used to obtain a measure of
plastoelasticity, 7.27 Specifically:

__ Ho _ Hr—Hm
V‘ Hm Ho—Hm

 

(23)

where Ho, Hm, arid Hr are the thickness of the
tablet mass at the onset of loading, at the point of
maximum applied force, and on ejection from
the die, respectively. A linear relationship be-
tween y and log reciprocal of the tensile strength
of the tablets has been demonstrated.27 In gen-
eral, values of y above 9 tend to produce tablets
that are laminated or capped.
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Compaction Profiles

Monitoring of that proportion of the applied
pressure transmitted radially to the die wall has
been reported by several groups of workers. For
many pharmaceutical materials, such investiga-
tions lead to characteristic hysteresis curves,
which have been termed compaction profiles.
Figure 4-18 is a typical example. Remember that
the radial die-wall force arises as a result of the

tabletting mass attempting to expand in the hor—
izontal plane in response to the vertical com—
pression. The ratio of these two dimensional
changes, the Poisson ratio, is an important mate—
rial-dependent property affecting the compres—
sional process. The ratio is a property of solid
bodies, however, and not necessarily of a porous
mass of particulate solid. The anomalous results
discussed in the literature may well reflect this
important distinction, but certain qualitative
deductions may still be possible.

For instance, when the elastic limit of the
material is high, elastic deformation may make
the major contribution, and on removal of the
applied load, the extent of the elastic relaxation
depends upon the value of the material’s modu-
lus of elasticity (Young’s modulus). If this value
is low, there is considerable recovery, and unless
a strong structure has been formed, there is the
danger of structural failure. Maximum compres‘
sional force levels are particularly important in
such cases, since most of the stored energy is
released on removal of the applied load. Con—
versely, if the modulus of elasticity is high, there
is a small dimensional change on decompression
and less risk of failure. The area of the hysteresis

RadialPressure 
0 Axial Pressure

FIG. 4-18. Examples of compaction profiles. Dotted line
0 to A represents a'highly variable response due to repack-
ing, while at A, elastic defamation becomes dominant and
continues until the elastic limit B is reached. From B to
the point ofmaximum compression C, deformation is pre—
dominantly plastic, or brittle fracture is taking place. The
decompression process C to D is.accornpanied by elastic
recovery, and if a second yield point (D) is reached, by
plastic defamation or brittle fracture D to E. The decom-
pression line B to C’ represents the behavior of a largelyelastic material.
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loop (OABC’) indicates the extent of departure
from ideal elastic behavior, since for a perfectly
elastic body, line BC’ would coincide with AB.

In many tabletting operations, the applied
force exceeds the elastic limit (point B), and brit-
tle fracture and/or plastic deformation is then a
major mechanism. For example, if the material
readily undergoes plastic deformation with a
constant yield stress as the material is sheared,
then the region B to C should obey the equation:

PR = PA — 28 (24)

where S is the yield strength of the material.
Note that the slope of this plot is unity, so that
marked deviation from this value may indicate a
more complex behavior. Deviation could also be
due to the fact that the material is still signifi—
cantly porous, which would invalidate the anal-
ogy to a solid body. Until this difference can be
resolved, little is to be gained in proposing math—
ematical solutions for the region BC, which is
often nonlinear anyway. This does not mean,
however, that compaction profiles themselves
cannot provide further useful information.

For example, since point C represents the sit~
uation at the maximum compressional force
level, the region CD is therefore the initial relax-
ation response as the applied load is removed. In
practice, many compaction profiles exhibit a
marked change in the slope of this line during
decompression, and a second yield point (point
D) has been reported.

Perhaps the residual radial pressure (inter-
cept E0), when all the compressional force has
been removed, is more significant, since this
pressure is an indication of the force being
transmitted by the die wall to the tablet. As such,
it provides a measure of possible ejection force
level and likely lubricant requirements; if pro-
nounced, it suggests a strong tablet capable of at
least withstanding such a compressive pressure.

. Conversely, a low value of residual radial pres—
sure, or more significantly, a sharp change in
slope (DE) is sometimes indicative of at least
incipient failure of the tablet structure. In prac-
tical terms, this may mean introducing a plasti-
cally deforming component (e.g., PVP [polyvinyl
pyr'rolidone'] as binder, starch as diluent) to facil-
itate dissipation of these stresses, and hence a
more gradual change in slope of the decom-
pression plot, a preferred feature. In one recent
study,28 modified compaction profiles (PA — PR)
versus (PA + PR) were able. to distinguish be-
tween readily consolidating and nonconsolidat-
ing materials. Specifically, two characteristic
parameters (a normal stress value at zero shear
and a minimum shear stress value), obtained
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from the unloading portion of the cycle, were
shown to correlate with tensile strength and sur-
face hardness of the compacted materials.

Energy Involved in Compaction

Tablet machines, roll compactors, extruders,
and similar types of equipment require a high
input of mechanical work. The ways in which
this work is converted into other forms of energy
during these processes is of interest in both re-
search and production areas. More specifically,
the work requirement is a key factor in machine
design, and any proportion of the applied energy
stored in a product such as a tablet retains a de-
structive capability.

The work involved in various phases of a tab-
let or granule compaction operation includes
(1) that necessary to overcome friction between
particles, (2) that necessary to overcome friction
between particles and machine parts, (3) that
required to induce elastic and/or plastic defor—
mation of the material, (4) that required to
cause brittle fracture within the material, and
(5) that associated with the mechanical opera—
tion of various machine parts.

Normally, an appreciable amount of the en-
ergy supplied is converted to heat, which of
course does not contribute toward the main ob-

jective of the process. On a theoretic basis, how-
ever, this heat does provide a‘means of’monitor—
ing the energy balance in the system. For
example, one of the earliest, experimental re-
ports was that of Nelson and associates,29 who
compared the energy expenditure in lubricated
and unlubricated sulfathiazole granulations as
shown in Table 4-2. Lubrication reduced energy
expenditure by 75%, chiefly because of a lessen—
ing of the major component, namely energy uti-
lized during ejection of the finished tablet. Note
that lubrication has no apparent effect on the
actual amount of energy required to compress

TABLE 4~2 Energy Expended in Compression of

_ 400 mg Sulfathiazole Granulation
 

the material, i.e., overcome resistance to relative
interparticulate movement.

These workers' estimation of the total work

involved, WT, was obtained by monitoring
punch force and the distance D through which it
acted, so that: .

WT: f F~dD <25)DF=0

which represents the area under the entire
force—displacement plot (the area ABC in Fig.
4—19). '

This approach oversimplifies the true picture
because, as can be seen from Figure 4-19, in
which both punch forces and punch displace-
ment data have been collected throughout an
entire compression-decompression press cycle,
WT comprises at least three components?0 The
region WF represents the work done in overcom-

B

(kN)

FORCE 
A DISPLACEMENT (mm) 0

(upper punch)

FIG. 4-19. Example of force-displacement (F—D) curve.
(A) upper punch force; (A) lower punch force. The area
WF represents the work done in overcoming friction, while
that of area WD is the elastic defamation energy stored in
the tablet during compression. Thus, WN is the net me-
chanical energy actually used to form the tablet.

 

 

Compression Energy Expended (Joules)
P

rocess Unlubricated Lubricated

Compression 6.28 6.28
Overcoming die wall'friction 3.35 negligible
Upper punch withdrawal 5.02 negligible
Tablet ejection 21.35 209

TOTALS 3600 8.37 

After Nelson et all29
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ing friction and therefore depends upon the
properties of the tablet mass. WN is the net me—
chanical energy actually used to form the tablet,
and WD is the elastic deformation energy stored
in the tablet initially, but released during de-
compression. If the top punch moves too quickly
during this decompression, contact with the tab-
let may be lost. In this eventuality, the complete
work of elastic recovery of the tablet is not trans-
ferred to the punch face, and an error is intro-
duced into the decompression curve.

Early investigators of the technique overcame
the problem by compressing the tablet a second
time before ejecting it from the die.23 The sec-
ond compression-decompression cycle provides
a measure (Wm) of the net energy required to
recompress the material to the point B (in Fig.
4-19). Wm is equivalent to the amount of energy
involved in the elastic recovery of the tablet.

Force-Displacement (F-D) Curves
Distinctive F-D curves related to the stress/

strain properties of the materials involved have
now been reported by several groups of work-
ers.3°'33 The technique has been shown to pro-
vide a more sensitive method for evaluating lu—
bricant efficiency than the widely quoted R
value (which is the lower to upper punch force
ratio).31 For example, the data given in Table 4—3
show that R values are incapable of distinguish—
ing between the result of incorporating lubricant
in the granulation and the result of coating it on
the die wall. The WN measurements, however,
clearly indicate the lower energy expenditure if
the granulation is lubricated.

The wider utility of F-D curves is exemplified
by their application to the selection of a ”best”
binder (from gelatin, starch, and methylcellu-
lose) for a sulphonamide tablet, by determining
the contribution of the three components WF,
WN, and WD to the total work WT.33 A plot of WN
versus maximum compressional force produced
curves such as those shown in Figure 4—20.

TABLE 4-3 Compression of 300 mg at 440 M Pa

Unlubiicated

Coefficient of
Lubrication, R 0.84
Net Work for

Compression (Nm) 5.6
Remaining Lower
Punch Pressure (MPa) 3.2

NETINPUT

(Nm)
0;

A

N 
20 310 o

COMPRESSIONAL FORCE (kN)

FIG. 4-20. Binder selection using net energy input during
tabletting process. Because of correlation between mechan-
ical strength of tablets and net energy input, gelatin is the
binder of choice in this example. (After deBlaey et alas)

Since good correlation is usually found between
WN and the crushing strength of the tablets, gel-
atin in this example would be chosen as the best
binder. Note too the pronounced flattening of
the curve for starch, so that compression of this
formulation at maximum FA values above the
,point of inflection would not be helpful and
might even be deleterious, owing to increased
elastic recovery that could lead to structural fail-
ure of the tablet.

Because the rate of compression is known to.
affect the tablettrng process, an extension of the
use of F-D curve data has been suggested.34
This proposition takes into account the rate of
loading by monitoring the power expended,
rather than the work involved. In practice, the
area under the F-D curve is divided by the time
over which the force is applied.

Strength of Tablets
The mechanical strength of tablets has been

described in a variety of ways, including hard—
ness, bending strength, fracture resistance, fria—
bility, and crushing strength.35

Die Wall Granulation
Lubricated Lubricated

0,98 0.98

4.4 ' 3.4

2.5 2.5 

After deBlaey and Polderman?’l
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Crushing Strength
The most popular estimate of tablet strength

has been crushing strength, SC, which may be
defined as “that compressional force (FC) which,
when applied diametrically to a tablet, just frac—
tures it.”36 Most practical tests involve placing
the tablet on or against a fixed anvil and trans-
mitting the force to it by means of a mOVing
plunger, until the tablet just fractures. Since
tablets are anisotropic and test conditions rarely
provide well-defined uniform stresses, full and
exact interpretation of findings is difficult. With
flat—faced anvil and plunger, the failure may be
compressive (i.e., the tablet is crushed). If one of
them is knife—edged, however, then it is more
likely to be tensile (tablet splits open across a
diameter). It may then be described by the equa—
tion:

2F,
81-2 D‘

 
(26)

where ST is the tensile strength, and D and H
are the diameter and thickness of the tablet, re-
spectively.

It has been suggested that the work Wf re-
quired to cause tablet failure correlates better
with other mechanical strength tests and is a
more sensitive parameter for comparison with
other tabletting parameters. W, is obtained from
the equation:

= 2
7TDH

 

wf ~ de2 (27)

where F is the force applied to the tablet and z,
the deformation resulting from it, is represented
by the relative displacement of the anvil and
plunger.

Many crushing-strength testers are described
in the literature, and several are available com-
mercially. Comparisons of these have been
made,36 and three important sources of variabil-
ity or error have been identified. Many older
manually operated types had a rate of loading
that was operator—controlled; this could affect

‘the value of SE obtained. The zero setting was
indeterminate in some cases, and in a few, the
scale reading did not accurately indicate the ac-
tual load being applied. For these reasons, in-
struments should be calibrated and checked pe-
riodically, especially if this property is being
correlated with other characteristics.

Many reports relate crushing strength to other
process and tablet parameters.37 Among the
most.widely quoted relationships are linear pro—
portionality with disintegration time and log FA,

and inverse proportionality with porosity, over
normal ranges of compressional force.38

Failure may be propagated through the tablet
along individual granule boundaries or through
the granules themselves, depending on whether
the granular bonding is weaker or stronger than
that between their compo’site particles. If frac-
ture tends to occur across granules, then gran—
ule size influences tablet strength, smaller sizes
leading to greatest strength for a given compres—
sional pressure.39 Conversely, if fracture along

granule boundaries predominates, granule size
may have little influence on strength.

Knudsen proposed a general equation of the
for‘rnz'40

SC = K - d “ (28)

Where d is the mean particle diameter. and the
constant a is a material—dependent property. The
results of Shotton and Ganderton supported this
proposal,41 as can be seen from the data given in
Figure 4—21. The presence of lubricants. how—
ever, can nullify or even reverse the trends
shown in this figure, because of the weakening
of interparticle bonds.

The inherent cohesiveness of very fine parti—
cles may enhance the consolidation process and
lead to even stronger tablets for a particular
compressive force. On the other hand, their rela-
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FIG. 4-21. Effect ofparticle size on the crushing strength
of tablets. (Applied pressure 85 MPa.) (From Shottmz and
Ganderttm.“)
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tively high microporosity may trap more air in
the tablets, which can give rise to capping. For
materials in which fracture occurs along granule
boundaries, the presence of a thin film of binder
at these surfaces may lead to failure across the
granules, which when tabletted could result in
an increase in tablet strength.

Reports describing SEM photomicrography of
tablet surfaces have provided vivid pictorial evi—
dence of tablet microstructure and of the role of

various excipients.42 More specifically, those
adjuvants used widely in direct compression
tabletting operations have been subjected to de-
tailed scrutiny by Shangraw and colleagues.43
Using this same approach, Seager and co—au-
thors have been able to correlate method of gran-
ule manufacture with tablet structure and prop-
erties.44 They found that spray-dried granules
produced the strongest tablets, which dissolved
at least as fast as those prepared by wet massing.
Tablets prepared using granules from both of
these methods possessed mechanical and re-
lease properties superior to those of tablets made
from previously roll-compacted material. They
attributed this to variation in liquid penetration
rates, which are related to residual porosities,
and to the tablets’ degree of hydrophilicity,
which is due to binder distribution.

Friability
The crushing strength test may not be the

best measure of potential tablet behavior during
handling and packaging. The resistance to sur-
face abrasion may be a more relevant parameter,
as exemplified by those tests that measure the
weight loss on subjecting the tablets to a stand-
ardized agitation procedure. The most popular
(commercially available) version is the Roche
Friabilator, in which approximately 6 g (W0) of
dedusted tablets are subjected to 100 free falls of
6 inches in a rotating drum and are then re—
weighed (w). The friability, f, is given by:

f=1oo-(i'— W°)W

 

(29)

Values of f from 0.8 to 1.0% are regarded as the
upper limit of acceptability.

Microindentation tests have also been pro—
posed, but the heterogeneous nature of the tab—
let surface on the microscale renders them less

reliable than when used on homogeneous mate-
rials, and they are more tedious to perform. For
these reasons, they have found only limited ac-
ceptance, and then- in the research rather than
production areas.
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One report, however, does describe the practi-
cal use of indentation hardness and tensile

strength data to define three dimensionless indi-
ces (strain index, bonding index, and brittle
fracture index) that were used to quantify the
relative tabletting performance (especially lami-
nation tendency) of both single components and
mixtures.‘15

Lamination (Capping) of Tablets
One of the more common problems encoun-

tered in compaction is that the tablet structure
fails on ejection from the die or during subse-
quent operations such as coating. Often, the fail-
ure has the characteristic appearance shown
diagrammatically in Figure 4-22—hence, the
term capping. The phenomenon was first
thought to be due entirely to entrapment of air
Within the tablet. This air would be under a

pressure approximating that of the applied com—
pressional load, and so on ejection would pos—
sess considerable disruptive capability. Air en—
trapment is more likely to occur with fine
particle sizes of materials, which tend to pack
poorly. Slow compressional rates and use of mul-
tistage compression presses often reduce cap-
ping tendencies and have provided support for
this postulate. This concept, however, is known .
to represent only one factor in what may be an
extremely complex process. For example, a re-
cent report demonstrated that when certain
granulations were compressed at high speed
under partial vacuum, classical capping was
minimized, but was replaced by a tendency to
laminate.‘16

Massive elastic recovery to relieve the inher-
ent variation in compressional stress distribu-
tion already described, when associated with

 
FIG. 4-22. Diagram of a “capped” tablet.
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weakly bonded material, must be another major
contributing factor in many instances. Any tech-
nique that can reduce this effect is helpful, such
as inclusion of components in the formula to
enhance bonding and provide a matrix of plasti-
cally deforming material for stress relief. In ad-
dition, more gradual loading and unloading of
the tablet mass by utilization of large compres-
sion rolls, precompression, and slow press
speeds also reduce the tendency, as does reduc-
tion in maximum compressional force. Lubri—
cant and moisture levels, tooling geometry and
condition, and compression mechanism (the
type of press) all contribute to the properties of
the tablets produced and demand constant con—
sideration. For this reason, attention has been
directed to the advantages of instrumentation
that can accomplish at least some of these moni-
toring tasks.

The Instrumentation of Tablet

Machines
Several distinct forms of instrumentation are

discussed within this section. Increasing evi-
dence shows the value of instrumentng tablet
presses to provide information on the inherent
compaction characteristics of the major compo—
nents in a formulation, and on the effect of addi-
tives upon them. The emphasis, therefore, is on
properties of the materials in a research and
development environment, which perhaps could
utilize single—station machines for some of the
work. On the other hand, increasing use of high-
speed multi—station tablet presses, coupled with
a desire to improve quality specifications for tab—
lets, leads to forms of instrumentation intended
primarily for production machines, but of inter-
est to the quality assurance department as well.

The technology described in the first part of
the chapter suggests that the mechanisms in-
volved in the tabletting process center on utiliza—
tion of the unsatisfied bonds at the solid surface.

This process is enhanced by the generation of
large areas of clean surface, which are then

‘ pressed together, as might occur if appreciable
brittle fracture and plastic deformation were in-
troduced into the system. It was also noted that
the behavior on decompression can markedly
affect the characteristics of the finished tablets,
because the structure must be strong enough to
accommodate the recovery- and ejection-in-
duced stresses. Furthermore, ability to monitor
ejection forces leads to valuable information on
lubricant efficiency. Measurement of punch and
die forces plus the relative displacement of the
punches can provide raw data, which when suit-

ably processed and interpreted, facilitate evalua-
tion of many of these tabletting parameters.

The value of using a single-station press for
developmental work on formulations that are to
be manufactured on multi—station presses is
strictly limited. This is less the case when mate-
rial rather than process factors are most impor-
tant, unless the rate of loading is critical. The
sensitivity of the formulation being tested to the
loading rate, however, should be determined by
compression at different speeds and by monitor-
ing of any changes in tablet properties.

Because of this rate factor, several workers
have elected to instrument isolated punch and
die sets and to carry out compression experi—
ments using these sets in conjunction with a'
compression/tension testing machine. For ex-
ample, the assembly shown in Figure 4—23 is
capable of monitoring all of the various forces
acting on the system as well as the punch dis-
placements. Recently, a sophisticated system
has been described that is capable of mimicking
(in real time) the precise compression cycle of
any press; thus, it has all the advantages of
using a single station of tooling and still follows
rotary press action.47 The system stores a repre-
‘sentation of the precise compression cycle of the

 
l1 upper Jplaien;

piezo—electric
load cells

lower platen

FIG. 4-23. Diagram of instrumented, isolated punch and
die assembly.
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press in a microprocessor, which in turn con-
trols the movements of the isolated punches, so
that it reproduces the exact loading profile of the
press. Such assemblies facilitate compressional
studies at various compressional rates and pro—
vide a convenient means of acquiring the maxi—
mum amount of information while using the
minimum amount of time and materials. They
are now often referred to as “compaction simula—
tors.”

Single-Station Presses
Almost all reports in the literature describe

strain gauge networks as a transducer* for
measuring the magnitude of the forces operat-
ing during the compression cycle. Resistive
(metal foil) gauges are usually preferred, and
ideally, they should be bonded as near to the ac—
tive site as practicable, namely at the punch
faces, so as to eliminate lack of correlation be—
tween signals obtained from remote regions of
the machine frame and the actual forces present
in the tooling. The bonding must be over the

entire area of the correctly aligned gauge as de-
scribed in strain gauge manuals, 8 at a site
where the elastic Change in linear dimension of
the stress-bearing member (due to the applied
forces) can be measured.

An example of one of the commonest arrange—
ments is shown diagrammatically in Figure
‘4—24. The die-wall instrumentation requires
machining of the die wall to accommodate the
gauges and reduce the thickness to a point at
which adequate sensitivity is achieved. The
original geometry is subsequently restored with
silicone rubber or similar material. The fore-

going procedure may necessitate annealing and
subsequent rehardening and tempering of the
die. Care is needed to ensure that such treat-

ment does not change the precise geometry of
the bore.

Assemblies such as those shown in Figure
4-24 may be connected so as to conform to a
Wheatstone bridge network (Fig. 4-25), which is
normally energized by an AC amplifier system,
the attenuated output giving a DC voltage pro-
portional to the force being applied. Since
changes in resistance are small, a full bridge
network (with strain gauges in all four arms) is
preferable; one should bear in mind that such a
system is then input-voltage-dependent, and
therefore a stabilized supply is essential. If this

’A transducer is any device that converts a physical quane
tity into a more easily monitored or convenient (propor-
tional) signal, e.g., mechanical force into a directly pro—
portional DC voltage.
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FIG. 4-24. Strain—gauged punches (A) and instrumented
die (B). Favored locations for mounting small linear foil
strain gauges are the upper punch, lower punch holder,
and modified die of a single-station tablet press.

arrangement is mounted as shown in Figure
4-26 (“Poisson” configuration), compensation is
provided for both temperature change and any
bending of the piece.

 
FIG. 4-25. Simple full-bridge Wheatstone bridge circuit,
in which R], R2, R3, and R4 represent strain gauges.
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strain

gauges 
force axis

FIG. 4-26. Poisson arrangement. In this full-bridge strain
gauge network, gauges 2 and 4 are active, while gauges 1
and 3 are temperature-compensating.

Alternatively, transducers based upon the
piezo—electric effect in certain crystals, notably
quartz, may be used. When subjected to external
forces, these materials develop an electrical
charge proportional to the effect of the force.
Such a transducer is connected by a high imped-
ance cable to a charge amplifier, which converts
the charge into a directly proportional DC volt-
age. One disadvantage of such transducers is
that the charge inevitably dissipates with time,
and since a difference is being measured, they
are unsuitable for static force measurements.

Small piezo-electric load washers can easily be
mounted on, or in, the upper and lower punch
holders of single-station presses, as shown in
Figure 4-27. Radial die wall measurement is
more difficult, but has been achieved by means
of a special holder for the transducer, as illus—
trated in Figure 4-28. Such systems, like their
strain gauge equivalents, only monitor the radial
force over a localized region of the die wall. They
may give rise to misleading data, unless they are
sited at the same level on the die wall as the

region at which the tablet is being compressed.

lower
pun C‘n

."§"V9‘1
$¥5fifitfi

w» New ‘townie 

 
 

 
load
washers

holder

FIG. 4-27. Piezo-electric punch instrumentation. Pre-
ferred locations for mounting small piezo-electric force
transducers are the punch holders ofa single-station press.

The advantages of piezo-electric devices include
high sensitivity, robust construction, and no
bonding to machine fabric, which therefore al-
lows easy changing of tooling. Furthermore,
since the signal originates as an electrical
charge, the transducer may be zeroed, simply by
grounding it, regardless of initial load.

Although calibration data are supplied by the
manufacturer of the above equipment, in situ
calibration of the particular instrumentation
against known loads is highly desirable. With
punch assemblies, this may be achieved by use
of a calibrated load cell, which can be placed on
the die table (Fig. 4-29); its signal can be com~
pared with those from the instrumented
punches as they are simultaneously loaded. Al-
ternatively, entire punch assemblies can be re-
moved from the press and mounted in an accu-
rate compressionltension test press. The normal

 
split die

FIG. 4-28. Piezo-electric die wall instrumentation. An
example of the use ofa piezoelectric force transducer (in a
special holder) in conjunction with a vertically split die to
measure radial die wall forces.
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FIG. 4-29. Calibration using load cell. Diagram illus-
trates the use of a piezD—electric transducer and special
holder to calibrate the upper and lower punch instrumen-
tation on a single-station press.

procedure with die—wall instrumentation is less
, straightforward. Ideally, the necessary measure-
ments are made by sealing the open ends of the
die cavity, then pumping in oil at known pres—
sures and noting the response. A close-fitting
rubber plug or rubber powder in the die cavity,
however, may be regarded as a perfectly elastic
material (thus radial die-wall reaction will be
equal to any applied force) and can therefore be
substituted for oil.

The preferred form of transducer for measur-
ing punch displacements is based on the differ-
ential inductor principle, and is commonly a lin-
ear variable differential transformer (LVDT) as
shown diagrammatically in Figure 4-30. The
movable ferrous core of the transducer is rigidly
connected to the punch by a mechanical link, so
that movement unbalances the “secondary” cir-
cuit, the output of which is attenuated to pro-
duce a DC voltage directly proportional to dis-
placement.

Multi-Station Presses

One of the major differences in the instru-
mentation of multi-station as opposed to single-
station presses is the inherent difliculty in re-
trieving electrical signals from a revolving tur-
ret. Some early workers overcame this difficulty
by employing radiotelemetry to transmit the
force signal from strain—gauged upper and lower
punches to external recorders.49 They were un—
suitable for normal production conditions, since
only a few stations were operative, and only low
machine speeds were possible. In a system de—
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FIG. 4-30. Typical LVDT circuit. Diagram shows the p11!
mary winding and two equally but oppositely wound {fees
ondaries surrounding the movable soft iron core.

scribed by H0 and co—workers,50 however, these
disadvantages have been overcome, and a signif-
icant proportion of the stations remain active, as
shown in Figure 4-31.

Other workers have been less reluctant to uti—

lize remote stationary sites on the machine

 
 

antenna

FIG. 4-31. Telemetry system. Diagram shows a possible
arrangement for a force and displacement measuring sys~
tem, using radiotelemetry to retrieve the signals from a
multi—station tablet press.
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frame, in particular the upper and lower com—
pression roll carrier systems. For a given ma-
chine, the best location probably depends upon
its actual design, but certain general points are
worth noting. The response of a strain gauge is
entirely a function of the change in linear di—
mension of the machine part to which it is
bonded. Therefore, such changes must be suffi-
cient to induce an adequate change in gauge
resistance while not exceeding its elastic limit.
In practice, this usually means that some part of
the press has to be weakened by machining, an
operation in which great care must be exercised.
Cast iron components are unsuitable because of
variability in their modulus of elasticity and
Poisson ratio; therefore, only parts constructed
of steel should be selected. Sensitivity to temper»
ature changes may also influence site choice so
as to avoid susceptible regions, e.g., near electricmotors.

One of the more popular arrangements on
modern high-speed presses is to attach strain
gauges or to incorporate a piezo—electric load cell
into one of the tie rods, as illustrated in Figure
4-32, although strain gauges may require ma—
chining of the rod. Other sites have included the
compression columns. specially modified pres
sure rolls, and a modified eyebolt of the lower
compression roll assembly,

Instrumenting the normal ejection cam on a
' rotary tablet machine by attaching strain gauges

to its bolts is of limited value, because the result—
ing signal is a summation of the effects of the
several lower punches on it at any instant. The
solution adopted by Wray employed a tWO—part
cam so that the region responsible for tablet
ejection is separate and in the form of a beam
fixed at one end.51 This method necessitated

minor modifications to other parts of the ma—
chine but did not affect normal operation. Flex—

 

 

strain

pressureroll gaugesassemblies

tIe rod

FIG. 4-32. lnstrumented tie rod. Diagram shows the loca-
tion ofstrain gauges on the tie rod linking the upper and
lower pressure roll Carriers of a multiestation tablet press,

ure of the beam caused by the lower punches
during ejection was monitored by strain gauges
and was found to mimic the ejection response of
an instrumented lower punch.

Alternatively, the normal cam can be cut into
three sections, each clamped to the frame by a
bolt, two of which are fitted with a piezoelectric
load washer, for instance. The division should
be such that there is only one punch on each
section at a time (Fig. 4-33). The first transducer
then monitors the force to initiate ejection (to
break tablet die-wall adhesions), and the second
monitors the force necessary to push the tablet
clear of the die. This arrangement minimizes
the fulcrum effect, as the punches move over
the cam surface toward and then away from the
actual transducer location. Certain aspects of
the state of the tooling, such as sticking of the
lower punches due to frictional effects. can also
be detected by sensitive instrumentation of this
type.

Mitrevej and Augsburger have recently de-
scribed a system to measure the adhesion of tab—
lets to the lower punch face by attaching strain
gauges to a small cantilever blade mounted on
the feed frame in front of the sweep—off attach—
ment (Fig. 434)? They found that the force of
adhesion did not necessarily reflect the ejection
force or the lubricant activity of the formulation;
however, the system did appear to be sensitive to
batch variations in the antiadherent quality of
magnesium stearate. .

Regardless of which remote site is selected f0
instrumentation, the response sh0uld always be
checked—and indeed, rechecked periodically—
against signals obtained from directly instru-
mented tooling over the whole working range of
the machine, to ensure constancy in the re—
sponse relationships.

‘—._

§|§
m

f III III ,‘ | I load iii 0sectioned washersejection cam

FIG. 4—33. Instntmmted ejection cam. Diagram shows
the preferred method of sectioning an ejection cam and the
transducer locations for monitoring ejection 'forces on a
multiestatitm tablet press.
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cantilever

FIG. 4-34. Instrumentation to measure “sweep-off” force.
Diagram illustrates measurement of the force of adhesion
between a tablet and the lower punch of a tablet press by
means of a strain-gauged cantilever blade attached to the
feed frame.

Signal Processing
The signals from the instrumentation de—

scribed in this section are usually DC voltages
and can therefore be retrieved, stored, and proc-
essed by a common means. Popular practice is to
display the signals on a cathode ray oscillograph
(CRO) since this enables instant visualization of
the instrumentation output. In the past, such
displays were often photographed to provide a
permanent record, but ultraviolet recording os-
cillographs provide better definition of traces
and can facilitate a larger number of simultane-
ous recording channels, as illustrated in Figure
4—35.

Inexpensive microcomputers that are cur-
rently available can remove much of the tedium
in reducing raw data from the recorders previ-
ously described; they are therefore the method
of choice. The analog signals (DC voltages) can
be fed by an A-to-D (analog-to-digital) convertor

 
 

FIG. 4-35. Typical traces from I.T.M. Reproduction of
typical traces obtained from a multichannel U/V recording
oscillograph connected to an instrumented single-station
tablet press.
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FIG. 4-36. I.T.M.-micr0processor linkage. Diagram shows
the major components of a typical instrumented tablet
machine interfaced to a dedicated computer system.

into memory locations in the computer. This
digital data can then be recalled, manipulated,
and outputted in a wide range of graphic or tabu—
lar formats. By such means, active compounds
and excipients can be “fingerprinted” for their
compactional characteristics.53 The general
layout of a typical configuration is shown in
Figure 4—36.

Role of Instrumentation in
Production

The modern tablet production department
seeks innovation because of the trend toward

direct compression methods, the availability of
machines with increased output, and the desire
to lessen tablet—to-tablet variations. In addition

the design of instrumentation that monitors, or
perhaps exercises some degree of control over,
the tabletting process is an attractive goal be—
cause of the possibility of reducing labor involve-ment.

To date, the most popular approach has been
the attempt to limit weight and hardness devia—
tions, based upon the premise that compres—
sional force is directly proportional to tablet
weight, providing the following:

I. The formulation is homogeneous (i.e., has
uniform density).

2. The compressional force/tablet weight func-
tion is constant.

3. The volume of the die cavities at the point of _
maximum compression is constant.

The third supposition is valid only when the
overall length of the punches and tip geometry
are constant, the die bores are uniform, and the
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pressure rolls are perfectly cylindric and
mounted centrally.

The output from the electronic unit of most
force (and displacement) measuring systems is a
DC voltage. Therefore, in this context, the sys-
tem produces a series of voltage pulses of short
duration, each proportional to the weight of an
individual tablet. These signals can be condi-
tioned to provide a wide range of monitoring and
control facilities of increased complexity. The
addition of a simple event marker facilitates the
identification of a particular station and of any
tooling faults, which produce repetitive atypical
signals. The individual compression pulses can
also be used to drive counting mechanisms and
to provide a reliable figure for the number of tab-
lets made.

The foregoing devices are uncomplicated and
relatively inexpensive, but usually, there is a
desire to extend the signal conditioning system
to monitor the process to some degree. For ex-
ample, one can set upper and lower limits for
acceptable tablet weight and then distinguish
pulses from tablets lying outside these thresh-
olds. When the frequency of these out—of—specifi-
cation tablets exceeds some preset value, a relay
can be tripped to activate an alarm and/or the
machine can be automatically stopped.

In general, for a larger investment, machines
can be fitted with mechanical accept/reject gates
at the machine outlet, so that individual out-of-
specification tablets can be diverted to a separate
container. This function requires a high level of
sophistication, because the defective tablets
must be “memorized" until they reach the out-
let.

A second approach is to take the amplified
output signals and feed them into an averaging
network. This average DC voltage is compared
with a reference voltage, and any difference is
converted into an AC signal, which is amplified
and used to drive a two-phase servomotor. The
motor can be connected to the weight or pres-
sure adjustment control of the press, so that any
change in the average compressional force is
reflected in an adjustment of either the weight
or force control.

Regardless of which transducer systems, sites,
or forces are selected, it is essential to ascertain
that the response of the instrumentation is a di—
rect function of the property needing to be moni-
tored. Therefore, the work of Wray and his col-
leagues~is important in that it establishes that
stresses generated in certain parts of the ma-
chine frame are directly proportional to the
punch forces. which in turn are related to com-
pressional weights.“

One final important aspect of instrumentjng

high—speed multi—station presses is the fre-
quency response of the various components of
the system. Machine outputs are now exceeding
12,000 tablets per minute, which means that the
frequency of the force pulses is approximately
0.1 kHz. Since the detection of small differences

in individual pulses may be necessary, all units
should have flat responses well beyond this
level, up to approximately 1.0 kHz.

Instrumented tablet machine technology is
advancing rapidly, and its ultimate role is not yet
realized. It will undoubtedly lead, however, to an
even better understanding of the tabletting proc—
ess, which in turn will assist in formulation de-
velopment and batch quality control. In addi-
tion, the ever-increasing demand for more fully
automated production will be facilitated by such
machines.

Instrumenting Hard-Shell

Capsule Filling Machines
One group of machines for filling hard-shell

gelatin capsules employs dosators, which form a
soft plug of the powder mix and then transfer it
to the empty shell body (see Chap. 13, Part 1,
“Hard Capsules”). This type of action requires
that the material be somewhat cohesive, and
that low levels of applied mechanical force are
used to form and eject the plugs. Some similarity
exists between these operations and tabletting,
and attempts to instrument the machines in a‘
manner that is analogous to those just described
have been made. In the first report of such in-
strumentation, Cole and May described a modi—
fied dosator piston, to which strain gauges had
been bonded as shown in Figure 4-37.“ The
machine was further altered so that the twin

dosator head had a reciprocating rather than ro-
tational movement. This facilitated using the
instrumented machine through many filling
cycles without entangling the transducer leads.
Later workers used a mercury contact swivel to
achieve the same end without changing the
machine‘ cycle.55

Such instrumentation permits continuous
monitoring of the force necessary to form the
plug during dosator filling, plus any residual
force present during carry—over to the capsule
shell position and that force‘necessary to eject it
into the empty shell. Such forces were found to
range from 5N to 350N, depending on the mate-
rial, presence of lubricant, and time for which
the machine had been running. Some typical
recorder traces are shown in Figure 4-38.

Among the more important findings to emerge
from such investigations is the role of even low
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FIG. 4-38. Typical traces from instrumented capsule machine dosator. Force-time traces are of three materials (A, B;
lactose; C, D, compressible starch; E: F, dibusic calcium phosphate) at different levels. (From Small and Augsburger.53
Reproduced with permission of the copyright owner.)
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FIG. 4-37. Diagram of instrumented dosator piston.

levels of lubricant (0.5%) in eliminating carry-
over forces and reducing ejection forces, partic-
ularly during long runs. The adherence of mate-
rial between the wall of the filling head and the
piston can also be detected as a negative force
after ejection and indicates a sensitive means of
detecting this potential problem. Some materials
such as lactose and basic dicalcium phosphate,
if unlubricated, give rise to high ejection forces
(300N) after only a few capsules have been filled
and show the importance of determining precise
lubrication needs.

Later studies have incorporated measure—
ments of force and dosator piston displacement
not unlike those described earlier for tablet ma-

chines: signals are retrieved from the rotating
head by a mercury pool—slip ring assembly.56
With this arrangement, the work involved in the
various stages can be estimated, and the need
for formulation modification established. This
approach will undoubtedly be extended to other
types of hard-shell capsule filling equipment,
and perhaps to production filling operations, to
achieve the same goals as enumerated for tablet
manufacture.

For several reasons, including regulatory re—
quirements and proliferation of generic prod-
ucts, researchers are increasingly pressured to
define the optimum formulation for a new tablet

or capsule at an early stage in development.
Consequently, any technique that can assist in
this process is particularly attractive. Because
the measurements described here are sensitive

to changes in the composition and performance
of the tabletting or capsule mass, and because
optimum values for the various parameters can
usually be postulated, they provide a useful for—
mulation and developmental tool and aid in so-
lution of problems arising from batch»to—batch
variations.

During the next decade, an increasing aware-
ness of these possibilities is anticipated, and
consequently, more profound studies of this par-
ticular form of powder compression and consoli—
dation are to be expected. Paralleling these es-
sential research and development activities are
trends toward fuller automation of the facilities

in which tablets and capsules are manufactured.
Such trends place greater emphasis on the need
for a fuller appreciation of the processes in—
volved. Because complete elucidation of the
tabletting operation, and indeed encapsulation,
has not yet been realized, it must therefore con-
tinue to challenge contemporary investigators.

Appendix A

Symbols Used in Formulas
Area

Diameter or displacement
Particle diameter

Porosity
Force

Friability
Height/thickness
Height/thickness
A constant

Length
. Mass

Pressure

Lubricant efficiency
Strength
Time
Piston movement
Volume

. Work

Weight
Strain
Poisson ratio
Frictional coefficient

Density
Stress

Angle of repose
Plastoelasticity
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Appendix B SI Units 

Name

Unit of Unit Symbol Definition Approximate Equivalents

 

 
 

 

BASIC UNITS

 
Length m 1 angstrom E 10"0 m

1 inch E 0.0254 In

Mass 1 pound E 0.453592 kg

 Temperature degree kelvin 32°F = 0°C E 273.15°K

  Time second

 

 

DERIVED UNITS
 

  

 
 

 

 

 
 

  

 

 

   

  
Area square meter m2 1 square inch E 645.16 mm2

1 square foot E 0.0929 m2

cubic meter 1 cubic inch E 1.6387 X 10’5 m3

gallon E 3.7854 x 10-3 m3

Density kilogram per
cubic meter kg m“3 1 g per cc E 10'3kg m"3

,7 pound/cu inch E 2.768 X 10'3kgm'3
Energy joule J kg m2 s'2 1 calorie E 4.1868 J

1 BTU E 1055.06J
—lm

Force newton N kg m 5'2 1 kilogram force E 9.80665 N
(J m") 1 pound force E 4.44822 N__,__

Pressure pascal Pa kg m’1 3‘2 atmosphere E 101.325 kPa

  
7 (N m”) pound/sq inch E 6894.76 Pa '

Fractions and Multiples

 

10-3 1111111 m 10" deci d 103 kilo k

10’6 micro p. ' 10‘2 centi c 106 mega M
10’9 nano n 109 giga G
10’” pico p 10” tera r
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Basic Chemical Principles
Related to Emulsion and

Suspension Dosage Forms

‘ STANLEY L. HEM, JOSEPH R. FELDKAMP, and JOE L. WHITE

Emulsions and suspensions are unique dosage
forms because many of their properties are due
to the presence of a boundary region between
two phases. Figure 5-1 illustrates the types of
boundary regions that are discussed in this
chapter. In the case of emulsions, two immisci-
ble liquids, usually oil and water, meet to form
an interface. In suspensions, a solid and a liquid
form an interface. An interface between the liq—
uid and air is also present. Although the terms
interface and surface are often used inter-
changeably, the latter term usually indicates
boundaries in which one phase is a gas.

The boundary regions are often complex. Sur—
face active agents, which are molecules with.
special properties, may be contained within a
system in various forms: they may be present as
single molecules in solution (Fig. S-IA); they
may also be adsorbed at the air-liquid surface
(Fig. 5-13); they may form a layer at the oil-
water interface (Fig. 5—1C); or they may form
oriented clusters in the aqueous ‘phase, which
are called micelles (Fig. 5-] D). Attractive and
repulsive forces exist between particles, and the
outlined region surrounding the particles in Fig—
ure 5-1 indicates a region of potential interac—
tion. Thus, the objective of this chapter is to ex-
amine the phenomena that occur at the
boundary regions of emulsions and suspensions.

When a beaker containing 50 ml of oil layered
on 50 ml of water is examined Visually, the in- ,
terface appears as a sharp discontinuity between
the two phases, as shown in Figure 5~2A. An in-
terface is actually a region of finite dimension
that has composition and properties different
from either two phases. Figure 523 more cor—
rectly describes an interface as a region that is a
few molecules thick in which a gradation of
composition and properties exist. The’density
does notjump abruptly from 1.0 to 0.9 in mov-
ing from the water phase to the oil phase, but

100

rather a gradual transition occurs. The terms in-
terfacial region and interphase are often used to
describe the region labeled d in Figure 5-2B. Al—
though the physical properties of interfacial re-
gions vary smoothly upon going from one phase
to the other, the notion of a mathematical sur—
face that has no thickness, as in Figure 5—2A, is
still useful for modeling interfacial regions and
has been used successfully to describe interfa-
cial phenomena.

In addition, the molecules in the interfacial
region are not locked into position but are in
constant motion. The average interfacial resi-
dence time for a molecule of a liquid is believed
to be approximately 10‘6 sec. Thus, the interfa-
cial region of emulsions and suspensions is a
dynamic, clearly identifiable region between the
phases of the system.

When the interfacial region constitutes a large
portion of the system—as when the globule size
of the dispersed phase of an emulsion is small,
or when the particle size of the solid phase of a
suspension is small—the overall properties of
the system are profoundly influenced by the
presence of the inter-facial region.

A fundamental thermodynamic equation that
describes emulsions and suspensions is as fol-
lows:

AG = 7AA (l)

where AG is the change in the free energy of the
system accompanying a change in interfacial
area AA, 3/ is the interfacial tension (liquid-liq-
uid for an emulsion or solid-liquid for a suspen-
sion), and temperature, pressure, and composi—
tion are constant. The term AG represents the
work required to increase the area of the inter-
face by an amount equal to AA. Since this work
is always positive, a system always tends toward
that state having the lowest possible interfacial
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FIG. 5-]. Schematic representation ofboundary regions encountered in emulsions and suspensions. Key: A, surface active
agent molecules; B, surface active agent oriented at the air-water interface; C, surface active agent oriented at the oil-water interface,- D, mirelle; E, suspended particles surrounded by a region of potential interaction.

area. This state is thermodynamically stable.
Thus, for an emulsion, the thennodynarnically
stable state is a layer of oil on water, whereas a
single large particle is the thermodynamically
stable state for a suspension. Although all sys—
tems tend toward the thermodynamically stable
state of minimal interfacial area (which results
in dramatic changes in properties), systems may
vary considerably in their rates of conversion. If
a system undergoes only minor changes during
the period of interest, e.g., shelf-life, such a sys—
tem is viewed as kinetically stable even though
it may be unstable with respect to some longer
time period As a consequence, the industrial
pharmacist faces the challenging task of prepar—
ing a kinetically stable dosage form, Le, a dos—
age form whose properties remain satisfactory
for an acceptable shelfalife, even though emulv

ii:
0.9 to 0.9 1.0

Density Densiiy
A B

FIG. 5-2. Change in density at the oil (density O.9)/water
(density 1.0) interface. Key: A, mathematical surface; B,
interfacial region, ii

Distance Distance

sions and suspensions are thermodynamically
unstable.

Molecular Basis for Surface

Tension

The nature of the interfacial region can be fur-
ther illustrated by examining the forces respon-
sible for surface or interfacial tension. In a sys—
tem of oil and water, the water molecules that
are in the center of the volume of water are sur-

rounded in all directions by other water mole-
cules. Attractive intermolecular forces, hydro-
gen bonds in the case of water, exist between
adjacent water molecules and cause the water to
exist as a liquid. Similarly, van der Waals attrac-
tive forces exist between adjacent oil molecules.
As depicted in Figure 5-3, however, the water

-
FIG. 5-3. Molecular basis for inter-facial tension between
oil and water. Key: 0, oil molecule; 0, water molecule.

BASIC CHEMICAL PRINCIPLES RELATED TO EMULSION AND SUSPENSION DOSAGE FORMS ' 101

Page 111



Page 112

000 o 00 d

00 00000 0000000 0000 o
o 0 00000000000 0000

0000 00 0000000060

FIG. 5-4. The interfacial region d, between oil and water.
2

Key: 0, oil molecule; 0, water molecule.

molecules in the interfacial region are not sur—
rounded by other water molecules. Thus, they
experience unequal attractive forces because of
the weak attractive forces between water mole-

cules and oil molecules. If strong attractive
forces existed between the oil molecules and the

water molecules, the two liquids would be misci—
ble, and no interface would exist. The imbalance
of forces results in a net attractive force into the
bulk water that is normal to the interface. This
net attractive force leads to a reduced number of

water molecules in the interfacial region (Fig.
5-4), and is responsible for the gradual change
in density in the interfacial region, which was
shown in Fig 5—2B. Oil molecules at this inter-
face are also exposed to an imbalance of forces,
and a similar analysis can be made for the oil.

Surface or interfacial tension is a real force

whose effects are apparent at the macroscopic
level as well as at the molecular level. This can

be illustrated by placing a wire frame with a
movable slide (Fig. 5-5) in a soap solution.
When the frame is removed from the soap solu-
tion, a film is formed. This film contracts, and

 
F

FIG. 5-5. Device for measuring the surface tension of a
soap film. A force of F is applied to the movable bar of
length}, until the film ruptures,
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the movable bar is pulled toward the stationary
bar. The surface tension of the soap film can be
measured if the weight needed to counterbal-
ance the force of contraction is determined by
adding weights to the movable bar. The applied
force (weight >< acceleration due to gravity, 980
cm/secg) is equal to the interfacial tension y
multiplied by the length of the movable barrier
L. The total force is twice this value since the

soap film forms an interface with both the top
and bottom of the movable bar:

F = 27L (2)

The interfacial tension is a force per unit length
when considered in this manner.

Interfacial tension may also be expressed as
energy per unit area if the work needed to dis—
place the movable bar in Fig. 5-5 by a small dis-
tance, dx, is considered:

dWork = Fdx (3)

Since:

dA = 2de (4)

Thus:

dA

dx — ET (5)

Substituting equations (2) and (5) into equation
(3) gives:

dWork = ydA (6)

_M0st interfaces encountered in pharmaceuti-
cal systems are curved. The Young Laplace
equation relates the pressure across a curved
interface, AP, to the interfacial tension y. R1 and
R2 are the radii of curvature of the interface.

AP = 7% + 3,3?) (7)
For a sphere, the two radii of curvature are
equal, and the Young Laplace equation simpli-
fies to:

P=— ‘ <8)

where r is the radius of the sphere. This equa-
tion predicts that a smaller bubble or droplet has
a greater internal pressure. Since the pressure
within a small drop of liquid is greater than that
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for a liquid having a flat surface, i.e., a very large
drop, a higher vapor pressure would be expected
for the droplet.

The Kelvin equation, which relates the vapor
pressure over a curved interface to the radius of
curvature is given by:

111%) = is?

where P0 is the normal vapor pressure of the liq-
uid, i.e., when the surface is flat, P is the vapor
pressure over a spherical surface of radius r, and
V is the molar volume of the liquid. For water,
P/PO is about 1.001 for drops with a radius of 1
micron, 1.011 if the radius is 0.1 micron, and
1.114 if r is 0.01 micron. An important conse-
quence of the Kelvin equation is that a collection
of water drops of different radii is unstable, so
that the large drops grow at the expense of the
smaller drops. This effect is an agreement with
equation (1), which states that the themiody-
namically stable state of emulsions and suspen-
sions occurs when the interfacial area is mini-
mal.

The interfacial tension can serve as a measure
of the degree of interaction between two liquids.
As shown in Table 5-1, the interfacial tension
between water and octane is 52 dynes/cm, but
the interfacial tension between water and octa-

nol, which contains an hydroxyl that can form a
hydrogen bond with water, is 9 dynes/crnI Also,
the interfacial tension decreases as the number
of carbons decreases in the series hexadecane

(0161134) dodecane ((3121126), octane (CSHJS)
and heptane (C7H16).

The liquid molecules at the air~liquid inter-
face also experience an imbalance of forces be-

 

(9)

TABLE 5-1. Interfacial Tension with Water at 25°

 Liquid , lnterfacial Tension, dynes/cm

Mercury 131
Hexadecane ' 54
Dodecane 53
Octane 52
Heptane 50
CarbOn tetrachloride 45
Benzene 35
Nitrobenzene 25
Benzaldehyde 16
Diethyl ether 11
Octanol 9

Ethyl acetate 7
Heptanoic acid 7
Aminobenzene 6
Butanol 2

cause the attractive forces between the liquid
molecules and the air molecules are weaker than

the attractive forces between the liquid mole-
cules. In addition, the molecules of a gas are
more widely separated than the liquid mole—
cules, so there are fewer air molecules at the in—
terface to participate in interactions with the
molecules of the liquid phase. Thus, the surface
tension of a liquid is usually higher than the in-
terfacial tension of the liquid with another liq-
uid.

The surface tension of liquids provides insight
into the attractive forces between molecules of

the liquid (Table 5-2). Thus, the surface tension
of water decreases as the temperature increases.
Liquids with strong intermolecular attractive
forces, such as water and glycerin, have higher
surface tensions than nonpolar liquids with rela-
tively weak intermolecular forces, such as liquid
petrolatum and heptane. Also, important differ-
ences exist in the surface tension of oils. Castor

oil has a higher surface tension than liquid pet-
rolatum, which indicates that attractive forces
between castor oil molecules (triglycerides of ,
fatty acids) are stronger than those between liq-
uid petrolatum molecules (hydrocarbons).

Surface Active Agents
Solutes can alter the surface tension of water,

as shown in Figure 5-6. Since the effect is at the
surface, it is reasonable to assume that the com-
position of the interfacial region has changed
because of the presence of either sodium stea—
rate or sodium chloride. The Gibbs equation,
one of the fundamental equations of surface
chemistry, was derived to describe the effect of a
solute on surface tension.1’2 The concept of sur-
face excess is introduced by the Gibbs equation.

TABLE 5-2. Surface Tension at 25°

Liquid Smface Tension, dynes/cm

Water, 5° 75
Water, 25“ 72
Water, 50° 68
Glycerin 62
Dimethyl sulfoxide 44
Castor oil 39
Cottonseed oil 35
Liquid petrolatum 33
Benzene 29
chloroform 27
Carbon tetrachloride 26
Methanol 23
Ethanol 22
Heptane 2O
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SurfaceTension
Sodium Steorote
 

[Solute]
FIG. 5-6. Effect of solutes on the surface tension ofwater.

The term surface excess, F21, is an algebraic
quantity which when positive indicates that a
greater concentration of the solute is present in
a unit cross—section of the surface region than in
a bulk region containing the same number of
moles of solvent as the section of the surface

region. Likewise, a negative surface excess indi—
cates that a lower concentration of the solute is

present in a unit cross—section of the surface re-
gion than in a bulk region containing the same
number of moles of solvent as the surface re-

gion. The superscript indicates that the surface
excess is measured relative to a constant

amount of solvent. The Gibbs equation in its
general form is as follows:

dy

RT——dln a2 (10)

where T is temperature, 7 is surface tension,
and a2 is the activity of the solute.

In many cases, the system of interest is a rela-
tively dilute solution, so that the activity of the
solute may be considered to be equal to its con-
centration. The Gibbs equation for dilute solu-
tions is:

d7

= _Rlenc2 (11)

The Gibbs equation states that a solute that
concentrates in the interfacial region causes a
decrease in surface tension as the concentration

of the solute is increased. Thus, the behavior of
sodium stearate solutions shown in Figure 5-6
indicates that the concentration of sodium stea-

rate is greater in the interfacial region than in
the bulk solution. A solute such as sodium chlo-

ride, which causes an increase in surface ten-
sion, is present in greater concentration in the

104 - The Theory and Practice of Industfial Pharmacy

bulk than in the interfacial region. The surface
excess of sucrose is zero, indicating a constant ,
sucrose concentration relative to solvent 1

throughout the entire solution.
The conclusions about the surface excess of

solutes, which are based on Figure 5-6 and
equation (10) (the Gibbs equation), have been
verified experimentally. The most direct meas—
urement of surface excess of a solute was made

by rapidly passing a microtome across the sur-
face of a solution, which removed the top layer of
the solution for analysis. The surface concentra—
tion of solutes that caused a decrease in surface

tension was greater than the bulk concentration
and showed good agreement with the surface
excess calculated from the Gibbs equation. 4

The use of radioactive tracers has also pro— l

vided experimental verification of the surface I
excess predicted by the Gibbs equation. Figure I
5-7 shows that the experimentally determined

concentration of tritium-labeled sodium dodecyl ’
sulfate in this interfacial region is virtually iden- -

tical to the concentration predicted by applying 1il
i

i

J

i

ii

and“J

the Gibbs equation to the surface tension of the
solutions.

Thus, experimental evidence and theoretic
analysis indicate that such solutes as sodium
stearate and sodium dodecyl sulfate concentrate
at the interface (adsorption) while solutes com—
posed of simple ions like sodium chloride un-
dergo negative adsorption, i.e., concentrate in
the bulk. The behavior of sodium chloride is eas-

ily understood, as both sodium and chloride ions
form strong attractive forces with water by ion-
dipole interactions. Because of these strong at—
tractive forces, the ions concentrate in the re-

.b

I",1610mole/cm2 N(4iI  
ofJLJl_LL_l__iJ|.llo I2 ‘|4 I6

SDS \Concentraiion, C ,103 mole/kg solution
FIG. 5-7. Surface excess of tritium-labeled sodium
dodecyl sulfate (SDS) determined by radiotracer method
(0) and calculated by the Gibbs equation from surface
tension data (—). (From Muramatsu M. Tajima, K. M.
Iwahashi, M., and Nukina, K: ]. Colloid Interface Sci, 43:
499,1973)
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FIG. 5-8. Effect ofa series of alcohols on the surface ten—
sion of water.

gion containing the greatest concentration of
water molecules.

Structural Requirements. Surface active
agents are molecules that are adsorbed at inter—
faces. For this to occur, a molecule must fulfill
specific structural requirements. Figure 5-8 il—
lustrates one of the requirements. The effect of
alcohol in reducing the surface tension of water
increased as the hydrocarbon chain of the alco-
hol increased in length. Thus, the surface ex-
cess of the alcohol is directly related to the
length of the hydrocarbon chain of the alcohol.
The hydrocarbon chain is the lipophilic part of
the alcohol, and therefore, one requirement is
that a surface active agent contains a lipophilic
region.

A second requirement is that surface active
agents also contain a hydrophilic region. The
interfacial tension between paraffin oil and
water is 41 dynes/cm. Upon the addition of
0.001 M oleic acid, the interfacial tension
dropped to 31 dynes/cm. When 0.001 M NaOH
was then added, the interfacial tension dropped
to 7 dynes/cm.4 The addition of the sodium hy—
droxide caused the carboxylic acid group of oleic
acid to form the more hydrophilic oleate anion.
Thus, a hydrophilic region is also essential for a
surface active agent. L

A balance of the hydrophilic and lipophilic
regions of a surface active agent is usually de-
sired. The lipophilic region is expelled from the
bulk of the water phase, but the hydrophilic re-
gion. prevents the surface active agent from
being completely expelled from the water phase.
Thus, a molecule containing both a hydrophilic
and a lipophilic region is concentrated at an in—
terface and therefore lowers surface or interfa—
cial tension.

Surface active agents are frequently classified
by the charge of the hydrophilic region. Surface
active agents such as sodium lauryl sulfate, so-

dium dodecyl sulfate, or sodium stearate are
termed anionic because the hydrophilic group is
negatively Charged. Cationic surface active
agents include cetyl trimethyl ammonium bro-
mide and benzalkonium chloride. Surface active

agents whose hydrophilic region is composed of
an ester or ether groups are not charged and
thus are termed nonionic.2

Furthermore, the surface active agent is ori-
ented in a special way at the interface. The hy—
drophilic region is in the aqueous phase while
the lipophilic region is in the oil phase (for an
oil-water interface) or in the air (for an air-water
interface).

A further confirmation that surface active

agents orient at interfaces is the gradual reduc—
tion of surface tension with the passage of time
following the addition of a surface active agent,
until a constant value is reached (Fig. 5-9). This
behavior suggests that the surface active mole-
cules diffuse through the water until they reach
the interface, where they are adsorbed to form a
stable system.

Effect on Properties. The presence of a
surface active agent can change many proper-
ties of a system.1 As shown in Figure 5-10, the
surface tension decreases sharply as the concen—
tration of surface active agent is increased, until
a constant value is reached. The osmotic pres-
sure increases as expected, but at higher con-
centrations, a constant osmotic pressure is ob-
served. The detergency, i.e., the ability of the
solution to dissolve oil, increases sharply once a
threshold concentration of surface active agent
is reached. In addition, light scattering becomes
significant at the same threshold concentration.
All of the properties shown in Figure 5-10 un—
dergo a sharp change at approximately the same
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FIG. 5-9. Change in surface tension with time following
the addition of sodium dodecyl sulfate to water. Key: A,
4 X 10—4 M; B, 8 X 10‘4M; C, 1.6 X 10—3 M; D, 4 X
10‘3 M. (From Neumonn, A. W., and Tanner, W: Tenside,
4:220, 1967.)
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FIG. 5-10. Effect of surface active agent on properties ofwater.

concentration of surface active agent. Such
other physical properties as the boiling point,
freezing point, solubility, partial molar volume,
electrical conductance, and color change of dyes
also undergo a sharp change at the same con-
centration of surface active agent. This observa-
tion led to the discovery that surface active
agents can form aggregates called micelles,
which are discussed in the next section.

Micelles

The properties of solutions containing surface
active agents change sharply over a narrow con-
centration range, as shown in Figure 5-10. This
concentration is called the critical micelle con-

centration. The surface active agent has no fur-
ther effect on the surface or interfacial tension at
concentrations above the critical micelle con-
centration, which suggests that surface active
agent in excess of the critical micelle concentra—
tion is no longer orienting at the interface. The
fact that the osmotic pressure is essentially con-
stant above the critical micelle concentration

suggests the formation of a new phase, although
the system still appears to be a solution. The for-
mation of a new phase of small particle size is
suggested by the initiation of light scattering at
the critical micelle concentration.

Surfaceactive agents associate to form colloi-
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dal—sized aggregates termed micelles, which pre—
dominate in the system at concentrations above
the critical micelle concentration. In aqueous
solution, the aggregates of surface active agents
form, so that the hydrophilic region is in contact
with water, and the lipophilic region is shielded
from water. Two possible orientations of micelles
are shown in Figure 5—11.

Micellization is an alternative mechanism to

interfacial adsorption by which surface active
agents can satisfy their dual solubility and
thereby form a stable system.

Micellization is favored because the lipophilic
region is removed from contact with water, but
the process is opposed by the surface active mol-
ecule’s loss of freedom as a consequence of
being held in a fixed position in the micelle, and
in the case of ionic surface active agents, by the
electrostatic repulsion of the charged polar
groups. The concentration at which micelliza-
tion becomes significant is determined by the
balance of these factors. A low critical micelle

concentration indicates that removal of the lipo-
philic region of the surface active agent from
contact with water is the dominant factor, while
a high critical micelle concentration indicates
that the forces opposing aggregation are signifi»cant.

The shape and size of micelles remain some—
what uncertain, and it is likely that shape varies
with the concentration of the surface active

agent. A consensus is gradually being reached
that spherical micelles (Fig. 5—11A) occur at con—
centrations in the region of the critical micelle
concentration. The diameter of the spheres is
approximately twice the length of the surface
active agent. When the concentration of surface
active agent substantially exceeds the critical
micelle concentration, the spherical micelles are
believed to transform into lamellar micelles (Fig.
5—1 13).

The number of surface active agent molecules
constituting a micelle is believed to range from
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FIG. 5-11. Orientation of surface active agents to form a
spherical micelle (A) and a lamellar micelle (B).
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50 to 100 molecules and is characterized by the
aggregation number. In general, the aggregation
number in aqueous solution increases with an
increase in the hydrophobic region of the sur-
face active agent. The addition of an electrolyte
causes the aggregation number of ionic surface
active agents to increase by diminishing the re-
pulsive charge effect. Frequently, the aggrega-
tion number has been observed to increase in

the presence of a hydrocarbon that is adsorbed
or solubilized in the lipophilic region of the mi-
celle.

The critical micelle concentration is also af-

fected by the structure of the surface active
agent. In general, the critical micelle concentra—
tion in aqueous media decreases as the lipo-
philic nature of the surface active agent in-
creases. This process may be thought of as
enhancing the expulsion of the lipophilic region
from water. Branching in the lipophilic region
interferes with the close packing of surface ac-
tive agents needed for van der Waals attraction
of the hydrocarbon chains; thus, the critical mi-
celle concentration increases. Ionic surface ac-

tive agents have a much higher critical micelle
concentration than nonionic surface active

agents, as repulsive forces between the similarly
charged polar groups resist the close packing
necessary for micelle formation.

Another important fact is that micelles are in
equilibrium with monomeric surface active
agents in the system. Thus, both monomers and
micelles are always present in solutions of sur—
face active agents. The monomeric form will
predominate, however, when the concentration
is below the critical micelle concentration so

that micelles predominate above the critical
micelle concentration.

Micelles may be desirable when detergency or
solubilization of a lipid-like material is desired in
a system. Micelles are of great interest because
of their unusual catalytic effects and because
they are a good model of biologic membranes.
On the other hand, micelles do not contribute to
the properties of emulsions, and the concentra-
tion of surface active agent used in emulsions is
usually chosen to minimize micellization.

Interfacial Films

The nature of the interfacial film is important
in emulsions. Experimentally, direct examina-
tion of the film at the oil-water interface is diffi-

cult; however, techniques for studying insoluble
surface films are available, providing insight
into the interfacial films in emulsions.

The principle technique employed in the
study of insoluble films is. the film balance (Fig.

V

A

FIG. 5-12. Diagram ofessential components ofa film bal-
ance. Key: A, trough; B, movable barrier; C, film-covered
surface; D, film-free surface; E, surface tension monitor.

5-12), which is used to produce a graph of the
area of the film, A, versus the film pressure, 77-5
This graph is called a ‘lf-A curve. The film pres—
sure is the difference between the surface ten-

sion of the pure liquid and the surface tension of
the film-covered surface.

Two typical ‘lT-A curves are shown in Figure
5-13. Usually, three characteristics of the rr—A
curves are examined. The slope gives informa-
tion about the nature of the packing in the sur-
face film. The smallest area the molecules oc-

cupy before the film collapses is termed the
limiting area and indicates the dimension of the
molecule in the film. This information indicates
the orientation of the molecules in the film com-

pared with the actual dimensions of the mole-
cule. The film pressure that causes the film to
collapse is termed the collapse pressure and indi—
cates the strength of the film.

Arachidic acid, CH3(CH2)18COOH, shows the
increase in film pressure that is characteristic
of a condensed or noncompressible film (Fig.

dyne/cm o:4:orOoo
NO
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AREA, 3
FIG. 5-13. Film-pressure/area curves for insoluble films
of arachidic acid (A) and ethyl elaidate (B). (Reprinted
with permission from Rosano, H. L., and LaMer, V. K.:
J. Phys. Chem, 60:348, 1956. Copyright 1956 American
Chemical Society.)
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5—13A). This type of film is quite rigid and be-
haves in a manner analogous to a solid. Thus, it
is also termed a solid film. In contrast, ethyl
elaidate, C17H33,COOC2H5, shows a gradual in—
crease in film pressure as the area per molecule
is reduced (Fig. 5-13B). This behavior is charac-
teristic of an expanded or compressible film,
which by analogy to the states of matter is
termed a gaseous film.

The limiting area of arachidic acid is approxi-
mately 0.18 nm2 while the limiting area of ethyl
elaidate is 0.53 nmz. The collapse pressure of
arachidic acid is 33 dynes/cm, while the collapse
pressure of ethyl elaidate is 19 dynes/cm.

The (Tr-A curves in Figure 5-13 indicate that
arachidic acid forms a rigid film with the mole—
cules in close contact. The limiting area is simi-
lar to the area of the hydrocarbon chain,
0.184 nmz, which suggests a vertical orientation
of arachidic acid molecules in the film. The rela-

. tively high collapse pressure in comparison with
ethyl elaidate suggests a greater degree of inter-
action between the closely packed hydrocarbon
chains of arachidic acid. The structure of ethyl
elaidate does not allow close packing of the mol—
ecules, and the 7T-A curve indicates a. film with
weaker intermolecular association.

Film balance experiments provide valuable
information on how steric factors affect the film.

For example, the introduction of cis-double
bonds into the hydrocarbon chain produces con-
siderable film expansion, as shown in figure
5—14.

The presence of a charged polar group pro—
duces repulsion within the film, which results in
an expanded film; however, an increase in ionic
strength shields the charge and allows greater
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FIG. 5—14. Film-pressure/area curves for insoluble films
of cis»docosen0ic acid (A) and trans-docosenoic acid (B).
(From Marsden, 1,, and Rideal, E. K; J. Chem. Soc, 1163,
1938.)
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FIG. 5-15. Filmapressure/area curves oh oczadecyl-
trimethyl ammonium cation in sodium chloride solutions
of various concentration. Key: —— —, 0.033 M‘Sodium
chloride; —'—, 0.1 M sodium chloride; C, —---," 0.5 M so-
dium chloride; , 2 M sodium chloride. (From Da-
vies, J. T.: Proc. R. Soc. Lond., A2082224, 1951.)

 

interaction Within the film In the 7T-A curve of

octadecyltrimethyl ammonium ions, this phe-
nomenon can be seen as a shift in shape toward
a condensed type of film as the ionic strength is
increased (Fig. 5-15).

The film balance can also be used to study
mixed films. Changes in the limiting area indi-
cate interactions between the components of the
film.

Since the objective of emulsification is to pro—
duce a tough, resilient film at the oil-water inter-
face, the inforrnation obtained from film balance
experiments has provided valuable insights into
the behavior of films. The principles illustrated
by the ir-A curves—such as the formation of a
monomolecular film in which the molecules as-

sume a specific orientation, and the demonstra-
tion that the strength of the film is related to
intermolecular attraction between components
of the film—can be directly applied to the for:
mulation of emulsions.

Measurement of Surface and

Interfacial Tension
Numerous methods have been used to mea-

sure surface and interfacial tension. The exis—
tence of numerous methods often indicates that

the measure is complex, and that a simple, uni—
versally applicable method is not available; An
excellent detailed discussion of m'ethods for

measuring surface or interfacial tension is given
by Padday.6

The capillary-rise method is based on equa—
tion (7), the Young Laplace equation. If a liquid
wets the walls of a capillary, the liquid surface is
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concave in shape and a pressure differential
exists across the interface. The pressure differ-
ential causes the liquid to rise in the capillary
until the pressure differential described by the
Young Laplace equation is equal to the hydro-
static pressure of the column of liquid:

AP=<p.—pagh= EI‘ (12)

where p1 and pg are the densities of the liquid
and gas phases, respectively, g is the accelera—
tion due to gravity, h is the height to which the
liquid rises in the capillary, and r is the radius of
the capillary. Thus, the height to which a liquid
rises in a capillary is directly related to the sur-
face tension of the liquid and inversely related to
the bore of the capillary tube. This simple treat-
ment fails to account for the weight of the me-
niscus, and it assumes a hemispherical menis-
cus. The major difficulty with the capillary—rise
method occurs if the liquid does not completely
wet the walls of the capillary. Under ideal exper-
imental conditions, however, this method is ex—
cellent for determining surface tension but un-
suitable for measuring interfacial tension.

The Young Laplace equation can also be used
to determine surface or interfacial tension based

on the radius of curvature, i.e., the shape of
pendant (hanging) or sessile (sitting) drops. The
use of these methods is illustrated in Figure
5—16, in which the shape of a pendant drop of a
solution of sodium stearate changed with time,
reflecting the time required for the sodium stea~
rate to equilibrate at the surface. Similar
changes would also occur in a sessile drop of
sodium stearate solution. Photographs of the
drops are used to detennine the changes in
shape as a function of time from which the sur—
face tension is determined. The pendant or ses-
sile drop methods are good for studying the
aging of surfaces and are convenient for deter-
mining interfacial tension if the pendant or ses-
sile drop is immersed in a second immiscible liq-
uid.

The drop-weight method is based on the fact
that the weight of a drop that falls from a tube of
radius r depends on the surface tension of the
liquid. This method requires a correction factor,
as only a portion of the drop that has reached the
size of instability falls, the balance remaining
attached to the tip. Correction tables are avail,—
able, however, and satisfactory results can be
obtained for surface tension when the drop
forms in air, or for interfacial tension when the
tip is immersed in a second liquid. Some accu-
racy is lost in the study of solutions because of

 
FIG. 5-16. Change in shape ofa pendant drop ofa sodium
stearate solution as a function of time, and the surface
tension calculated using the Young Laplace equation.
Key: 1, age = 10 sec; 7 = 71.9 dynes/cm

2, age = 50 sec; 7 = 58.2 dynes/cm
3, age = 120 sec,- 7 = 54.4 dynes/cm
4, age = 1800 sec. ; 7 = 39.2 dynes/cm.

(Reprinted from Andreas, J. M., Hauser, E. A., and Tucker,
W. 8.: J. Phys. Chem, 42:1001, 1938. Published 1938
American Chemical Society.)

the time required for a new surface to reach its
equilibrium surface tension.

Another approach, knoWn as the Wilhelmy
plate method, is the direct measurement of the
force exerted on a piece ofplatinum foil that is in
the interface. The measured or apparent weight
of the foil while in the interface, W, is equal to
the weight of the foil, W0, plus the force due to
the surface tension. This force is equal to the
surface tension multiplied by the perimeter of
the foil, which forms the interface with the liq—
uid. The perimeter is frequently approximated
by twice the length of the foil, L.

W = W0 + 2L (13)

The Wilhelmy plate method is relatively simple
and gives accurate results. It is good for studying
the aging of the surfaces and is usually the
method used to measure surface tension during
film balance experiments. It cannot be used to
measure interfacial tension.

The Ting-detachment method has been the
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most widely used method for determining sur-
face or interfacial tension in pharmacy, although
many experimental difficulties are associated «'
with this method. The method depends on the
measurement of the force needed to detach a

ring of wire from the surface of the liquid. Ex-
perimental technique is important, for the ring
must be a true circle, it must be horizontal in the
interface. and it must be clean. Correction fac-

tors have been developed for this method. Under
ideal conditions, it is satisfactory for measuring
the surface tension of pure liquids, but the time
required for equilibration of the surface causes
an error to be introduced when used for solu-
tions. It is used for interfacial tension, but the
experimental difficulties caused by the second
liquid phase are serious and make this use ques-
tionable.

Origin and Effects of Surface

Charge
Most insoluble materials, either solids or liq-

uids, develop a surface charge when dispersed
in an aqueous medium. The surface charge may
arise by several mechanisms. The ionization of
surface groups may produce a surface charge.
Proteins usually contain carboxylic acid groups,
which may ionize to form carboxylate anions, as
well as amine groups, which become cationic
when pH conditions favor protonation. The sur—
face charge of proteins depends on the summa-
tion of negative and positive sites and therefore
depends on the pH of the aqueous medium. 'At
low pH conditions, the carboxylic acid groups
are undissociated, and the amine groups are
protonated to give a net positive charge. At
higher pH conditions the carboxylic acid groups
ionize and the amine groups are neutral; thus,
the protein is negatively charged. In addition to
protein, a variety of colloidal systems (e.g., poly—
mers, metal oxides, etc.) develop surface charge
due to the adsorption or desorption ofprotons, so
that surfaces can become positively or nega-
tively charged. An important property of such
systems is the point of zero charge (PZC), which
represents the pH at which the net surface
charge is zero. For aluminum hydroxide gel, the
surface hydroxyls may adsorb protons and be-
come positively charged or may donate protons
to become negatively charged (Fig. 5-17). The
pH at which the surface hydroxyls exist in their
uncharged form is the point of zero charge.

Another property of colloidal systems that
exhibit a pH-dependent charge, although not as
fundamental as the PZC, is the isoelectric point
(i.e.p.). This property represents the pH at
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FIG. 5-17. pH-Dependent ionization of surface hydroxyls
ofaluminum hydroxide gel. The point ofzero charge (PZC)
is the pH at which the surface is neutral.

\

which a particle no longer migrates in the pres-
er a of an electric field. The PZC and i.e.p. are
not necessarily identical since a surface charge
may be present even when a colloidal system is
at its i.e.p.

In addition to protons and hydroxyls, surface
charge may also be created because of the pref—
erential adsorption of specific ions onto the sur-
face. This type of adsorption is termed specific
adsorption because the ion becomes an integral
part of the solid phase through a chemical bond,
which is usually covalent.

Ions that are specifically adsorbed are also
known as potential determining ions. In many
cases, an electrolyte is present in the aqueous
solution, which provides the anions or cations
for specific adsorption. Examples of such ions
are phosphate, silicate, and carbonate. If a sur-
face has both a pH-dependent charge and a
charge due to specific adsorption, ,then the PZC
for such a surface is different from its value in

the absence of any specific ion adsorption. An
example is provided by aluminum hydroxide,
which has a PZC of 9.6 when only H“ or OH—
bind to its surface. In the presence of specifically
adsorbed carbonate, the PZC is displaced down-
ward within the range of 6.0 to 8.0, depending
on how much carbonate is preferentially ad-
sorbed.7 In this case, the potential determining
ions are hydroxyl, protons, and carbonate.

In some cases, charge arises owing to the ad-
sorption of ions that are identical with those con-
stituting the insoluble phase. For example,
when silver iodide particles are in equilibrium
with a solution containing both silver cations
and iodide anions, the adsorption of these ions
depends on their aflinity for water as well as
their concentration in the bulk solution phase.
Thus, the surface is positively charged when the
surface excess of silver cations exceeds the sur-

face excess of iodide aniOns, and negatively
charged when the surface excess of iodide ani-
ons exceeds the surface excess of silver cations.

Because the charge on the silver iodide particle
is determined by the concentration of silver or
iodide ions,‘ these ions are also regarded as po-
tential determining ions.

Imperfections in the crystal structure may
cause a surface charge. Many clays exhibit a
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negative surface charge because of isomorphous
substitution, e.g., an aluminum occupies a site
that is usually occupied by silicon.8 Similarly,
the antacid magaldrate exhibits a positive sur—
face charge because of the substitution of alumi-
num in crystal lattice sites normally occupied by
magnesium.9

The oil globules of an oil in water emulsion
exhibit a surface charge if anionic or cationic
surface active agents are used as the emulsify-
ing agent. The surface active agents are oriented
at the oil-water interface, so that the charged,
hydrophilic groups form the outside surface.

The presence of charge at an interface has
profound, effects on the nature of the interfacial
region. Thus, the concept of a diffuse double
layer was developed by Gouy and Chapman to
describe the transition from points near the
charged surface to the electrically neutral bulk
solution.10 Stern made an important refinement
in the double-layer theory by pointing out that
the ions in the double layer are not point char es
but rather real ions with finite dimensions.‘

Figure 5-18 presents a model of the interfacial
region of a charged surface and provides a good
basis for understanding the behavior of phanna-
ceutical suspensions and emulsions. A layer of
ions of opposite charge is sufficiently held to-
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“G. 5-18. Diffuse double-layer model of a positively
charged surface in an aqueous medium.

gether by the charged surface so that the ions
move with the surface (Stem layer). The surface
potential is reduced from [/10 to (/15 by the Stern
layer. The surface charge is not completely bal—
anced by the Stern layer, and a second region,
the diffuse layer, is necessary for complete bal—
ance of the surface charge. The diffuse layer
contains both anions and cations, but ions that
are of opposite charge to the surface predomi—
nate, so that in the neighboring area of any
charged particle, there exists an ion atmosphere
having a net charge that is opposite to that of the
surface. This mobile layer of ions has a definite
thickness, which is approximated by the so—
called Debye length (l/k):

1/k=( DkT )1/221'18222 (14)

where D is the dielectric constant of the me-
dium, n is the concentration of ions in the bulk
solution phase, e is the electronic charge, Z is
valence, k is Boltzman’s constant, and T is tem—
perature. Beyond this distance (l/K), the net
charge density of the ion atmosphere ap-
proaches zero, and the electrical potential is re-
duced considerably below its value at the sur-
face. The major factors affecting the thickness of
the double layer are the electrolyte concentra-
tion of the solution, n, and the valence, z, of the
counter ions. Table 5-3 shows the manner by
which the thickness of the double layer de—
creases as the concentration or the valence of
the counter ions increase.

Interparticle Forces
An area of surface chemistry in which signifi-

cant advances in understanding are occurring is
the nature of forces between surfaces.“'12 The

following forces havebeen identified.
1. Electrostatic repulsive forces arise from

overlapping of the diffuse double layers of ap-
proaching surfaces. These forces depend greatly
on the concentration and valence of electrolyte
in solution. Their range may exceed 100nm.

2. Van der Waals attractive forces arise from
the electromagnetic fluctuations in the mole-
cules thatmake up the surface. These forces
largely independent of the electrolyte and may
have a range of the same order of magnitude as
electrostatic repulsive forces.

3. Repulsive hydration forces arise from the
structuring of water in the interfacial region.
These forces are independent of electrolyte con-
centration. At low electrolyte concentration, the
contribution of this force may not be observed,
owing to the strong electrostatic repulsive
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TABLE 5—3. Approximate “Thickness” of the Electric Double Layer as a Function of Electrolyte Con-
centration at a Constant Surface Potential 

Concentration of Ions
of Opposite Charge to

that of the Particle, mmole/L

0.01
1.0

100.0

Thickness of the Double Layer, nm
Monovalent Ions Divalent Ions 

100 50
10 5

l 0.5 

From van Olphen, H: An Introduction to Clay Colloid Chemistry. 2nd Ed. John Wiley and Sons, New York, 1977, p, 35

forces. At high electrolyte concentration, how-
ever, the diffuse double-layer interactions are
weak, and the repulsive hydration forces may
determine the interaction of the surfaces Typi-
cally, these forces have a range of only a few di-
ameters (~l nm).

4. Born repulsive forces are of short range and
operate over distances of atomic dimensions.
They are due to the repulsive effects of atomic
orbital overlap.

5. Adhesive forces arise when surfaces are in
contact. The adhesive forces depend on pH, spe—
cific cations, and the crystallographic orienta-
tion of the surfaces.

6. Steric repulsive forces depend on the size,
geometry, and conformation of molecules that
are adsorbed on the surface. Their effective

range depends on the nature of the adsorbed
molecules.

Many observed properties of a disperse system
reflect the net force of interaction between the

particles or globules that the system comprises
Deryaguin and Landau, working in Russia, and
Verwey and Overbeek, working independently
in Holland, were the first researchers to recog-
nize the concept of the net force between parti-
cles.10 Thus, the concept has become known as
the DLVO theory. The original statement of the
DLVO theory considered only the balance be-
tween electrostatic repulsive and van der Waals
attractive forces, which were the only interparti~
cle forces understood at that time.

Figure 5-19 illustrates the repulsive double
layer and attractive van der Waals forces at three
electrolyte concentrations. The repulsive forces
predominate at low electrolyte concentration, so
that the particles experience only a repulsive
force upon approach. The particles remain inde-
pendent, and the system is considered disper-
sed. At high electrolyte concentration, however,
the double layer forces are greatly reduced, so
that the attractive van der Waals forces predomi-
nate. These net attractive forces that the parti-
cles encounter cause the formation of an aggre-
gate of particles, a process known as
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coagulation. Thus, the DINO theory explains
the fact that the addition of electrolyte to a colloi-
dal system causes coagulation.

The concentration of electrolyte necessary to
collapse the repulsive field and permit coagula-
tion has been found to depend primarily on the
valence of the ion of opposite charge. The con-
centrations of various monovalent salts needed

to coagulate negative silver iodide are approxi—
mately the same (Table 5-4). Electrolytes con-
talning divalent cations all require a similar con—
centration to induce coagulation but the
concentration is substantially lower than that
required by electrolytes containing monovalent
cations. Likewise, electrolytes containing triva—
lent cations require the lowest concentration to
induce coagulation. The strong effect of the va-

 

  
 

Double Layer nepulsion

Repulsive
Distance

A,B,C von der Wools Attraction

Attractive
FIG. 5—19. Efiect ofelectrolyte concentration on repulsive
double-layer forces and attractive van der Waals forces.
Key; A, low electrolyte concentration; B, intermediate elec»
trolyte concentration; C, high electrolyte concentration.
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TABLE 5-4. Electrolyte Concentration to Floccu-
late a Negative Silver Iodide Colloid

Electrolyte Coagulation Concentration, mmole/L

LiN03 165
NaNO3 140
KN03 136
Ca(N03)2 2.6
Mg(NO3))2 2.4
Al(NO3)3 0.07 

lence of the electrolyte on the double-layer re-
pulsive force is known as the Schulze—Hardy
rule.

As can be noticed in Table 5-4, the coagulation
values for negative silver iodide are slightly dif-
ferent depending on the particular monovalent
cation. The order of effectiveness of ions of a

given valence is directly related to the hydrated
radius of the ion. The order of effectiveness is

known as the Hofmeister series and is given as:

Cs>Rb>NH4>K>Na>Li

Mg>Ca>Ba

F>Cl>Br>N03>I>CNS

The DLVO theory at first provided an excel—
lent framework for understanding the interac-
tions between surfaces. Recent experiments
have shown, however, that unexpectedly large
repulsive forces exist at small interparticle dis-
tances, whereas the DLVO theory predicts
strong attraction at small distances.13 This ob-
servation has stimulated the search for addi-
tional forces and has led to the identification of

the additional forces listed at the beginning of
this section.

When the repulsive hydration and Born repul-
sive forces are considered along with the double-
layer repulsive and van der Waals attractive
forces, the net force diagram shown in Figure
5-20 is obtained. As two particles approach each
other in an aqueous medium of proper electro-
lyte concentration, a weak attractive force exists
just beyond the range 0f~the double-layer repul-
sive forces. This attractive region is called the
secondary minimum and is responsible for the
particle interaction termed flocculation. Parti-
cles therefore experience attraction at signifi-
cant interparticle distances (10 to 20 nm) and
form the fluffy aggregates known as floccules.

The secondary minimum is not observed if
the repulsive forces extend further from the sur-
face than attractive forces. Thus, the adjustment
of valence and concentration of the background
electrolyte can alter the Debye length given in
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FIG. 5-20. Net potential energy curve for a particle in an
electrolyte vehicle.

equation (14) and is frequently necessary to in-
duce flocculation.

A repulsive barrier termed the primary maxi-
mum separates the secondary minimum from
the primary minimum. The magnitude of the
repulsive force at the primary maximum deter—
mines whether a flocculated system will remain
flocculated. If the thermal energy in the system
is similar to, or greater than, the repulsive bar-
rier, then the particles in the system are able to
move closer together (0.5 to 2.0 nm) and en-
counter strong attraction due to the primary
minimum. The strong attraction in the primary
minimum gives rise to the particle interaction of
coagulation. Other sources of energy, such as
centrifugation or compression of the particles
due to freezing may force particles into the pri-
mary minimum by overcoming the primary
maximum and may lead to coagulation. At low
electrolyte concentration, the interaction curve
contains a much larger primary maximum than

at higher ionic strength conditions, and particle
interactions are minimized. Such a suspension
is called dispersed, or peptized. If either the con-
centration or the valence of the background salt
is increased, the primary maximum is reduced,
so that such particle interactions as flocculation
0r coagulation occur.

Recent experimental techniques allow the di—
rect measurement of fOrces between surfaces.
lsraelachvili and Adams measured the forces

between two mica surfaces in electrolyte solu—
tions.14 Their results indicate the presence of a
long-range repulsive force that collapses as the
electrolyte concentration increases (Fig. 5-21),
as predicted by the DLVO theory. They also ob-
served an attractive region at distances pre-
dicted for the secondary minimum (Fig. 5-22).
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FIG. 5-21. Experimental results of direct measurements
of repulsive forces as a function of separation distance be-
tween two crossed mica cylinders in aqueous potassium
nitrate solutions of various concentration, m/l. (From ls—
raelachvili, J. N., and Adams, G. E.: J. C. S, Faraday Trans.
1, 74:975, 1978.)
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FIG. 5-22. Attractive van der Waals dispersion forces be—
tween mica surfaces measured in the region of secondary
minima in various aqueous solutions. The dotted line rep-
resents the attractive force predicted by van der Waals
forces. The measured forces agree well with theory except
at larger separation distances, where they decay more rap—
idly than predicted by theory, (From Israelachvili, J. N.,
and Adams, G. E.:J. C. S. Faraday Trans. 1, 74:97.5, 1978.)
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State of Aggregation

Many of the physical properties of disperse
systems depend on the state of aggregation. For
example, the apparent viscosity of aluminum
hydroxycarbonate gel is directly related to parti-
cle-particle association. When coulombic repul-
sion is sufficiently reduced by adjustment of the
bulk pH to the point of zero charge. van der
Waals attractive forces cause the particles to
aggregate. Consequently, the apparent viscosity
increases. The magnitude of the viscosity in—
xCrease depends, however, on the structure of the
aggregates. Figure 5—23 illustrates the effect of
'pH on the apparent Viscosity of two aluminum
hydroxycarbonate gels. The viscosity of both alu-
minum hydroxycarbonate gels was at a maxi—
mum when the bulk pH was at the point of zero
Charge. The fact that a different maximum vis-
cosity occurred for each aluminum hydroxycar-
bonate gel suggests that gel 1 formed a more

400

300

VISCOSITY,cps N O o

100 
5 6 7 8 9 10

p H .

FIG. 5-23. Efl’ect ofhulk pH an apparent viscosity ofalu»
minum hydroxycarbonate. The point ofzero charge ofgel 1
(O) is 6.95, and the point ofzero charge ofgel 2 (D) is 6.30.
(From Feldhamp, J. R., Shah, D. N, Meyer, S. L., et al.: ].
Pharrn. Sci., 70:638, 1981. Reproduced with permission of
the copyright owner, the American Pharmaceutical Associ-
ation.)
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FIG. 5-24. Effect of particle density on interparticle dis-
tance. Key: A, interparticle distance: V, volume ofeach par-
ticle; S, total surface area; d, diameter ofeach particle. The
volume of each particle is reduced by 50% in each step
while the total volume of the particles is constant. (From
Feldhamp, J. R., White, J. L., and Hem, S. L.: J. Phann.
Sci., 71:43, 1982. Reproduced with permission ofthe copy—
right owner, the American Pharmaceutical Assocration.)

 

highly extended and cross-linked network of
particles.

In addition to surface charge, the particle size
of the dispersed phase has a great effect on in-
terparticle interactions. Reducing the particle
size while maintaining a constant solids content
causes a colloidal system to have a higher parti-
cle density. The effect of particle density on par-
ticle interactions is illustrated in Figure 5-24, in
which the individual particle volume is sequen—
tially halved in a one-dimensional arrangement
of particles. Such a system is relevant especially
because linear chains of particles are frequently
formed under the influence of van der Waals

forces. Although the surface area does not in-
crease substantially upon two divisions, the av—
erage interparticle distance decreases signifi—
cantly, as can be readily observed. Since the
magnitude of interparticle forces depends in-
versely upon separation distance, the force ex-
erted on a given particle by all other particles is
greater if the average interparticle distance is
small. Conversely, at low particle density, the
average interparticle distance is comparatively
large, so that the particles are less influenced by
each other.

The effects of decreased particle size in a col-
loidal system are readily examined by measure-
ment of the coefficient of bulk compressibil—
ity,-a:

_1dV
Vd‘r

 
a:

(15)

where V is the entire volume occupied by the
system, including both solids and solution
phases, 1- represents the stress applied to the
system, and the mass of solids is constant. A
useful apparatus for measurement of a is de-

  
FIG. 5-25. Schematic of tension cell apparatus. Key: C,
tension cell,- UA, movable plate assembly,- B, collection
buret; and G, sample suspension. (From Lipha, E. A.,
Feldkamp, J. R., White, J. L., and Hem, S. L.: J. Pharm.
Sci, 702936, 1981. Reproduced with permission of the
copyright owner, the American Pharmaceutical Associa-
tion.)

picted in Figure 5-‘25. The dispersed phase is
confined to a chamber that is fitted with a mem-

brane at the bottom. The membrane is imperme-
able to particles but passes both water and sol-
utes, so that applying a stress in the form of a
tension 7 causes the solution phase to leave the
system. The solution phase continues to flow out
of the system until interparticle forces have in-
creased sufficiently to prevent further collapse
of the colloidal matrix. By measurement of the
extent of collapse as a function of applied incre—
ments of tension, a may be measured. Measured
values for the coefficient of bulk compressibility
are represented in Figure 5-26 for two different
colloidal aluminum hydroxycarbonate systems.
Although each has the same volume fraction of
solids initially, gel 1 has a smaller particle size
than gel 2, so that gel 1 has a greater particle
density. This implies that interparticle forces
ought to be greater within gel 1, according to the
preceding arguments, and that therefore gel 1
should exhibit a more rigid, incompressible be-
havior. This conclusion is confirmed in Figure
5-26, where a is shown to be considerably
smaller for gel 1.

Likewise, the tenfold increase in the viscosity
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FIG 5-26. Compressibility of aluminum hydroxycar—
bonate gel 1 (A) and gel 2 (B) at various applied tensions
(From Feldhamp, J R, White, J L and Hem S. L: J
Pharm. Sci, 71: 43, 1982. Reproduced uith permission of
copyright owner, the American Pharmaceutical Associa
.tion.)
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of aluminum hydroxycarbonate gel 1 in compar-
ison with the fourfold increase in the viscosity of
aluminum hydroxycarbonate gel 2 (Fig. 5-23),
when the particles are neutral, is due to the
smaller particle size of aluminum hydroxycar-
bonate gel 1.

The shape of the particle also influences the
particle interactions. Plate-like particles can
undergo three different modes of particle associ—
ation: face—to-face, edge-to-face, or edge-to—edge
(Fig. 5—27). The physical effects of these three
types of association are quite different. Face—to-
face association leads to a compact arrangement
while edge-to—face or edge- to-edge associations
lead to the formation of an extensive network of

particles.
The importance of the different types of asso-

ciation of plate—like particles can be seen in the
rheology of kaolin or montmorillonite suspen-
sions (Fig. 5-28). Kaolin favors the formation of
face-to-face association. Thus, upon the collapse
of the double layer by the addition of salt, large
aggregates of clay particles form. The overall ef~
fect of the face-to-face association is a reduction

of particle density, and a lower apparent viscos-
ity is observed following coagulation. Montmo-
rillonite favors the formation of edge-to-face or
edge-to-edge associations, which produce a dif-

LLLL iii? Ed
Fooe-to-Foce Edge -_to-Edge
FIG. 5-27. Possible modes of particle association for
plate-like particles.
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FIG. 5-28. Effect ofsodium chloride concentration on the
viscosity of 3.22% sodium montmnorillonite (A) and 12%
sodium kaolin (B) suspensions. (From van Olphen, H.: An
Introduction to Clay Colloid Chemistry. 2nd Ed. John
Wiley and Sons, New York, 1977, p, 101.]

ferent effect on the rheology. The addition of salt
collapses the repulsive double layer and permits
interparticle association. The edge-to-face and
edge—to-edge interactions lead to a three-dimen—
sional network of particles throughout the clay
suspension, which is manifested by a sharply
increased apparent viscosity following coagula-
tion.

Mechanisms of Crystal Growth
The size distribution of dispersed systems

may increase during aging, owing to three prin-
cipal mechanisms: Ostwald ripening; polymor-
phic transformation; and temperature cycling.
The basis for Ostwald ripening is found in an

equation analogous to equation (9) (the Kelvin
equation) and it applies to the equilibrium solu-
bility of small particles. 15

S0 _2yVInS— rRT

 

(15)

where S0 is the solubility of infinitely large parti-
cles, S is the solubility of a small particle of ra-
dius r, y is the surface tension,"and V' is the
molar volume of the solid.

It is important to distinguish between equilib-
rium solubility and the rate at which a substance
dissolves. Dissolution rate is affected by particle
size since the surface area of the solid available

to the solvent increases with decreasing particle
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size. Equilibrium solubility at a given tempera-
ture- however, is affected by particle size only in
the . ticle size range near the colloidal dimen—
sion, ile., less than 5 microns. For example, the
equilibrium solubility at 25° of calcium sulfate
with an average particle size of 2 microns is
2.085 g/L. When the average particle size is re-
duced to 0.3 microns, the equilibrium solubility
increases to 2.476 g/L.

In a practical sense-these values mean that a,
solution that is saturated With respect to small
particles is supersaturated with respect to large
particles of the same'substance. This condition
causes crystal growth in a suspension, as solute
diffuses from the saturated layer surrounding
small particles to the saturated layer surround—
ing the larger particles. Precipitation "on the sur-
face of the larger particle occurs as the saturated ,,
layer becomes supersaturated with respeqt'ao
the equilibrium solubility of the larger particles.
The overall effect is an increase in particle size
and a decrease in the number of particles in sus-
pension. The ultimate conclusion of this process
is the formation of one large particle that repre-
sents the thermodynamically stable state of a
suspension as described by equation (1).

Polymorphs exhibit different equilibrium sol—‘
ubilities. For example, four polymorphs of phen-
ylbutazone were identified by x-ray diffraction,
thermal analysis, and infrared spectroscopy and
were found to have substantially different equi-
librium solubilities (Table 5-5). The difference
in the solubility of polymorphs therefore pro-
vides a driving force for crystal growth in sus-
pension as the particles of the more soluble
polymorph go into solution and .reprecipitate as
the less soluble, i.e., more stable, form. This
process is accelerated if the drug powder used to
prepare the suspension contains a mixture of
polymorphs, or if a seed of the more stable form
is introduced. '

Temperature cycling may lead to crystal
growth, as solubility depends on temperature. In
most cases, solubility is directly related to tem-
perature, so that a slight rise in temperature

TABLE 5-5; Equilibrium Solubility of Poly-
morphs of Phenylbutazone

Farm Equilibrium Solubility, Trig/100 ml

1 288 .7
2 279.7
3 233.6
4 213.0 

Adapted from Ibrahim, H. G., Pisano, F., and Bruno, A.: J.
Pharm. Sci, 66:669, 1977. Adapted with permission of the copy-
right owner.

leads to an increased equilibrium solubility. A
drop in temperature, however slight, results in a
supersaturated solution surrounding each parti-
cle. Precipitation occurs to relieve the supersat-
uration, and crystal growth occurs.

Wetting
Wetting is the displacement of either a liquid

or gas from a surface by a second liquid. The
wetting of a solid during the manufacture of a
suspension, or the dissolution of a tablet in the
gastrointestinal tract, involves the displacement
of air from the solid surface and is the type of
wetting considered in this section.2'5

When a drop of liquid is brought into contact
with a flat solid surface, the equilibrium shape
of the drop depends on the balance of cohesive
forces between the molecules of the liquid and
the adhesive forces between the molecules of

the liquid and the solid surface. As can be seen
in Figure 5-29, the angle that includes the liquid
at thepoint where the drop and solid meet can
vary, frornO to 180° and is termed the contact
angle, 5.0; 'The contact angle is a useful indication
of wetting. A low contact angle indicates that
adhesive forces between the liquid and the solid
predominate and wetting occurs, while a high
contact angle indicates that the cohesive forces
of the liquid predominate.

The basic equation that applies to wetting is
the Young equation, which is based on the
change in free energy caused by an increase in
the area of a solid that is wetted by a liquid (Fig.
5-30). For a small, reversible change in‘the posi-
tion of the liquid on the surface, there is an in—
crease in the liquid-solid interfacial area, AA,
and a corresponding decrease in the solid-air
interface of AA cos 6. The corresponding free

9‘57 6< so”

8>90° 8=180°

FIG. 5-29. The use of the contact angle, 0, to characterize
the wetting of a solid by a liquid.
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FIG. 5-30. Schematic of derivation of Young equation
based on the change in free energy caused by an increase
in the area of a solid, Aa, which is wetted by a liquid.
(From Rosen, M. 1.: Surfactants and Interfacial Phenom-
ena. John Wiley and Sons, New York, 1978, p. 178.)

energy change is given by:

AG 2 ‘YSILAA — 'YS/AAA + 7UA(0059)AA
(17)

As AA approaches zero, the ratio AG/AA ap-
proaches zero at equilibrium, so that equation
(17) reduces to the Young equation:

(18)

The Young equation states that the contact
angle will be <90° if the interaction between the
solid and liquid is greater than the interaction
between the solid and air, i.e., 7% > 73M. Under

751A = 78/1. + YUACOSH

'these conditions, wetting occurs. A general
guideline is that solids are readily wetted if their
contact angle with the liquid phase is less than
90". Table 5—6 confirms this rule of thumb, as
solids that are known to be easily wetted, such as
potassium chloride, sodium chloride, and lac-
tose, have the lowest contact angles. Interest-

TABLE 5-6. Contact Angle of Solids of Pharma-
ceutical Interest Against a Saturated Aqueous
Solution of the Material

Material Contact Angle (“J

Potassium chloride ' 21
Sodium chloride 28
Lactose 30
Caffeine 43
Acetaminophen 59
Chloramphenicol 59
Phenobarbital 70
Sulfadiazine 71
Aspirin 75

Phenacetin 78 \Hexobarbitol 88
Polyethylene (high—density) 100
Salicylic acid 103
Magnesium stearate 121
Chloramphenicol palmitate 125

Adapted from Lerk, C..F., Schoonen, A. J. M., and Fell, J. T.: J.
Pharm. Sci, 65: B43, 1976. Adapted with permission of the copy-
right owner.
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ingly, the contact angle of chloramphenicol in—
creases from 59 to 125°, indicating a change to a
nonwetting surface when the palmitate ester is
formed. Other materials that are known to be
difficult to wet, such as high-density polyethyl-
ene and magnesium stearate, have contact an-
gles greater than 90°

The wetting of a powder involves several types
of wetting processes. Three types of wetting
have been identified: adhesional wetting, im-
mersional wetting, and spreading wetting.

The first step in the wetting of a powder is
adhesional wetting, in which the surface of the
solid is brought into contact with the liquid sur—
face. This step is the equivalent of going from
stage a to stage b in Figure 5—31. The particle is
then forced below the surface of the liquid as
immersional wetting occurs (b to c in Fig. 5—31).
During this step, solid-liquid interface is formed,
and solid-air interface is lost. Finally, the liquid
spreads over the entire surface of the solid as
spreading wetting occurs. The work of spreading
wetting is equal to the work to form new solid-
liquid and liquid—air interfaces minus the loss of
the solid-air interface. For the total wetting proc-
ess, the work required is the sum of the three-
types of wetting:

(19)

Therefore, the analysis supports the generaliza-
tion drawn from the Young equation, as wetting ‘
occurs spontaneously, i.e., without any input of
work into the system, if the contact angle is
<90°.

Measurement of the contact angle is compli—
cated because hysteresis is frequently encoun-
tered. Contact angle hysteresis means that one
value for the contact angle is obtained when the
liquid is advancing on die surface, and that a
different, usually lower, value is obtained when
the liquid is receding. Surface roughness or sur-
face chemical heterogeneity are causes of con-

Wtotal = —67LIACOSB
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(a) (b) (c) (d)

FIG. 5-31. The three stages involved in the wetting of a
solid cube: a ——> b, adhesional wetting; b —-> c, immersional
wetting; 0—) d, spreading wetting. (From Jaycock, M. 1.,
and Parfitt, G. D.: Chemistry of Interfaces, John Wiley and
Sons, New York, 1981, p. 237.)
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tact angle hysteresis. Consider the situation
arising when a syringe is used to inject more liq-
uid into a drop that is on a “rough" surface. The
advancing liquid encounters solid surface and
air-filled pores. When liquid is withdrawn from
the drop, the receding liquid encounters solid
surface and liquid-filled pores, and a lower con-
tact angle is measured.

Adsorbed impurities may also affect measure-
ment of the contact angle. The first contact of
the liquid with the solid surface may dissolve the
impurities. The dissolved impurities may affect
both str and mm and thereby cause a variation
in 0 as described by the Young equation. In addi-
tion, the dissolution of impurities causes the
surface to have a different composition when
the receding contact angle is measured. There-
fore, great care must be taken when measuring
the contact angle, especially in the preparation
and pretreatment of the solid surface.
' Contact angles of finely divided solids are
even more difficult to measure than the contact

angle of a liquid on a flat surface. The Washbin'n
equation states that the distance that a liquid
penetrates into a bed of powder in time t is pro-
portional to the square root of cos 0.16 This rela-
tionship is used'experimentally to evaluate the
wetting ability of a powder by different vehicles;
the powder is packed into a glass tube, or filled
into an inclined trough, and the distance that a
vehicle penetrates in time t gives a measure of
the relative wetting ability of the system.17

Adsorption at Solid-Liquid
Interfaces

The adsorption of a solute by a solid surface
can occur during the preparation of suspension
dosage forms as well as in a patient’s gastroin-
testinal tract following the coadministration of a

. soluble drug and an insoluble solid. Most ad-
sorption mechanisms can be classed as either
physical adsorption or chemisorption. The at-
tractive forces in physical. adsorption are due to
van der Waals forces, and possibly hydrogen
bonding. The attractive forces in chemisorption

‘ are much stronger and include coordination
complexes and ion exchange. ,

The extent of adsorption depends on the prop-
erties of the solute, the surface, and the solvent.1
Taub’s rule may be used to predict adsorption
behavior qualitatively. The rule is that a polar
adsorbent preferentially adsorbs the more polar
component of a nonpolar solution. Conversely, a
nonpolar adsorbent preferentially adsorbs the
more nonpolar component of a polar solun'on.
Figure 5-32 shows that silica gel, a polar adsorb—
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FIG. 5-32. Illustration of Taube’s rule: 3, adsorption of
fatty acids on carbon from aqueous solution, and b, ad-
sorption of fatty acids on silica gel from toluene. (From
Adamson, A. W.; Physical Chemistry of Surfaces, 3rd Ed.
John Wiley and Spas, New York, 1976, p. 390.)

ent, most strongly adsorbs the more polar mem-
bers of a series of related fatty acids, and that
charcoal, a nonpolar surface, most strongly ad-
sorbs the more nonpolar members of the series
of fatty acids. ,

Another useful generalization is that an in-
verse relationship usually exists betWeen the
extent of adsorption of a solute and its solubility
in the solvent. Thus, adsorption of a solute can
be either enhanced or minimized by the selec-
tion of the solvent It is frequently helpful, there-
fore, to consider adsorption as a type of partition
process.

Steric considerations are important for both
the substrate and the solute. Linde molecular

sieve 5A preferentially adsorbs hexane rather
than benzene because of its small pore size. In
addition, bulky substituent groups on the solute
often reduce the degree of adsorption, probably
by preventing close approach of the solute to the
surface.

The basic equations used to describe adsorp-
tion from solutions are the Langmuir and
Freundlich equations. These were derived for
the adsorption of a gas by a solid, but have been
extended to adsorpu'on from solution.

The Langmuir equation is based on the as-
sumptions that (1) the molecules are adsorbed
onto specific points of attachment on the sur-'
face, (2) that each point of attachment can ac-
commodate only one adsorbed molecule, and
(3) that the energy state of any adsorbed mole-
cule is independent of the presence of other ad-
sorbed molecules on neighboring sites.
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The Langmuir equation is expressed as:

C

x/rn

1 c

ab + b (20)

where C is the equilibrium concentration of the
solute in solution; XIII) is the mass of solute, K,
per gram of adsorbate at equilibrium, m; b is the
adsorptive capacity of the solid, gram of solute
per gram of adsorbate; and a is the adsorption
coefficient.

Adsorption that follows the assumptions of the
Langmuir equation is characterized by an ad-
sorption isotherm, i.e., a plot of c versus x/m,
which shows a sharp initial increase in the
amount adsorbed, which subsequently de-
creases with increasing concentration until a
saturation level is reached. The saturation value

of x/m corresponds to b, the adsorptive capacity
of the solid. The adsorption of propoxyphene by
montmorillonite fits the Langmuir equation, as
can be seen in Figure 5-33. The left ordinate of
Figure 5-33 describes the adsorption isotherm.

When the adsorption data are plotted as 9%
versus C (right ordinate of Fig. 5—33), a straight
line is obtained. The adsorptive capacity of the
solid, b, is the reciprocal of the slope and the
adsorption coefficient a is obtained by dividing

500

MUAOOOOOO Nb)hxlm,mgOFDRUG/g0FMONTMORILLONITE 6O

O 0.3 0.6 0.9 1.2 1.5 1.3
EQUILIBRIUM CONCENTRATION OF

PROPOXYPHENE HYDROCHLORIDE, 9/500 ml

FIG. 5-33. Adsorption isotherm for propoxyphene hydro-
chloride by montmorillmzite. Key: iv, x/m versus equilib-
rium concentration; and o, c/(x/m) versus equilibrium
concentration. (From McGim'ty, J. W., and Loch, J. L.: J.
Pharm. Sci, 65:896, 1976. Reproduced with permission of
the copyright owner, the American Pharmaceutical Associ-
ation.)
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the slope, l/b, by the intercept, l/ab. Figure 5-33
indicates an adsorptive capacity of 480 mg pro-
poxyphene hydrochloride per gram of montmo—
rillonite from the plateau of the adsorption iso-
therm, or 490 mg propoxyphene hydrochloride
per gram of montmorillonite from a plot of the
Langmuir equation.

In the Freundlich equation, a variation of the
Langmuir model, the heat of adsorption dimin-
ishes exponentially with the number of adsorp-
tion sites that are occupied. This observation
implies that the surface is heterogeneous, i.e.,
there are several types of adsorption sites. The
Freundlich equation is as follows:

i : kCI/nm (21)

where x is the amount of solute adsorbed by a
mass of adsorbent, m; c is the equilibrium con—
centration of the solute in solution; and k and n
are constants for the system. When adsorption
follows the Freundlich equation, the adsorption ,
isotherm (graph of x/m versus c) is not linear at
low concentrations, nor does it have a saturation
value.

In many cases, information can be obtained
about the mechanism of interaction, including
the functional groups involved by the use of in-
frared spectroscopy.“19 The infrared bands of a
functional group that is involved in an interac-
tion with a surface are perturbed. Thus, a com--
parison of the infrared spectrum of the solute
with the infrared spectrum of the solute-adsorb—
ent mixture is useful in investigating the mech-
anism of interaction.

The orientation of a solute adsorbed by a‘
swelling clay can be determined by x—ray diffrac-
tion. Adsorption by such swelling clays as mont-
morillonite occurs mainly in the interlayer space
of the clay. X-ray diffraction can accurately mea-
sure the distance between the clay layers. Thus,
a comparison of the dimension of the interlayer
space before and after adsorption indicates
whether adsorption has occurred in the inter—
layer space, as well as the amount of space occu—
pied by the adsorbate. Comparison of the molec—
ular dimensions of the adsorbate with the

increase in interlayer spacing provides informa—
tion about'the orientation of the solute (e.g., a
single layer in parallel orientation).2o

Once adsorption occurs, several other types of
reactions are of interest. Desorption refers to the
release of the adsorbate and may be important if
an adsorbed drug is exposed to different envi-
ronments during either its manufacture or use.
An understanding of the adsorption mechanism
is essential for the prediction of desorption. For
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example, if adsorption is due to physical adsorp-
tion, dilution may Cause desorption. This phe-
nomenon was observed in the adsorption of di-

goxin by montmorillonite.21 Digoxin is a neutral
molecule that is adsorbed by physical adsorp-
tion. Digoxin is readily desorbed, however, by
washing the drug-clay complex with water.

Desorption is more difficult to achieve if ad-
sorption occurs by chemisorption. Drugs that
are adsorbed by cation exchange can be de-
sorbed, however, by washing with an electrolyte
solution or by changes in the pH of the medium,
which cause the adsorbate to change its ionic
form. McGinity and Lach were able to produce a
sustained systemic effect of amphetamine by

. adsorbing protonated amphetamine (i.e., cati-
onic form of amphetamine base) by montmoril-
lonite through cation exchange.22 The proton—
ated amphetamine-montmon’llonite complex
was stable in the low pH of the stomach, but as
the drug-clay complex passed through the intes-
tine, the protonated amphetamine was exposed
to an increasing pH. At higher pH conditions,
the protonated amphetamine was deprotonated,
and neutral amphetamine base was formed. The
neutral drug was not strongly adsorbed and was
desorbed in the intestine. The electrolyte con-
centration of the intestinal fluid may also have
contributed to desorption. Thus, amphetamine
was desorbed slowly as the drug-clay complex
passed through the intestine, and a prolonged
amphetamine blood level was obtained.

An adsorbed molecule may undergo degrada-
tion reactions at a faster rate, owing to the ef-
fects of the surface. Many clays are negatively
charged and therefore strongly adsorb cations
from solution, including protons. Thus, a higher
concentration of protons exists at the clay sur-
face in an aqueous suspension than is present in
the bulk solution. Digoxin, which degrades by
acid-catalyzed hydrolysis, degraded much more
rapidly in a montmorillonite suspension than in
a solution at the same pH.21 The catalytic effect
was found to be due to the ability of the clay
surface to serve as a site where digoxin mole-
cules and protons are concentrated by physical
adsorption and cation exchange, respectively.
Therefore, the probability of acid-catalyzed hy-
drolysis was enhanced, and an increased hydro;
lysis rate was observed. This effect may reduce
the bioavailability of digoxin, as 82% of the di-
goxin was intact and available for absorption
after a digoxin solution was aged for 1 hour at
pH 2, 37°C (which corresponds to the estimated
gastric residence time). Only 2% of the digoxin
was intact, however, when a digoxin-montmoril—

lgn’te suspension was aged for 1 hour at pH 2,

Oxidative degradation reactions may, also be *
catalyzed by solids if the drug is adsorbed by a
surface composed of inorganic ions that may be
reduced. Certain clays contain structural ferric
iron, as well as adsorbed iron oxides or hydrox-
ides, at the clay surface. Attapulgite is such a
clay, and the rate of oxidative degradation of
hydrocortisone was accelerated significantly in
an attapulgite suspension.23 Sepiolite, another
clay belonging to the same structural class of
clays as attapulgite, is relatively free of surface
ferric iron and did not accelerate the oxidative

degradation of hydrocortisone even though ad-
sorption occurred.24 Thus, surfaces must not
simply be considered sites for adsorption; the
potential of the surface to accelerate chemical
reactions should be taken into account as well.
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Pharmaceutical Rheology

JOHN H. WOOD

Pharmaceutical fluid preparations are recog-
nized as materials that pour and flow, having no
ability to retain their original shape when not
confined. The semisolids are a more nebulous

grouping. They essentially retain their shape
when unconfined but' flow or deform when an

external force is applied. Those materials that
readily pour from bottles and form a puddle are
clearly fluids. Ointments or pastes that clearly
retain their shape after extrusion from a tube
characteristically are associated with pharma-
ceutical semisolids. Obviously a continuum of
properties exists between these limits.

Rheology (from the Greek rheos meaning flow
and logos meaning science) is the study of the
flow or deformation under stress. In pharmaceu-
tical and allied research and technology, rheo-
logic measurements are utilized to characterize
the ease of pouring from a bottle, squeezing from
a tube or other deformable container, maintain-
ing product shape in ajar or after extrusion, rub-
bing the product onto and into the skin, and
even pumping the product from mixing and
storage to filling equipment. Of extreme impor-
tance in both product development and quality
assurance is the determination that the desired

attributes of body and flow are retained fer the
required shelf—life of the product.

Definitions and Fundamental

Concepts
The tangential application of a force to a body

and the resultant deformation of that body are
the essential components for a rheologic obser-
vation. If this force is applied for only a short
time and then withdrawn, the deformation is
defined as elastic if the shape is restored, but as
flow if the deformation remains. A fluid or liquid
then becomes a body that flows under the action

of an infinitesimal force. In practice, gravity is
generally regarded as the criterion of such a
minimal force.

To best understand the fundamental compo-
nents of viscous flow, consider Figure 6-1. Two
parallel planes are a distance x apart; between
the planes, the viscous body is confined. The
top, plane A, moves horizontally with velocity v
because of the action of force F. The lower

plane B is motionless. As a consequence, there
exists a velocity gradient v/x between the planes.
This gradient is given the definition of rate of
shear, D. The shear stress, S, is the force per unit
area creating the defamation.

Example 1. If some oil is rubbed into the skin
with a relative rate of motion between the two
surfaces of 15 cm/sec, and the film thickness is
0.01 cm, then the shear rate is as follows:

D= 15 cm/sec0.01 cm

= 1500 sec—1

 

This shear stress may be applied either mo-
mentarily or continuously. Elastic deformation
occurs if, as the force is applied, the upper plate
moves in the direction of the force only momen-
tarily and then stops but returns to its original
position when the deforming force is removed.
On the other hand, pure viscous flow occurs if
there is continuous movement during the ap-
plied force, and no restorative motion follows
removal of the deforming force.

Between the limits of elastic deformation and

pure viscous, flow, there exists a continuum of
combinations of these limits. Such behavior is

called viscoelastic flow. The elastic component
of viscosity is considered in a later section.

Newtonian fluid is a fluid in which a direct

123
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Velocity = v
,T‘

Velocity = 0
FIG. 6-] . Model to demonstrate components of classic vis—
cous flow.

proportionality exists, for all values of shear, be-
tween shear stress and shear rate.

Viscosity or coefficient of viscosity is the pro-
portionality constant between shear rate and
shear stress. Conventionally, viscosity is repre-
sented by 11. Then:

n=S/D ' '_ <1)
The centimeter—gram-second (C.G.S.) sys—

tem uses grams per centimeter per second
(g cm‘] sec—1) as the dimensional units of vis-
cosity. In these units, viscosity is expressed in
poises, a term 'used in recognition of the pioneer-
ing work in the 18405 of the French scientist
J. L. M. Poiseuille.'For dilute aqueous solutions,
the common unit becomes the centipoise (10‘2
poise), cp. The viscosity of water is about 1 cp.

In the newly adopted International System of
Units (SI), the unit corresponding to the centi—

' poise is the millipascal-second (mPas).
A perspective of these units may be obtained

by considering the case of Figurefi-l when a
force of 1 dyne acts to produce a velocity of
1 cm/sec for plate A when the distance between
plates is 10m, and both plates are 1cm2 in
cross-sectional area. Under these terms, viscos-
ity is calculated as:

71:“

p force/area
Jelocity difference/distance

= dyne/cm2
(cm/sec)/cm

= dyne sec cm‘2
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However, the dyne is the force acting for 1 sec to
produce a velocity in a l-g mass of 1cm/sec.
Hence, this dimensional analysis for viscosity
reduces to:

n = g ' cm‘1 sec—1
: poise

In the International System of Units, which is
not yet used routinely in viscosity references,
the pascal (Pa) is the unit of stress and has the
dimensions of newto 'meterz, where the new-
ton is a kilogram meter/second? Hence, equiva-
lence occurs for the centipoise withymillipascal-
seconds.

Example 2. If in example-v1, the oil had the
same viscosity as water, then the force used to
create the shear can be determined ,as follows:

”:13

S sec—1I500

 

1 X 10'2 poise =

Then S = (1500)(1 X 10‘2)(sec‘1g(poise)
= 15 (sec1)(dyne sec cm‘ ) "
= 15 dyne cm—2

Example 3. In 8.1. units, the above terms
would become: I

1 mPas
1500 see—1
I

71
D
S .5 Pa

Fluidz‘ty is the reciprocal of the viscosity, usu-
ally desigiated by the symbol 4). This is an occa-
sional unit of convenience but not an essential
one.

Kinematic viscosity (v) is the Newtonian vis-
cosity divided by density (n/d). The unit is now‘
the stake, in honor of the English Scientist who
studied problems of gravitational settlement in
fluids. As discussed later in this chapter, certain
fluid flow viscometers give values in this kine-
matic scale.

Example 4. If the oil from examples 1 and 2
had a density of 0.82, then the kinematic viscos-
ity would be:

v=%

= 1 x 10‘2
0.82

1.22 X 10‘2 stokes
1.22 centistokes
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Non-newtonian fluids are those in which there
is no direct linear relationship between shear
stress and shear rate. Most systems of pharma-
ceutical interest fall into this category. The
shear stress necessary to achieve a given shear
rate may increase more rapidly or less rapidly
than is required by the linear direct proportion—
ality (Fig. 6-2).

A pseudoplastic material is one in which the
stress increases at less than a linear rate with
increasing shear rate, while a dilatant material
is one in which the increase is more rapid. Thus,
if viscosity is calculated at each of a series of
shear rate points by use of equation (1), then the
resultant values decrease with increasing shear
rate for pseudoplastic materials and increase for
dilatant ones. Measurements at such single
points are frequently referred to as apparent vis—
cosity to recognize clearly that the number
quoted refers only to the condition of measure-

D

E

E

yield
value

A

I; Iu
I

I- CIn

8
<
u
a:
VI

SHEAR RATE

FIG. 6-2. Examples of basic types of rheograms. A, Pseu-
doplastic or power law; B, Newtonian,- C, dilatant; D, pseu-
doplastic with yield value,- E, Bingham or Newtonian with
yield value; F, dilatant with yield value.

ment. Although frequently, reference is care—
lessly made to a lotion having a Viscosity of
300 cp or to a paste or ointment having a viscos—
ity of 1200 poises, these are meaningless terms
unless the shear rate at which the measurement
was made becomes a clear part of the statement.
The fact that one number cannot characterize

the viscous behavior, however, requires the use
of some equation of state. One such empiric one
is the Power Law Equation:

s=ADn (2)

where S and D are the shear stress and shear

rate respectively, A is an appropriate proportion-
ality constant, and n is the Power Index. In this
form, n is less than 1 for pseudoplastic materials
and greater than 1 for dilatant materials. The
Power Law Equation is also used with the index
11 associated with stress rather than shear rate.

Obviously, the magnitude of the values of n are
then interchanged. Unfortunately, there is no
clear convention for such equations.

When the logarithm of both sides of equation
(2) is taken, the result is:

logS=logA+nlogD (3)

Compared with the equation of a straight line,
y = b + mx, a plot of log 5 against log D results
in a straight line of slope n and intercept log A.
Figure 6-3 shows such plots on logarithmic scale
for one gum system as a function of gum con—
centration.

Example 5. Calculate the parameters of the
Power Law Equation for 0.01%, 0.02%, 0.04%,
and 0.10% gum solutions. The following data
apply to this case.

Stress Stress
at at

Composition D = 1 D = 10

01% 0.35 dyne cm2 2.1 dyne cm2
.02 6.2 20
.04 61 132
.10 205 440

The slope of each line is obtained from:

n = log S(D=10) -10g 5(1):];
log 10 — log 1

PHARMACEUTICAL RHEOLOGY - 125
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FIG. 6-3. Logarithmic plots of the rheograms of Carhopol
941. (From Catacalos, G., and Wood, J. H; J. Pharm. Sci.,
5321089, 1964. Reproduced with permission of the copy-
right oumer, the American Pharmaceutical Association.)

. 132

The slopes are then log 2 1 10 i log H’0.35 ’ 6&2 ’
440 is ‘ t

and log 505 for the four successpie cormentra—
tions. These reduce to 0.78, 0.51, 0.3{ifind 0.33
respectively. .' "

The intercept of a line is the value of y for
x = 0, or here the value of log S for (log D) = 0,
but the logarithm is 2:10 when the number is
unity, log 1 = 0. Therefore, the intercepts of the
four concentrations are 10g 0.35, log 6.2, log 6],
and log 205. Numerically then, these values of
log S are the values log A. Hence, the values ofA
are 0.35, 6.2, 61, and 205 respectively. The
Power Law Equations are then:

 

0m% s=0.35D°-78
0.02 s = 6.2D°-51
0.04 s = 61D°-34
0.10 s = 20500-33

When-an initial finite force is necessary before
any rheologic flow can start, this initial stress is
called yieldmalue. A Bingham plastic is repre-
sented by a straight line or curve on the stress-
shear rate plot being displaced from the origin by
a finite stress value, the yield value. Thus, for
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Newtonian behavior at stresses (8) greater than
the yield value (f) we have:

S—f=UD (4)

where U is the plastic viscosity and D is the
shear rate. Similarly (see Fig. 6-2), both pseudo-
plastic and dilatant curves may appear to exhibit
yield value. The dimensional units of the yield
value must be those of the shear stress.

Because of the variety of parameters involved,
no single measurement can characterize a non-
Newtonian system. This can be seen in Fig-
ure 6-4. A wide variety of curves can pass
through any specific value of shear stress and
shear rate, exemplified here by the common
focus of pseudoplastic, dilatant, and Newtonian
lines. At the focal point, all have the same appar-
ent viscosity, but at no other point do they have
related values.

Properties Contributing to

Rheologic Behavior
In general, Newtonian liquids are either pure

chemicals or solutions of lower molecular weight
compounds rather than of polymeric materials.
All interactions are such that no structure is

contributed to the liquid. Since by definition,
shear stress and shear rate are directly propor-
tional, a single viscometric point can character-
ize the liquid rheology. Increasing temperature
decreases viscosity as it reduces intramolecular
forces of attraction. Such temperature viscosity
relationships are quickly established, regardless
of whether temperature is increased or de-
creased.

SHEARSTRESS

SHEAR RATE

FIG. 6-4. Difierent rheograms all have the same apparent
viscosity at the common foci but not at any other point.
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Pseudoplastic behavior is exhibited by poly-
mer solutions and by most semisolid systems
containing some polymer components. In such
systems, there is a buildup of interlacing molec-
ular interactions. Long straight-chain polymers
tend- to have some coiling in their condition of
minimum energy. These coils can develop a
degree of interlocking. With branched polymers,
the opportunity for frictional interlock is obvi-
ously even greater. In addition or alternatively,
intramolecular bridging may occur by simple
hydrogen bonding. This bonding may create
innumerable bridges between individual adja-
cent molecules to create a complete cross~link—
ing. As an example, water added to a liquid non-
ionic in the correct ratio can create a solid gel. In
the case of silica or alumina gel, water may serve
alone or with other agents from cross-linking to
create a three—dirnensional polymer structure.
Classically, most suspending agents exhibit sim-
ilar capability for development of structure. De-
pending on the nature of the suspending and
cross-linking materials used, these adjuvants
may or may not be in complete homogenous so—
lution. Instead, these agents may have a strong
affinity for the solvent and yet be partially insol-
uble. In systems with dispersed solids, these col-
loid solutions can serve as the interweaving ma-
terial to hold the whole system together.

When shear is slowly imparted to such a sys—
tem, deformation may initially occur with some
difficulty, but once initiated, it becomes progres-
sively easier as successive increments of force
are applied. The nature of the interlocldng or
interwoven structure dictates whether initial

flow occurs with difficulty until sufiicient struc-
ture is lost or whether a sufficient initial force is

required to initiate motion, that is, whether a
yield value has to be exceeded. In any case, con-
tinued shearing breaks further linkages, so that
the apparent viscosity drops with increasing
shear. As shear stress is then decreased, the
structure may or may not recover immediately.
If recovery occurs rapidly, the ascending and
descending shear-stress/shear—rate rheograrns
will be essentially superimposable. If the struc-
ture does not immediately recover, the descend—
ing rheogram will have lower stress values at
each shear rate than the ascending (Figure 6-5).
Such a body is said to be thixotropic and the
loop, a hysteresis loop, is in area a measure of
the thixotropy.

Occasionally, semisolid systems in shear, par-
ticularly those containing an appreciable solid
content or those in which structure is developed
through a three-dimensional polymer (silicate
system), develop shear planes across which vir-
tually no interactions exist, and hence, flow is

SHEARSTRESS 
RATESHEAR

FIG. 6-5. The solid lines represent ascending and de-
scending rheograms for a pseudoplastic system exhibiting
thixotropy. The dashed lines represent a dilatant system
with a loop of rheopexy.

easy. These planes of slippage result in what is
called plug flow. In such a system, one portion
moves with the shear stress, while the residue
remains at rest. As is discussed later, this results
in confusing rheologic implications for product
performance. In general, such measurements
are less reproducible.

Classic rheology cannot handle time-depend-
ent phenomena except to display changes in
stress under continuing shear. Thixotropy is
therefore a phenomenon resulting from the time
dependency of the breakdown or the rebuilding
of structure. It is an empiric observation of good
reliability that structure breakdown or buildup is
an exponential function of time. Thus, if the
observed shear'stress for a given shear rate is
followed with time, a plot of stress against time,
both on the logarithmic scale, results in a
straight line. Green and Weltmann used a vari-
ant of this observation to derive a coefficient of

thixotropic breakdown (B) by the equation:1

= S] ‘ SQ,
mafia/t1)

where S] and S; are the stress values at times t1
and t2 of continuous shear at any arbitrary shear

B (5) '
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rate chosen for comparison, Other pharmaceuti4
cal applications for pastes and lotions were later
developed by Weltmann.2

Example 6. Consider an ointment undergoing
shear in a rotational viscometer at a constant

rate of shear. A reading is taken 5sec after
starting. The observed shear stress is
14,000 dyne cm“? After continuous shear, the
value drops to 11,500 dyne cm‘2 at 50 sec and
to 900 dyne cm‘2 at 500 sec. Then, the coeffi—
cient of thixotropic breakdown is:

14,000 — 11,500

111 (50/5)
2500
2.303

= 1085 dyne cm’2

2H
B dyne cm ‘

Similarly:

B _ 11,500 — 900
‘ ln (500/50)

= 1085 dyne cm—

dyne cm’2 ‘
2

Obviously, the coefficient is a function of the
time interval chosen, in this case a decade.

Dilatant systems are essentially the opposite
of'pseudoplastic thixotropic ones. In dilatancy as
shear continued, the fluid components contrib—
uting to lubricity between particles are excluded
from between the shear planes so that the re-
sfilting structure develops increasing friction.
Thus, stress increases with time in a logarithmic
manner similar to that with thixotmpy. A similar
hysteresis loop of rheopexy is' developed in
dilatant systems. Magnesia magma is the classic
pharmaceutical example of this behavioral type.
Usually, some yield value is also recbgnized in
rheopectic systems.

Equation (5) may be used with dilatant sys-
tems in the same way as with thixotropic ones to
yield a coefficient of dilatant buildup.

Graphic Presentation of

Rheologic Data

Stress-Shear Rate Curves
As was mentioned with the Power Law rela-

tionship, there is no uniformity of presentation
of shear-stress/shear—rate data as to which

should be the dependent variable (ordinate) and
the independent variable (abscissa). The con-
fusion in representing the Power Law by equa-
tion (2) is a consequence of this ambiguity. This
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is a historical problem originating in the equip—
ment used in early measurements. Specific
equipment is discussed in a later section of this
chapter. It suffices to say that in the early work
with rotational viscometers, the drive force was
applied by hanging weights, and shear rate was
then calculated from the observed rotational

speed. In this context, stress was the controlla-
ble independent variable Today, the drive speed
is set by the use of synchronous motors whose
speed is controlled by the applied electric fre-
quency, by gear ratios, or by both. Under these
conditions of a fixed set of rotational speeds, the
shear rate should become the independent vari-
able. The majority of rheologic data are obtained
in this manner. With data obtained by capillary
rheometers using externally applied pressure,
the stress is the independent predetermined
parameter, and shear rate is the consequential
dependent variable. The conclusions and the
essential data are the same, however, regardless
of how the plots are made. Typical plots for two
gum systems are given in Figure 6-6.

The logarithmic plots of the shear—stress/
shear—rate relationships of these two gums are
found in Figures 6—3 and 6-7. Figure 6-3 was
used to illustrate the Power Law, and the calcu—
lation of its parameters.

In addition, the logarithmic plot of stress and
shear rate is convenient for providing an overall
summary of data taken in various shear rate
ranges. In the conventional arithmetic scale, low
shear rate data are excessively compacted in the
presence of high shear rate observations. There

. is no other practical way to observe both low and
high shear rate observations within one graph.

Yield Value Determination

Examining Figure 6-6 for indications of yield
value as defined earlier from Figure 6-2, one

1000
CARBDPOL 94l JAGUAR
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FIG. 6-6. Rheograms for Carbop01941 and Jaguar. (From
Catacalos, G., and Wood, 1. H.: J. Phann. Sci. 5321089,
1964. Reproduced with permission of the copyright owner,

' the American Pharmaceutical Association.)
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FIG. 6-7. logarithmic plot of the rheogmrns of Jaguar.
(From Catacalos, G., and Wood, J. H.: J. Pharm. Sci.,
53:1089, 1964. Reproduced with permission of the copy—
right owner, the American Pharmaceutical Association.)

sees that discrepancies between the real and the
ideal case appear to exist. The data for Carbopol
941 all behave at higher shear rates as if they
belonged to a family of curves exhibiting yield
value at low shears. At the lower shear rates,
however, the shear stresses drop off dramati-
cally, implying that a yield value does not occur
for Carbopol 941. With the Jaguar gum, similar
break-off points occur, but the high concentra-
tions of 1.4% and 1.2% do imply a yield value.

In both cases, if no measurements had been
made at shear rates below 5 sec“, the existence
of a yield value would be unquestioned. When a
gum system is assumed to have a yield value
based on rheologic measurements, but cannot
maintain a quality suspension, it is usually be-
cause the low shear-rate values were ignored.
Often, this error is not deliberate but is governed
by the characteristics of the measuring appara-
tus available.

If the logarithmic plot is essentially a straight
line into the low shear rates, then obviously a
true yield value does not exist, even though by -
the conventional plot there appears to be a yield
value. However, if the power equation logarith-
mic plot tends to break upward toward a con-
stant stress for lower shear rates (Fig. 6-8), a
true yield value exists. When the logarithmic
plots Figure 6-3 and 6-7 are examined, it is ap-
parent that for the Carbopol 941 curves, the
Power Law straight line tends to break upward
toward the horizontal at low shear rates, imply-
ing the existence of a true yield value. The Jag-
uar” tends to break downward toward a slope of
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FIG. 6-8. logarithmic representations of rheograrns.
Newtonian with slope unity A,- power law with slope less
than unity 3,- power law with slope approaching unity at
low shear rates C; power law with slope approaching zero
at low shears indicating yield value D. (From Catacalos,
G., and Wood, J. H.: J. Pharm. Sci., 5321089, 1964. Repro-
duced with permission of the copyright owner, the Ameri-
can Pharmaceutical Association.)

unity, implying classic Newtonian behavior at
low shear rates.

Although the logarithmic plots permit an un-
ambiguous determination of the reality of the
yield value, they permit only ‘a qualitative as-
sessment of its numerical magnitude.

Two plots for better visualization of yield value
have become common. These are the Casson

and the Fitch plots, (Figures 6-9 and 6-10);3'4
the Casson is the most widely accepted. In the
Casson plot, the square root of stress is plotted
against the square root of the shear rate, while in
the Fitch plot, the stress is directly plotted
against the square root of the shear rate. The
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FIG. 6-9. Yield value plots for Carbopol 941. A, Fitch plot.
B, Casson plot. (From Caracalos, G., and Wood, 1. H.:
J. Pharm. Sci., 53:1089, 1964. Reproduced with permis—
sion of the copyright owner, the American Pharmaceutical
Association.)
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FIG. 6-10. Yield value plots for Jaguar. A, Fitch plot. B,
Casson plot. (From Catacalos, 0., and Wood, J. H.: J.
Pharm. Sci., 53:1089, 1964. Reproduced with permission
of the copyright owner, the American Pharmaceutical As-
sociation.)

intercept on the stress axis is then defined more
clearly than is possible from other representa—
tions. In Figures 6-9 and 6-10, it is apparent
both from the Casson and the Fitch plots that
these implications are indeed borne out. The
Carbopol 941 values generate unambiguous in-
tercept plots by both methods, while the Jaguar
values all focus on the graphic origin.5

If only higher shear rate measurements were
available, the logarithmic plot, by the changing
slopes observed, would produce uncertainty re—
garding a , yield value; however, the conven—
tiOnal, the Casson, and the Fitch plots would all
have clearly exhibited yield values. Unfortu-
nately, the logarithmic plot is used rarely as in-
surance for the low shear rate behavior.

Aging of Rheologic Properties
For non-Newtonian pharmaceutical systems,

it is necessary to characterize the changes oc—
, curring in the rheologic properties. One conven-
.- ient representationis the plotting of the appro-

priate function of the property against time
using a double logarithmic plot.6 The logarithm
of time permits hours, days, months, and even
years to be represented on a single graph. This
plot can indicate that a continuous change in
property can occur with time (Fig. 6-11), or that
a discontinuity can be recognized during the
aging process (Fig. 6-12). The great advantage
of this plot is that data obtained on fresh samples
can contribute significantly to the recognition of
the aging pattern. Each decade of time contrib-
utes equally to the continuum of the time pat-
tern. Diffusion-controlled phenomena usually
display a logarithmic time dependency.

Consider the data represented by Figure 6-11.
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FIG. 6-] l . Aging change in apparent viscosity at different
shear rates. (From Wood, J. H., Catacalos, (3., and Lieber-
man, S. V.: J. Pharm. Sci. 52:354, 1963. Reproduced with
permission of the copyright owner, the American Pharma-.
ceutical Association.)

Initial rheograms were run about 3 hours after
manufacture of the suspension and again at 24
and 48 hours. The values at 48 hours are clearly
in line with those anticipated from the first two
times. The data through 60 days continue to in-
crease linearly by the logarithmic relation. The
results during the first day can predict the first
week, while those of the first week predict the
next month, and the month implies the year by a
linear projection. '

In the development of a lotion formulation
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FIG.'6-l2. Aging curves for various process and formula—
tion variants of lotion subject to age hardening. (From
:Wood, J. H., and Catacalos, G.: J. Soc. Cosm. Chem,
14:147, 1963. Reproduced by permission of the copyright
owner.) '
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and a processing study, the data of Figure 6-12
were obtained. The formulation tended to
harden with age. The departures from the flat
initial rheologic observations clearly indicated
When this undesirable process became signifi-
cant. Although the onset time of this hardening
remained empiric, these logarithmic time plots
did provide a level of confidence as agng of im-
proved formulations proceeded.

Types of Rheologic Instruments

Capillary or Tube Viscometers
When a fluid flows through a round-bore cap-

illary or tube, there is a viscous drag restraining
the flow. The fluid in immediate contact with
the wall is motionless while that at the center is
at maximum velocity. Between these two limits
is then a velocity gradient. It may be shown that
D, the shear rate at the wall, for a Newtonian
liquid is given by:

40

= m3 (6)

where Q is volume flowing through the capillary
per unit time, and r is the radius of the capillary.

The shear stress, S, at the wall is:

_m
S — 2L (7)

where L is the length of the capillary and AP is
the pressure difference across the capillary,
which provides the appropriate force to over-
come the viscous drag.

' Example 7. What shear stress and shear rate
develop when 2 ml/sec of a fluid are forced
through a 10-cm length of capillary diameter
1 mm by a force equivalent to a 100 mm of mer-
cury?

_ (4x2 ml/sec)

‘ (7x005 cm)5

= 20,400 sec'1

The unit of pressure must be multiplied by the
mercury density and the acceleration of gravity
to convert to force units.

= ((100 mm Hg)(l3.595 g/cm3))2

0.05 cm)x (980.7 cm sec2)( 10

= ( 1.333; 105 dynes/sz) (it?)
= 33300 dyne cm“2

Example 8. What is the apparent viscosity of
the fluid in example 7?

= i
7’ D

_ 33300 dyne cm—2
” 20400 sec—1

= 1.63 poise
= 163 cp

 

Substituting equations (6) and (7) into equa-
tion (1) gives the net result:

APflA 

This equation is generally referred to as
Poiseuille’s equation. For this form, the results of
example 8 would be obtained without a calcula-
tion of the shear rate and stress involved. As

with many such relationships, this is an ideal
equation. It assumes that the length is much
greater than the radius, and that there are no
entry and exit effects at the ends of the tubing. A
series of corrections to the expressions for D and
S have been derived to provide corrections for
these effects and for various stress-strain rela—'

tionships within the fluid; however, these basic
equations are remarkably adequate in providing
useful characterization on non-Newtonian sys-
tems.

The form of capillary most frequently used is
the glass system typified by the Ostwald viscom-
eter (Fig. 6-13). Here the AP term is the difi'er—
ence in height between the upper and lower
meniscuses of the fluid. There is a change in
head resulting from the flow of the liquid from
the bulb as measured by the movement between
the two markings of the upper meniscus. Simul-
taneously, the lower meniscus rises as the flow
enters the lower reservoir. Therefore, measure-
ments are at a varying shear stress and shear
rate. This is not a problem when relative viscos-
ity measurements are made by comparing a
standard reference 1m and the unknown 1;... In
each case, the volume V flowing is the same, but
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. FIG. 6-13. Ost‘wald viscometer. Liquid is drawn up from
bulb E into the bulb above the mark A, and the time offall
of the upper meniscus from line A to line C of the fluid
contained in B is measured. The diameter and length of
the capillary D control the flow time.

the time for flow is tn and tu respectively. The
AP term effectively becomes a height term h di-
vided by the density of the fluid. It then follows,
on substitution into equation (8) that:

m = (W) (W)
= tudu

tndn

 

This equation can be rearranged as:

(”u/dul/ (”R/d l =% (9)
The term n/d was defined as the kinematic vis-
cosity v, and so:

 

v: = K (1")

It is primarily in this type of situation that kine-
matic viscosity has its greatest use.

Example 9. The flow time for water in an Ost-
wald Viscometer was measured at 20°C as

224 sec for the average of 5 trials. Similar meas-
urements for an oil of density 0.748 g/cma were
426 see. What is the viscosity of the oil? The
density of water at 20° is 0.998, and the viscosity
is 1.005 cp. The kinematic viscosity of water is
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given by:

n _ 1.005y=—_
d .998

= 1.007 centistokes

Then, by equation (10):
 

 

veil = toil
”water t"water

Von _ 426
1.007 224

veil = 1.92 centistokes

Then

Tron = (10qu
= (.748)(1.92)
= 1.43 cp

A wide range of capillary lengths and diame-
ters permits a full range of fluids to be studied.
Such instruments should, of necessity, be re-
stricted to materials that can readily flow into
and out of the apparatus without rheologic
damage. Hence, these liquids should be essen-
tially Newtonian in behavior.

Commercially, Ostwald viscometers are pur-
chased by the choice of the centistokes per sec-
ond constant desired. "The normal expected flow
time is 200 to 800 sec for a given instrument.
Faster times generally utilize some form of ex-
ternal timing. Cannon Instrument Co. (State
College, PA) sells a range of Ostwald Viscome—
ters with constants ranging Erom- approximately
0.002 to 20 centistokes per second.

Example 10. Quality control personnel wish to
purchase an Ostwald Viscometer for routine
monitoring of the viscosity of an oil whose den-
sity is O821 and whose viscosity is about 125 cp.
They wish the observed flow time to be between
200 and 400 sec. What specification instrument
should they buy?

V = 1d

= 125 cp
0.821 g/cma

= 152 centistokes

To have a flow time of 300 sec, the constant of
the instrument should be approximately:

_ 150 centistokes
_ 300 sec

= 0.5 centistokes/sec
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The Cannon Instrument Co. has size number
350, which has this instrument constant value.

Because many research and quality control
measurements utilize some variant of the Ost-
wald Viscometer, there are commercial instru-
ments that measure the time for flow between

the two indices with high precision by using
photoelectric timing. Schott America (New York,
NY) markets a system capable of automatic load-
ing of up to 30 samples for sequential measure—
ment by such a timer.

Alternate versions of the classic Ostwald Vis-

cometer have been developed to minimize in-
herent problems of the individual practical in-
struments. Thus, some instruments depend less
on the varying pressure differential, some use
either pressure or vacuum as a driving force,
some require minimal volume, and some permit
successive dilutions to take place in the instru-
ment to follow concentration behavior.

In general, use of Ostwald Viscometers is re-
stricted to a “one-shear-range” measurement
only, and the instrument must be selected for
the individual sample under investigatiOn.

The alternative is a general instrument con-
taining replaceable capillary tubes and a variable
driving force. Such an instrument provides max—
imum flexibility of use. This system is shown
schematically in Figure 6-14. A sample storage
chamber is loaded with the sample to be investi—
gated. The sample is extruded through a capil-
lary tube attached to one end. The chamber con—
tents are forced through this exit capillary by the
force of the piston. Two versions are practical. In
one, the piston is driven at a constant linear rate.

_ Then, by equation (6), the volume extruded per
unit time is a geometrically defined constant
depending only on the volume displaced by the

 
 

4—linour velocity

‘—
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FIG. 6-14. The extrusion rheameter. Either a constant
linear velocity is imparted to the piston to give a preset
volume delivery and the piston force is measured, ora pre-
set force (air pressure) is applied and the rate of volume
delivery is determined.

piston per unit time. Hence, the shear rate ob—
served is that prechosen by the capillary radius
and the volume terms. In this case, the force
transmitted to the piston is measured by a suita-
ble device, either a strain gauge on the pressure
shaft or a hydraulic gauge in the pressured sys-
tem. Thus, by equation (7), the shear stress is a
direct function of this force measurement.
Instron testers, because of their constant veloc-
ity of movement, are typical components for
such a system. The Instron Engineering Corp.
(Canton, MA) can create suitable custom instru-
ments.

The alternative version of Figure 6-14 re-
quires that a constant force be applied to the pis-
ton, and the resultant displacement of piston or
sample extruded is measured. Typically, the
constant force is applied from gas cylinders with
a good pressure regulation system. One com-
mercially available example is the Cannon-Man-
ning Pressure Viscometer (Cannon Instrument
00., State College, PA) shown in Figure 6-15.

 
FIG. 6-15. Cannon-Manning pressure viscometer. (By
permission from Cannon instrument Co.)
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The capillary is the metallic fixture between the
two Swage Nuts. Pressure is applied through the
side arm to the sample (18 ml) contained in the
holding vessel. The volume displaced is meas-
ured by either or both of the two glass bulbs. The
pressure drop occurs completely within the cap-
illary so that the glass portion of the system is
not under any pressure. This instrument is ca—
pable of performing rheologic studies of most
pharmaceutical semisolid formulations: pastes,
ointments, and creams.

These types of systems can be developed or
modified “in house” to meet specific criteria.
The shop work involved in creating an excellent
instrument does not impose excessive demands
on an adequate facility.

Many of the manufactured instruments of this
type have tended to have a limited sales life be-
cause of minimal replacement needs once the
market was saturated. One of these, the Severs
Extrusion Rheometer,7 is discussed laterin this
chapter under “Specialized Pharmaceutical
Applications of Rheology.”

By suitable choice of the flow tubing, the
stress measurement devices, and the timing sys-
tems, the extrusion systems are capable of being
utilized in virtually any pharmaceutical or Cos—
metic formulation system, including those in
which low shear rates are necessary to define
yield value. In these, as in any other measuring
device, it is essential that no rheologic damage to
the sample occurs in loading it for measure-
ment.

Couette Viscometers

Couette, or rotational, viscometers comprise
two members, a central bob or cylinder and a
coaxial or concentric cup. One or both are free to
rotate in relation to each other. Between these is
the test substance, in the annulus. Three basic
configurations have been utilized. These are a
rotating cup with strain measurement on the
central bob, a rotating central bob with strain
measurement on the cup, and a fixed cup with
both rotation and strain measured on the bob.

The first of these configurations originally
provided the cup rotation by the force of weights
hanging on a pan that was suspended from a
cord wound around the cup. The central bob dis-
placement was restrained by an appropriate
spring of known modulus so that the angular
displacement could be equated to angular torque
on the bob. Later versions provided synchronous
speed drives for the cup. The second type of
oouette viscometer is merely a mechanical in-
version of the first. The third classification rep-
resents the majority of modem mass—produced
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instruments. The rotation, usually of the inner
member, is provided by a synchronous electric
motor, usually with variable ratio drives that
provide a series of discrete speeds, with the
other member rigid. An alternative is a motor
that provides a continuous variation in speed by
an appropriate transmission control or by a vari-
able speed motor drive. A mechanical linkage in
the shaft measures angular displacement of the
bob from the driving armature. Figure 6-16 ex-
hibits the Brookfield manner of achieving this
dual function. More advanced instruments have

replaced the measurements of angular displace-
ment with strain gauge linkages of some form to
permit direct electronic recording or digital read—out.

In the mathematical derivation of the usual

expressions for shear stress S and shear rate D
for the cup and bob situation, the existence of a
Newtonian fluid is assumed. In this situation,'
two alternatives may be considered for the aver—
age shear stress and shear rate in the gap be-
tween the cup and bob. These are the arithmetic
(A) and geometric (G) means of the values at the
walls of the bob and the cup. The more custom—
ary arithmetic values are:

Tattle?»sA=~
411mm, (11) _

aEat—a
where T is the measured torque (dyne cm) usu-
ally obtained as the product of a scale reading
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FIG. 6-16. Brookfield Synchro—Lectric viscometer. (By
permission from Brookfield Engineering Lab.)
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and the instrumental restoring torque per scale
unit of deflection; R1 and R0 are radii of the
inner member, bob, and the outer member, cup,
respectively; h is the effective height or length of
the bob; and Q is the angular velocity of rotation
in radians per second.

The values for the geometric mean replace the
(R? + Bo) term in the numerators of both equa-
tion (11) and equation (12) by 2 RIRO, yielding:

T

56 ‘m 03)

D6 =_2.RIR_020 <14)11%

Obviously, if RI and R0 are virtually identical in
magnitude, that is, the annulus between the cup
and bob is very thin, these two means are identi-
cal. Both sets of equations yield the same value
for viscosity:

3
D

bdflifiéi
Commercial instruments supply the values of
R1, R0, h, and the instrument constant that con-
verts the observed angular deflection to the re-
storing torque value T generated by that deflec-
tion.

Example 11. A rheometer has a cup with a
radius of 2.40 cm and a bob with a radius of

2.28 cm. The effective height of the bob is
6.0 cm. The restoring torque on the rotating bob
is 388 dyne cm per instrument scale division.
When a sample is measured at a rotational speed
of 30 rpm, the scale reading is 42.] scale divi-
sions. What are the shear stress, the shear rate,
and the viscosity?

S = Tm? + Ra)
47th12Ré

= (388)(42.1)(2.282 + 2.402)
(4)(3.1416)(6.O)(2.28)2(2.40)2-2

77

(15)

= 79.3 dyne cm

and

= (R? + Hg)
(30- R2)

[[(2.28)2 + (240)21 ll[(2.40)2 — (228)21

X 12 nradians)

= 61.3 sec"1

D [L

H

30 rpm ]60 sec min’1
ii

Note that the revolutions per minute were con-
verted to radians per second, there being 277 ra-
dians per revolution.

= i
’7 D

2 79.3 dyne cm
61.3 sec"1

= 1.29 cp

Note that the same value would have been ob-

tained for the viscosity using equation (15).
Example 12. A rheometer with a spring con-

stant and cup and bob radii as given in the previ-
ous example is used with a known standard vis—
cosity oil to determine the effective height of the
bob. If an oil of Viscosity 1.98 cp gave a scale
deflection of 65.1, what is the effective height of
the bob?

: T R20 — R12
7’ 47th RIZRE)

T R?) — R?

47777;) 11ng

_ < (65.1)(388) )
‘ (4)(3.1416)(1.98) (39 (2)(3.1416)so)

(2.40)? — (2.28)2
X l (2.2592(240)2 )
= 6.06 cm

 

h:

Often, the end effects cannot be readily calcu-
lated for the precision geometry. An effective
height can then be obtained by calibration in
this manner and used with all further work with

that cup and bob,
When the ratio of Ro/RI exceeds 1.1, there are

reasons to feel that the use of the geometric
mean with equations (13) and,(14) is better than
use of the arithmetic mean of equations (11) and
(12) in representing the average condition of the
material under shear in the annulus.

Occasionally in equipment literature and in
publications, yet another pair of equations for
calculating S and D are used. These result from
the assumption that the gap is so wide that RO'is
much greater than R2 and that only the larger
term is retained in the summation The equa—
tions are:

T 

S = 271th2 (16)

_2_Ro
D= ——R12)Q(Ro— (17)
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These equations are presented so that they may
be recognized when seen in other readings. Sur-
prisingly, the value for the viscosity is still given
by equation (15) when these are used. There are
some rheologic empiricists who believe that
equations (16) and (17) are more suitable for
non-Newtonian systems than are equations (13)
and (14) or (11) and (12). The fundamental
practitioners of rheology use a simple equation
to establish a power law relationship and then
use equations developed with that relationship
to calculate more proper values of shear stress
and shear rate. Such equations are not consid-
ered in this discussion.

Conventional pharmaceutical use of rheologic
instrumentation consists of obtaining a compari-
son between samples and establishing whether
changes occur in samples as a result of process-
ing or aging. For such use, slight systematic
biases or errors in calculation of exact data re-

sulting from the method of measurement do not
constitute a problem, since comparisons are
made within one measurement. Examples are
the already discussed Figures 6-11 and 6-12.
When it is necessary to examine the rheologic
behavior over a shear rate range greater than
can be covered with one instrument, slight dis-
continuities may occur between measurement
systems, as can be seen in Figure 6-17. All cal-
culations in this example use the basic equa-
tions withoutany attempt at empiric or theoretic
correction for differing gap sizes, end effects. or
the nonlinear behavior.

In addition, it should be recognized that Fig-
ure 6-17 is another example of the IOWest shear
measurements inflecting to exhibit a very low
but real yield value. Thus, the use of the double
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FIG. 6-17. Type of overlapping rheograms obtained with
different cup and bob combinations, using equations with»
out correction. (From Wood, 1. H., Catacalos, G., and Lie-
berman, S. V. (J. Pharm. Sci. 52:296, 1963. Reproduced
with permission of the copyright owner, the American
Pharmaceutical Association.)
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logarithmic plot permits not only the recognition
of apparent changes in rheologic parameters,
which are artifactual to the simplified equations
utilized, but also a clear recognition of the entire
rheologic picture for all conditions of shear.

If it should become essential to bring values
from different cup/bob combinations into abso-
lute coherence, one approach is to use a series of
sleeves that fit into a rheometer cup. By con—
ducting measurements with one bob at a series
of clearances to the sleeves (cup), one can obtain
an estimate of a limiting zero gap by extrapola-
tion to the zero gap condition. This usually per—
mits a smooth transition from one measuring
combination to the next as the product changes
with age in storage trials. The Contraves Vis-
cometer has such a set of sleeves available for

use in its cups. This versatile instrument, avail-
able from the Tekman Company (Cincinnati,
OH), is sometimes called the Epprecht Viscome-
ter after its designer. Another frequently used
instrument for pharmaceutical studies is the
Rotovisko (Haake Inc., Saddle River, NJ). In
addition, Brookfield Engineering Inc. (Stough-
ton, MA) has sets of cup and bob combinations
available for its basic instruments.

Cone and Plate Viscometers

In this type, the cone is a slightly beveled plate
such that ideally the angle 111 between cone and
plate is only a few degrees; even in the cruder
forms, it is less than 10° (Fig. 6—18). The linear
velocity at any point on the cone r from the apex
is r0, where Q is the angular velocity while the
separation is Ill}; hence, the shear rate is given
bV:

r9

D = W 18
:£ C l

11’

( Pnradians/sec

LEE-diam 
FIG. 6-18. Basic configuration of the cone and plate vis-cometer.
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In this case, the dimensional analysis gives:

_ g radians/sec
D _ (l; radians

= sec—1

This is dimensionally correct. Of greatest signif—
icance in equation (18) is that the shear rate at
any point is the same, uniform, throughout the
gap when the cone angle is small.

If the cone radius is R, then the shear stress S
is given by:

3T

S = 271KB (19)

 

where T is the restoring torque measured by the
instrument.

Example 13. What is the shear stress and
shear rate for a cone-plate viscometer measure-
ment using a 5.00-cm radius cone and plate,
with the cone rotational speed being 50 rpm, the
cone angle 1.8“, and the scale reading 37.6
units? The torque conversion is 1105 dyne cm
per scale division.

First, both the rotation and the cone angle
must be brought to similar units, in this case,
radians:

1 min 

(1.8) ($8) (degrees)(radians/degxee)
= 166.7 sec—1

Altemately, the conversion could be to degrees:

(50 rpm)(360°/rev) (61—0 min/sec)
1.8 (degrees)

= 166.7 sec—1

1)-
 

Similarly, the stress is given by:

= 3T
217R3

_ (3)(37.6 units)(1105 dyne cm/unit)

‘ (2)(1'r)(5.00)32

S
 

= 158.7 dyne cm‘

(00 rpm)< 60 sec )(217 radians/revolutions)

Geometrically, either the cone or the plate can
be the rotating member. The torque may be
measured either on the other member or

through the coupling drive system exactly as in
the couette viscometers.

The classic instrument of this category has
been the Ferranti-Shirley Viscometer (Ferranti
Electric, Corrmack, NY), whose use in a wide
range of pharmaceutical and cosmetic literature
testifies to its general versatility. In addition,
cone-plate systems attachments are available for
the Brookfield, Contraves, and Rotovisko sys—
tems.

Density-Dependent Viscometers
Physically, the falling ball viscometer requires

the determination of the time t for a ball of den-

sity p3 to fall through a fixed distance of liquid of
density pL and of viscosity 71- The equation gov-
erning this determination may be developed
from first principles if the ball falls freely in an
“ocean” of liquid, that is, there is no effect from
the container walls. Hewever, a general equa-
tion of the following form may be used regard-
less of whether a free fall or a slide and/or roll
down an inclined tube is used:

17 = K(pa - pot (20)

The constant K includes wall interaction factors.

A liquid of known viscosity is then used to cali-
brate the instruments for general use, in a man-
ner analogous to that with Ostwald and similar
capillary viscometers.

Example 14. A ball of density 3.12 takes
109 sec to fall the fixed distance of an inclined

tube viscometer when a calibrating liquid of
density 0.94 and viscosity 8.12 poises is used.
A) What is the instrumental constant? B) What
would be the viscosity of a sample oil of density
0.88 if the fall time under similar conditions was
125 sec?

A) n = K(pn - pat

K = 17
(PB " PL)t

_ 8.12 poises

‘ (3.12 — 0.94)(109) (grams/lesec)

= 0.0342 poises grain‘1 ml sec.“l

B) 17? = 0.034 (pB — P?)t
= (0.034)(3.12 — 0.88)(125)
= 9.571 poises
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It also is apparent that:

77-591339};
77? — K(PB _ Pr)?

2 (PB — 9701?)
Th (PB ‘ pLXtL) m

_ (3.12 — 0.88)(125)

‘ (3.12 ‘ 0.940009)

= 9.57 poise

(8.12)

One commercial example is the Hoeppler Vis-
cometer, a 200-mm tube with an 8~mm radius
and a normal 10° tilt from the vertical. Utilizing
the appropriate ball, it has a workable range of
0.01 cp to 10,000 poises. This is a one—point
measurement involving uncertain shear rate
and shear stress, however.

Similar in principle is the Bubble Viscometer.
A series of sealed standard tubes have calibrated

oils covering a range of viscosities. Each has a
small air bubble of exact geometry. The un-
lmown sample is placed in an empty tube and
stoppered so that it is identical in bubble content
to the standards. The unknown and standard

tubes are inverted, and the bubble rise times are
compared to determine the standard most re-
sembling the unknown. This is still a procedure
that is utilized with some heavy oils.

Certainly, these two gravity procedures have
little to offer when compared with modern rota—
tion viscometers.

Penetrometers

These were instruments developed to mea—
sure the consistency or hardness of relatively
rigid semisolids. The cone and the needle forms
are the most commonly used in pharmacy.
These are shown schematically in Figure 6-19.
The usual cone is that specified by the ASTM,
which has a 30° cone point protruding from a
90° cone; however, other solid angled cones
have been used. In use, the cone is mounted on
an instrument that measures its movement with

time. The tip is set at the surface, and a spring
tension is attached to the top of the cone. At time
zero, the cone is released. Usually, the penetra—
tion occurring in a fixed time is determined. The
travel distance is usually reported in decimil-
Iimeters, 10—4 meters.

It has been shown that these measurements

can provide a self-consistent measure of a yield
value (YV) through the following equation:

W = ‘SY (21>
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FIG. 6-19. The basic configuration ofthe double cone and
the needle penetrometer-s.

where K is an appropriate proportionality con-
stant, W is the load in grams on the penetrome—
ter, P is the penetration in mm (multiples of
0.1 mm), and n is an index. The value of K de-
pends on the cone angle, 9670 for 30°, 2815 for
60°, and 1040 for 9098'9 The index n must be
determined from a plot of the classically meas-
ured yield value against penetration for a variety
of samples. The value of n = 1.6 applies to mar-
garine and fat. No equivalent numbers have‘
been reported for products of pharmaceutical
interest. However, the highest possible value of
n is 2, the theoretic value utilized automatically
by some workers. For relative values, either
number, or an average would not lead to a seri-
ous error. Pharmaceutical studies seem to be

confined to empiric reporting of penetration val-
ues for comparison purposes or for following
graphically the penetration with time as a func-
tion of penetrometer load. This is not surprising
since rarely is the necessary time taken to cali-
brate full rheogram yield values against penetra-
tion parameters. This does not detract from the
utility of the penetrometer as an efiective tool in
evaluating changes in yield value for ointments
and semisolid creams. Its particular value is the
relative rapidity and ease with which such pene—
trometer measurements may be made.

Miscellaneous Measuring Systems

A wide variety of geometries are conceivable
in which a test medium either moderates motion

of a driven object or serves to transmit force
across a gradient. Thus, rising spheres, plates,
rods, etc. have found utility in various forms of
rheometers. Some have practical elements for
utilization but often need empiric rather than
theoretic calibration. Typical devices are the var—
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ious plates, rods, and T-bars characteristic of the
normal Brookfield viscometer. These measuring
systems have provided most of the practical
quality control of emulsions and semisolids for
the cosmetic and pharmaceutical industries.

Usually, some systems meet a need of special
convenience. They are usually calibrated
against a Newtonian oil and hence readings ob-
tained are apparent viscosities rather than ac-
tual values. For routine evaluation and compari-
son, these empiric instruments are invaluable
even though the results cannot be readily trans-
lated to absolute rheologic parameters.

Viscoelastic Properties and
Measurements

Earlier in this chapter, it was emphasized that
there are time-dependent shear changes occur-
ring in samples with the creation of thixotropic
or rheopectic loops. The classic rheologic treat-
ments cannot adequately handle such changes
except to quantitate those that occur by fixed
processes. These cannot lead to other than em-
piric relationships.

The time-dependent changes in properties of
a Substance undergoing shear are properly clas-
sified as viscoelastic changes. Viscoelastic prop—
erties are often represented by two mechanical
analogies: a spring, and a dashpot or closed pis-
ton. The spring symbolizes the classic elastic
property that is normally associated with it.
When a force is applied, it stretches a fixed dis-
tance proportional to the force and stops. When
the displacing force is withdrawn, the spring
immediately returns to its original condition,
and no permanent deformation occurs. The
dashpot or piston represents the condition con-
sidered in classic rheology. As in Figure 6-1, a
displacement occurs, with the application of an
applied force, and continues as long as the force
is applied. When the force is removed, the mate-
rial merely remains in the position it has
reached by that time. No recovery occurs.

In the representation of Viscoelastic proper-
ties, there are two primary elements, usually
called Kelvin and Maxwell elements. In the Kel-

vin element, the spring and the dashpot are
placed in parallel position, while in the Maxwell,
they are in series (Fig. 6-20). When a displacing
force is applied to a Kelvin element and held
constant, there occurs a viscous flow that de-
creases with time. In the analog, the viscous
flow occurs because of the displacing force, and
the net magnitude of that force decreases as the
spring stretches to balance the force. When the

{fin «(I-lamp»
A B

FIG. 6-20. Spring and dashpot representation of vis-
coelastic elements. The Kelvin element (A) has the compo-
nents in parallel position, whereas the Maxwell element
(B) has them in series.

displacing force is removed, there is a slow re-
turn to the original position as the internal force
of the spring drives the dashpot back to its origi—
nal position. In summary, the elastic element
has a time component for its attainment of
steady state. With the Maxwell element, when a
displacing force is applied, there is an immedi—
ate elastic displacement followed by a continu-
ous tinuous viscous flow. The spring stretches
immediately, and the dashpot slowly moves in—
dependently. When the force is removed, there
is an immediate rebound of the elastic displace-
ment, but no viscous flow occurs after that elas-
tic recovery. The spring has returned to its origi-
nal conformation, but the dashpot remains in its
new location because there is no force for a res-
toration.

Schematically, many of these elements may
be combined in various permutations. The re-
sulting arrays can be treated mathematically to
develop the appropriate characterizing parame—
ters. Experimental instrumentation to provide
data for these mathematical treatments is avail-

able. They are of many types depending on the
physical nature of the substance to be examined.
In some cases, the instrument is a modification
of one already described in this chapter; how-
ever, most are product-specific or extremely
expensive. Unfortunately, data treatment devel-
opment is beyond the scope of this chapter. An
excellent review is provided by Barry,10 one of
the major contributors to pharmaceutical vis-
coelastic studies.

Although there have been published many
excellent studies on the Viscoelastic properties
of pharmaceutical gums, mucilages, and gelling
and suspending agents, their applicability in
generalized characterizations of perceived de—
sired product attributes is still needed.”13

Unfortunately, although it is apparent that the
parameters of classic rheology—thixotropy,
pseudoplasticity, and dilatancy'—can be readily
visualized from the fundamental Kelvin and

Maxwell elements, measurements from within
one approach cannot be utilized to project or cal-
culate parameters in the other.

PHARMACEUTICAL RIIEOLOGY - 139

Page 149



Page 150

Specialized Pharmaceutical

Applications of Rheology

Shear Rates in Pharmaceutical

Applications and Resultant
Desired Viscosities

Henderson et al. made the first major attempt
to establish shear rates corresponding to phar-
maceutical use.14 They set “topical application
up to 120 sec—1; rubbing on ointment tile,
150 seeil; roller mill, 1000—12000 sec—1; col-
loid mill, several hundred thousand sec—1;
nasal spray (plastic squeeze bottle), 1000 sec—1;
and pouring from bottle, below 100 sec.“.” To
this can be added rubbing into skin, 100 to
10,000 sec“, depending on the degree of rub-
bing; squeezing from a tube or plastic bottle, 10
to 1000 see“, depending on orifice size and de-
livery rate; pumping of products, 1000 to
100,000 sec—1; high-speed filling, from 5000 to
100,000 sec—1; and yield value parameters,
below 0.1 sec—1. An example of this extrusion
range is that 1 cmalsec delivery of a liquid cream
through an orifice 10 mm in diameter imparts a
shear rate of 10 sec“, while for the same vol-
ume through a 5—mm orifice, such as might

. occur for a toothpaste, it is 100 sec‘I ‘2 Only
0.1 m1/sec through a 1-mm orifice imparts a
shear rate of 1000 sec'l.

This pharmaceutical characterization, de-
pending upon the application, must bridge an
extremely wide range of values of shear rate.
The shear rate for individual use by a process
may vary. The acceptability of the force neces-
sary to extrude a product from a collapsible con-
tainer is obviously dependent on the squeezing
force that the subject can exert easily. Similarly,
the force to permit rub-in of a topical product
depends on the user. ‘

An interesting example of how to proceed to
determine suitable product characterizations is
a study by Langenbucher and Lange.15 They
wished to determine suitable product character-
istics for squeezing from a tube and then for
ease of application of a cosmetic cream or oint-
ment. They used a series of Newtonian oils of
varying viscbsity to assess acceptance with a
panel. In their study, the tubes were of standard
aluminum with a diameter of 18 mm, alength of
100 mm, and a 5.3—mm orifice. Using a percep-
tion scale of l to 5 with 1 too thin and 5 too

thick, this perception scale was found to be pro—
portionate to the logarithm of the test medium’s
Newtonian viscosity. These workers determined
that a viscosity of 50 to 1000 poises, optimally
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200 poises, was acceptable for extrusion in this
tube. Similarly, for topical use, a range of 0.2 to 5
poises, optimally 1 poise, was preferred. Several
products for rheologic properties were then eval—
uated as a function of shear rate. One cream

with an apparent viscosity of 280 poises at a
shear rate of 10 sec‘1 and of 1.8 poises at
10,000 sec’1 had a panel preference score for
extrusion of 3.4 separately for both extrusion
and ease of application. (A score of 3 was defined
as agreeable.) From the study of scores as a
function of the logarithm of viscosity, these val—
ues of 3.4 should have corresponded to 350 and
1.8 poises respectively, an excellent confirma~
tion of the suitability of the screening evalua-
tion. Similar procedures can be used to evaluate
any potential product dispenser or use condition
with any desired segments of the user popula—
tion.

In practical use, shear rate is determined en-
tirely by setting the desired rate of motion
through a filler or orifice, application mode, and
so forth without regard to the force (stress) re-
quired to achieve that process. Shear stress is
the force required for the process to occur. If it
involves a human interaction, then there is a
perception of whether that force is less than de-
sired, optimal, or excessive. Viscosity, or appar-
ent viscosity for a non-Newtonian oil, is then
that proportionality constant relating it, which
was shown by equation (1). A perceived suitable
viscosity is therefore a judgment on the stress
required to achieve the needed shear rate.

Alternately, visual perception of a suitable vis-
cosity for a cream to hold its shape in a jar, a
lotion to pour, or a toothpaste to maintain its rib-
bon shape on a brush is an identical process.
Here, the shear rate is determined by the subjec-
tive evaluation of an acceptable rate of deforma-
tion or flow under the constant stress of gravity.

The rheologic measurement must permit a
clear assessment of the characteristic desired.

Thus, the rheogram for a toothpaste needs to
have a shear rate comparable to that for con-
tainer delivery in order to assess practicality of
extrusion. It also must have sufficient viscosity
recovery from low shear rates to maintain its rib-
bon shape on the brush after suitable initial flow
into the bristles for stability in handling, and it
must thin readily with shear for ease in brush-
ing. This type of history need emphasizes why
statements defining a suitable viscosity ‘for a
product are meaningless unless they are framed
within a specific judgment of use. The wide tex—
ture range of commercial products, presently
acceptable as judged by commercial sales,
clearly establishes that distinct segments of the
population perceive difi'erent virtues.
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A classic example in pharmaceutical rheology
of the need for both structural breakdown under

flow and recovery of body (viscosity) is the study
of depot procaine penicillin G products by Ober
and associates.16 These workers set the two pa-
rameters for the evaluation or comparison of
products as the ease of extrusion from a hyper-
dermic syringe with needle attached, and the
degree to which the extrudate would retain itself
in a compact volume. An arbitrary force from a
5-g weight on one pan of a two-pan balance was
used to press a pad against the tip of the hypo-
dermic needle. If this force was sufficient to

plug the needle for a fixed air pressure of 200 psi
on the syringe barrel, the formulation was
judged too thick. This was found to correlate
with the yield value found by rheologic measure-
ments. Unfortunately, their values were re—
ported in torque units of dyne centimeters,
which require the instrumental parameters to
develop shear stress, which was given by equa-
tion (11). The suitability of the depot geometry
was judged by the relative shape of the product
when injected into a gelatin gel, used as a sub-
stitute for muscle. The symmetry of the depot
was related to the degree of thixotropic recovery
of the mass. Using these criteria, these workers
then determined how such formulation factors

as the particle size and size distribution affected
the resulting product.

Regained structure due to recovery of cross-
]inking attributes of the system cannot be pre-
sumed. In any system in which the degree of
breakdown is time-dependent, as it is in virtu—
ally all thixotropic systems, the recovery of
structure is also time-dependent. Recovery of
structure does appear to occur much more
slowly than the original structural buildup with
aging. Rheologic measurements can be influ-
enced by prior shear treatment if the test mate-
rial shows any thixotropy. Therefore, no shear
that is comparable to the range of shear rate in-
tended to be measured can be given to the sam-
ple in removing it from its container and loading
it into the measuring instrument; otherwise, the
observations depend on the loading procedure
used.

An extreme of the treatment breakdown of
structure was used to evaluate the effective

shear rate imparted by a filling machine.7 A cos-
metic lotion subject to thixotropic breakdown
Was put through a filler at two different delivery
rates. At the same time, bulk sample was
sheared through an extrusion rheometer at eight
different shear rates. The shear rate used in
each case was calculated from thedelivery rate
resulting from preset extrusion pressures; this
calculation was given by equation (6). These

sheared samples, pseudo-filled, were stored
along with the product from the commercial
filler and with an unfilled sample until thixo-
tropic recovery had occurred. After 7 days, low
shear rate rheograms were obtained. In Figure
6-21, the apparent viscosity for each sample is
shown plotted for four arbitrary values of the low
shear rate evaluation: 0.5, 1.0, 2.5, and 10 sec—1
For each of these shear rates, a smooth curve
was plotted through the observations for the
unfilled and eight pseudo-filled samples for the
logarithm of apparent viscosity as a function of
pseudo-filling shear rate. The observations of
viscosity of the values from the real filler were
then placed on the smooth curve as shown in
the figure. In this way, it was concluded that the
two operating conditions produced shear rates of
approximately 10,000 and 25,000 sec“. It
should be recognized that the shear rate of a
filler is set by the internal action of its operation,
including the piston size and stroke or alternate
mode of fluid propulsion, the diameter of intake
and output tubes, and not just the fill volume

APPARENTVISCOSITY,(CPS)   
I J

0 ppm 30.000 30900
SHEAR TREATMENT (sec-H

40,000 503130 603130

FIG. 6-21. Low shear rate apparent viscosities measured
7 days after treatment of a thixotropic lotion. The lotion
was pseudofilled at eight apparent shear rates 2 days afler
manufacture (solid dots) or put throngh two commercial
fillers (solid triangles). The triangles are placed on the
smoothed pseudofilled line to determine the apparent filler
shear rate, approximately 10,000 sec" and 25,000 see".
(From Wood, J. H., Calacalos, G, and Lieberman, S. V.:
J. Pharm. Sci, 52:375, 1963. Reproduced with permission
of the copyright owner, the American Pharmaceutical As-
sociatz‘on.)
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delivered over an allotted time. In this manner,
it is possible to evaluate the shear rate from any
production operation after sampling the mixing
tank.

It is vitally important in any product develop-
ment that all trial formulations be tested against
assumed stresses and shear rates of manufac-

turing, product movement, filling, and use.
These values must be calibrated in the manner

described, preferably with products characteris-
tically used and under the normal range of oper-
ating parameters of that facility. Excessive shear
after some storage is more deleterious to product
body than the same shear before aging. Thus, a
product commercially filled after holding over a
long weekend rarely resembles rheologically the
product filled soon after manufacture. Depend-
ing on the nature of the formulation, these dif—
ferences may be subtle or dramatic, even to the
point of liquifying a paste by excessively shear-
ing it after aging.

Often, the “art” of the formulation is being
able to build into a product the ability to be
mixed and handled in a different way from the
laboratory samples. Obviously, this ability is the
consequence of compensating for the shear
treatments used by different levels of emulsifi-
ers and thickeners, so that the conversion from
laboratory to production is smooth.

Yield Value and Suspensions
Much of the early pharmaceutical literature

bears a confusing mixture of publications relat-
ing to acceptable viscosities for emulsion and
suspension stability. The viscosities were meas-
ured at shear rates defined by the instrumenta-
tion used, and only rarely were extrapolations to
any true yield value attempted.

Meyer and Cohen demonstrated how the rhe-
ologic yield value obtainable with their com-
pany’s Carbopol permitted theoretically the
preparation of permanent suspensions.17 The
theoretic yield value (YV) for suspension must
balance or exceed the force of gravitational set-
tlement. Hence, for spherical objects: ‘

gV<Pp — Pm)
YV= A (22)

where g is the acceleration due to gravity, V is
the particle volume, pp is the particle density, pm
is the suspending medium density, and A is the
cross-sectional area of the particle (all2 for
round particles of radius R).

Example 15. What yield value is required to
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suspend a golf ball of radius 2.13 cm and density
1.11 in a medium of density 1.00?

gV(pp - pm)
A

= (980)(cm sec—2)(§7r(2. 13)3 cms)
77(2. 13)2 cm:

x (7.11 - 1.00gcm‘3)2

W:

= 310 dynes cm—

In a similar fashion, Meyer and Cohen found
theoretic yield values of 65 and 1620,dyne cm—2
to suspend sand of density 2.60 and radius
0.030 cm and marbles of density 2.55 and radius
0.8 cm respectively.17 It was found that sand
suspension for several years was possible in this
manner when they used Carbopol 934 for the
suspending agent. The required concentrations
for sand, golf balls, and marbles, are 0.18%,
0.20%, and 0.40% of this agent.

Chong extended this concept by presenting a
graphic nomogt‘am.18 (See Fig. 6-22 for the nec-
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l IO [00 1000

Particle Radius ( ll )

FIG. 6-22. Necessary shearing stress to be balanced by
yield value for various density differences between particle
and medium as a function of particle radius. (From
Chang, C. W.: J. Soc. Cosm. Chem. 14:123, 1963. Repro—
duced by permission of the copyright owner.)
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Jami.”

SHEARSTRESS

essary yield value to suspend particles of varying
density and radius.) This graph relates to the
difference in density between particle and me-
dium and is equally valid for particles lighter
than the medium, particularly in considering
the aeration of a product that has yield value
characteristics.

Any attempt to use this yield value approach
obviously requires that real yield values exist at
low shear rates as discussed earlier. If the very
low shear rate measurements break from the

Power Law toward Newtonian behavior, no per-
manent formulation can result. Unfortunately,
no published literature other than the sand
study with Carbop01934 appears to exist relating
to stability with aging for this yield value con-
cept.

Artifactual Observations Due to

Plug Flow or Slippage Planes
Breakdown of structure under shear may be

general, or may occur locally, creating planes of
slippage. Frequently, a body of material may
remain motionless against the motionless wall of
a viscosity measuring device, while the rest of
the material moves as a unit down a tube or with

a rotating bob. This behavior is characteristic of
plug flow. Such behavior negates meaningful
rheologic measurements, except that the stress
at which structural rupture occurs may be char-
acterized for that material. Typical rheograms
resulting in this behavior are shown in Figure
6-23. The Haake Rotovisko has special star-
shaped bobs and ribbed bobs available to mini-
mize this effect. It is practical to machine
grooves into regular viscometer bobs.19 These

SEAR ”TE

FIG. 6‘23. Rheogram for a dentrifice obtained with a Her-
cules Hi-Shear rheometer with smooth and ribbed bobs.
(From Wood, J. H., Giles, W H., and Catacalos, G.: J. Soc.
Cosm. Chem, 15:565. 1964. Reproduced by permission of
the copyright owner.)

 

g‘ooves tend to minimize the squeezing out of
fluid by syneresis and thus do appreciably raise
the shear rate range attainable before plug flow
is initiated. This ribbing technique may also be
applied in the cone-plate configuration.

Many workers have mistakenly interpreted
the point at which plug flow begins as the yield
value. Obviously, it represents a significant
characterizing parameter, but the shear at
which plug flow begins does appear to depend
on geometry rather than being an intrinsic term.

In the case of the procaine enicillin study
discussed in a previous section, 6 this plug pa-
rameter is probably critical to the syringe deliv-
ery. Indeed, the study evaluated this material
fracture point rather than a true rheologic yield
value.

This loss of cross-linked structure is clearly
evident in many low shear rate measurements
in solutions of suspending agents, whether
montmorillonite clays or xanthan gums.”21
Sometimes, structure may be broken merely by
pouring rapidly from a storage container into the
rheometer. If the structure is retained in the vis-

cometer, initial torque readings can be quite
high before cross-linking structure is lost, which
results in reduced torques as the shear rate in-
creases. Similar loss in structure is possible
when suspending agents exhibit a loss in sus-
pending power after shaking.

Measurements of Stickiness or
Tackiness

Two types of any tendency to self-adhesion
have practical pharmaceutical application. The
first is in dermal application, where any sticking
of fingers together to a hand or any two skin sur-
faces can be quite objectionable. The application
of rheologic principles to this problem was made
by De Martine and Cussler.22 They found a clear
relationship between perceived stickiness and a
complex computable function dependent on de—
finable parameters.

An alternative approach, the force to pull two
surfaces apart, has been used for measuring
stickiness as dermal preparations evaporate.23
Recently, this type of measure has been devel-
oped in detail to evaluate tackiness of coating
solutions for tablets as a function of coating
composition.2425 Using an Instron Tester, the
full time-course of the adhesive force was fol-

lowed during extension between the adhesive
surfaces. It is of interest to note that tack ap-
peared to parallel orientation effects attributable
to elastic parameters of the coating agent.
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Rheologic Use of Mixing

Equipment

A major engineering use of rheologic meas—
urements are power requirements in mixers and
blenders. In the past, laboratory-sized equip-
ment has been instrumented with strain gauges
to permit torque measurements to be continu-
ously monitored. This technology is now becom-
ing available in manufacturing equipment.

An interesting example of such a research
study was the use of a Brabender Plasti-Corder
rotational torque mixer to follow the changes
occun'ing during a wet granulation pr0cess.26
Application of such studies permits stopping
further mixing of a granulation at a specific de-
sired point in the granule agglomeration. This
can be particularly important when further mix-
ing may create an intractable solid mass or an
undesirable fluidizing. Because of the proprie-
tary nature of such studies these are not likely to
attain high visibility in the literature.

Tabletting and Compression
Granulation

Although the nature of anisotropic forces dur-
ing compression and the resultant difference in
force vertically and. laterally have been studied
in, theoretic tabletting, the rheologic implica-
tions have generally not been recognized. Thus,
dwell time differences during compression,
whether slugging or roller compression, can
create flow structure differences in granula-
tions. The full viscoelastic implications of the
compression loading and unloading have re—
centl been developed by Rippie and associ—
ates. 7'28 In particular, they have demonstrated
how the fundamental parameters clearly depend
on the composition of the tablet.28

Instrumented production tablet presses are
now available and widely used in the industry
for the study of optimum processing conditions.
Unfortunately, few of these studies have been
released for publication, so that we must rely on
such studies as those described in this chapter
to realize the potential of such tablet investiga-
tions. In particular, the development of formula-
tions to minimize the delay in strain release that
contributes to capping is an area in which trade
secrets prevent free publication.

Summary

In stability measurements, rheologic parame-
ters can provide a method of documenting the
time-dependent changes.
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Equipment suitable for most practical phar-
maceutical and cosmetic rheology is commer-
ciale available from a variety of sources.

Rheologic measurements can provide criteria
ofproduct acceptability because they can be cor-
related to relevant “in use” factors of shear.

Recent developments in viscoelastic rheologic
methodology are now moving from the academic
to the industrial applications in pharmaceutical
technology. These will lead to further applica-
tions in product monitoring and evaluation.
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Clarification and Filtration

S. CHRAI

The preparation of pharmaceutical dosage forms
frequently requires the separation of particles
from a fluid. The usual objective is a sparkling
liquid that is free of amorphous or crystalline
precipitates, colloidal hazes, 0r insoluble liquid

, drops. Sterility specifications may expand the
objective to include removal of microorganisms.

Filtration is defined as the process in which
particles are separated from a liquid by passing
the liquid through a permeable material. The
porous filter medium is the permeable material
that separates particles from the liquid passing
through it and is known as a filter. Thus, filtra—
tion is a unit operation in which a mixture of
solids and liquid, the feed, suspension, disper-
sion, influent or slurry, is forced through a po-
rous medium, in which the solids are deposited
or entrapped. The solids retained on a filter are
known as the residue. The solids form a cake on

the surface of the medium, and the clarified liq-
uid known as effluent or filtrate is discharged
from the filter. If recovery of solids is desired,
the process is called cake filtration. The term
clarification is applied when the solids do not
exceed 1.0% and filtrate is the primary product.
Ultrafiltration may be defined as the separation
of intermicellar liquid from solids by the use of
pressure on a semipermeable membrane.

Filtration is frequently the method of choice
for sterilization of solutions that are chemically
or physically unstable under heating conditions.
In many applications, sterile filtration is an ideal
technique. Sterile filtration of liquids and gases
is commonly used in the pharmaceutical indus-
try. Final product solutions or vehicles for sus-
pensions are sterile—filtered prior to an aseptic
filling process. Sterile filtration of bulk drug so-
lution prior to an aseptic crystallization process
eliminates the possibility of organisms being
occluded within crystals.

Much of the material in this chapter is based on Chap~
ter 18 of the previous edition, which was written by Rich-
ard A. Hill, PhD.

146

The broad span of pharmaceutical require-
ments cannot be met by a single type of filter.
The industrial pharmacist must achieve a bal—
ance between filter media and equipment capa-
bilities, slurry characteristics, and quality speci-
fications for the final product. The choice is
usually a batch pressure filter, which uses either
surface or depth principles.

Surface filtration is a screening action by
which pores or holes in the medium prevent the
passage of solids. The depth filter permits slurry
to penetrate to a point where the diameter of a
solid particle is greater than the diameter of a
tortuous void or channel. The solids are retained

within a gradient density structure by physical '
restriction or by absorption properties of the
medium.

Theory

Even today, filtration is more an art than a sci-
ence. The filtration theory, with all its mathe-
matical models, has a deficiency. The deficiency
is its preoccupation with resistance to flow, al-
most to the exclusion of considerations of filtrate

quality. It is possible to estimate the resistance
to flow of a clean filter medium but impossible to
estimate with comparable accuracy what the
resistance will be as the filter begins to trap sol—
ids. The mathematical models do provide a
means of showing apparent relationships be-
tween variables in a process and may be valua—
ble decision-making tools in the selection of ap—
paratus and techniques for a particular filtration
application.1

The mathematical models for flow through a
porous medium, cake filtration, and granular
bed filtration may differ, but all follow this basic
rule: The energy lost in filtration is proportional
to the rate of flow per unit area.

The flow of liquid through a filter follows the
basic rules that govern flow of any liquid
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through a medium offering resistance. The rate
of flow may be expressed as:

driving forcerate = .
resrstance (1)

The rate may be expressed as volume per unit
time and the driving force as a pressure differen-
tial. The apparent complexity of the filtration
equations arises from the expansion of the re—
sistance term. Resistance is not constant since it

increases as solids are deposited on the filter
medium. An expression of this changing resist-
ance involves a material balance as well as fac-

tors expressing permeability or coefficient of re-
sistance of the continuously expanding cake.

The rate concept as expressed in modifica—
tions of Poiseuille‘s equation is prevalent in en—
gineering literature:

dV _ AP
Hi ' a (aW/A + R) (2)

where:

V = volume of filtrate
T = time
A = filter area

P = total pressure drop through cake and
filter medium

p. = filtrate viscosity
at = average specific cake resistance

W = weight of dry cake solids
R = resistance of filter medium and filter

Any convenient units may be used in this equa-
tion, since inconsistencies are absorbed in the
cake and filter resistances.

The practical limitation of this equation is that
the constants must be determined on the actual

slurry being handled. There is no crossover ap-
plication of data, and the majority of filters are
selected on the basis of empiric laboratory or
pilot plant tests. Equation (2) has been inte-
grated under various assumptions, and these
integrated forms may be used to predict effects
of process changes and to evaluate test work.
The techniques for data evaluation set forth in
the section “Filter Selection” in this chapter may
be confirmed by reference to broader theoretic
discussions?‘4

Interpretation of the basic equation, however,
leads to a general set of rules:

1. Pressure increases usually cause a propor-tionate increase in flow unless the cake is

highly compressible. Pressure increases on

highly compressible, flocculent, or slimy pre-
cipitates may decrease or terminate flow.

2. An increase in area increases flow and life

proportional to the square of the area since
cake thickness, and thus resistance, are also
reduced.

3. The filtrate flow rate at any instant is in-
versely proportional to viscosity.

4. Cake resistance is a function of cake thick-

ness; therefore, the average flow rate is in-
versely proportional to the amount of cake
deposited.

5. Particle size of the cake solids affects flow

through effect on the specific cake resist-
ance, a. A decreased particle size results in
higher values of a and proportionally lower
filtration rates.

6. The filter medium resistance, R, usually neg-
ligible or about 0.1 a in cake filtration, is the
primary resistance in clarification filtration.
In the latter case, flow rate is inversely pro-
portional to R.

It is convenient to summarize the theoretic

relationship as:

Rate of filtration

: (area of filter) X (pressure difference)
(viscosity) >< (resistance of cake and filter)

(3) ,,

Most clarification problems can be resolved
empirically by varying one or more of these fac-
tors. A broader understanding of filtration theory
is required only if cake filtration applications are
under consideration.

The membrane filters are highly porous. A
number of methods are used for establishing the
pore size and pore size distribution. Most methv
ods are derived from the interfacial tension phe-
nomenon of liquids in contact with the filter
structure. Each pore in the filter acts as a capil-
lary. For a nonwetting fluid, the following equa-
tion was established by Poiseuille:5

—2 C 6

p=+os (4)

where:

p = applied pressure
7 = liquid surface tension
0 = contact angle between liquid and solid
r = radius of the pore
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Filter Media

The surface upon which solids are deposited
in a filter is called the filter medium..5'7 For the
pharmacist selecting this important element,
the wide range of available materials may be
bewildering. The selection is frequently based
on past experience, and reliance on technical
services of commercial suppliers is often advisa-
ble.

A medium for cake filtration must retain the

solids without plugging and without excessive
bleeding of particles at the start of the filtration.
In clarification applications, in which no appre-
ciable cake is developed, the medium is the pri-
mary factor in achieving clarity, and the choice
is limited to materials that will remove all parti—
cles above a desired size. Sterile filtration im-

poses a special requirement, since the pore size
must not exceed the dimension of microorga-
nisms unless the filter is adsorptive, and since
the medium should be sterilizable.

Filter media are available in different materi—

als and forms. The filter fabrics are commonly
woven from natural fibers such as cotton and

from synthetic fibers and glass. The properties
, of these fibers and glass applicable for media se-

lection are tabulated in Table 7-1.

Filter cloth, a surface type medium, is woven
from either natural or synthetic fiber or metal.
Cotton fabric is most common and is widely
used as a primary medium, as backing for paper
or__felts in plate and frame filters, and as fabri-
cated bags for coarse straining. Nylon is often
superior for pharmaceutical use, since it is unaf-

fected by mold, fungus, or bacteria, provides an
extremely smooth surface for good cake dis-
charge, and has negligible absorption properties.
Both cotton and nylon are suitable for coarse
straining in aseptic filtrations, since they can be
sterilized by autoclaving. Monofilament nylon
cloth is extremely strong and is available for
openings as small as 10 microns. Teflon is supe—
rior for most liquid filtration, as it is almost
chemically inert, provides sufficient strength,
and can withstand elevated temperatures.

Woven wire cloth, particularly stainless steel,
is durable, resistant to plugging, and easily
cleaned. Metallic filter media provide good sur-
faces for cake filtrations and usually are used
with filter aids. As support elements for disposa-
ble media, wire screens are particularly suitable,
since they may be cleaned rapidly and returned
to service. Wire mesh filters also are installed in

filling lines of packaging equipment. Their func-
tion at this point is not clarification, but security
against the presence of large foreign particles.

Nonwoven filter media include felts, bonded
fabrics, and kraft papers. A felt is a fibrous mass
that is free from bonding agents and mechani-
cally interlocked to yield specific pore diameters
that have controlled particle retention. High
flow rate with low pressure drop is a primary
characteristic. Felts of natural or synthetic ma-
terial function as depth media and are recom—
mended wh'ere gelatinous solutions or fine par-
ticulate matter are involved. Bonded fabrics are
made by binding textile fibers with resins, sol-
vents, and plasticizers. These materials have not

TABLE 7-1. Fiber Properties For Filter Media Selection “ r *

 

Temperature Wet Breaking Price
Recommended Safe Tenacity Acid Alkali Ratio to

Fiber Limit (“1“) (g/denier) Resistance Resistance Cotton

Cotton 210 3.3 6.4 Poor Fair 1

Polyester (Dacron) 300 6.0 8.2 Very good Good 2.7
Dynel modacrylic .200 3.0 Excellent Excellent 3.2
Class (spun) 750 3.0 4.6 Excellent - Fair 6.0
Glass (continuous 550 3.9 4.7 Excellent Fair 2.2

filament) _
Nylon " 250 2.1 8.0 Fair Excellent 2.5
Acrylic (Orion) 300 1.8 2.1 Excellent Fair 2.7
Polyethylene 165 1.0 3.0 Excellent Excellent 2
Polypropylene 175 3.5 8.0 Excellent Excellent ‘ 1.75
Saran 160 1.2 2.3 Excellent Excellent 2.5
Teflon 475 1 .9 Excellent Excellent 25. 0
Polyvinylchloride 165 1 .0 3.0 Good Excellent 2. 7
W001 210 0.76 1.6 Very good Fair 3.7
Rayon and acetate 210 1.9 3.9 Poor Fair 1 

Excerpted by special permission from Chemical Engineering, 70:177, 1963. Copyright © 1963 by McGraw-Hill, 1nc., New York, NY10020.
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found wide acceptance in dosage form produc-
tion because of interactions with the additives.
Kraft paper is a pharmaceutical standard. Al-
though limited to use in plate and frame filters
and horizontal-plate filters, it offers controlled
porosity, limited absorption characteristic, and a
low cost. The latter is important since concern
over cross—contamination makes a disposable
medium attractive to pharmacy. White papers
are preferred, and they may be crinkled to pro—
duce greater filtration area. A support of cloth or
wire mesh is necessary in large filter presses to
prevent rupture of the paper with pressure.

Porous stainless steel filters are widely used
for removal of small amounts of unwanted solids

from liquids (clarification) such as milk, syrup,
sulfuric acid, and hot caustic soda. Porous me-
tallic filters can be easily cleaned and repeatedly
sterilized.

Membrane filter media are the basic tools for
microfiltration and ultrafiltration. They are used
commonly in the preparation of sterile solutions.
Membrane filters classified as surface or screen
filters are made of various esters of cellulose or

from nylon, Teflon, polyvinyl chloride, polyam-
ide, polysulfone, or silver. The filter is a thin
membrane, about 150 microns thick, with 400 to
500 million pores per square centimeter of filter
surface. The pores are extremely uniform in size
and occupy about 80% of filter volume. This
high porosity permits flow rates at least 40 times
faster than those obtained through other media
of comparable particle retention capability.

Because of surface screening characteristics,
prefiltration is often required to avoid rapid clog-
ging of a membrane. The selection of a mem-
brane filter for a particular application is a func-
tion of the size of the particle or particles to be
removed. An approximate pore size reference
guide can be set down as follows:

Pore Size (micron) Particle Removed

0.2 (0.22) All bacteria
0.45 All coliform group bacteria
0.8 All airborne particles
].2 All nonliving particles consid-

ered dangerous in i.v. fluids
5 All significant cells from body

fluids

The fragility of membrane filters is partially
overcome by the use of monofilament nylon as a
supporting web within the membrane structure.

The distinction between ultrafiltration and
microfiltration lies in the nature of the filter
medium. Ultrafiltration membranes contain

pores of relatively narrow size distribution 10“3

to 10-2 microns (10 to 100 A) and are formed by
etching cylindric pores into a solid matrix. Ultra-
filtration membranes are fragile and require
supporting substrates because of the high-pres—
sured differences required during filtration.

Most types of filter media are also available as
cartridge units. These cartridges are economical
and convenient when used to remove low per-
centages of solids ranging in particle size from
'100 microns to less than 0.2 micron. The car-

tridge may be a surface or depth filter and con-
sists of a porous medium integral with plastic or
metal structural hardware. Synthetic and natu-
ral fibers, cellulose esters and fiberglass, fluori-
nated hydrocarbon polymers, nylon, and ceram-
ics are employed for the manufacture of
disposable cartridges. Porous materials for
cleanable and reusable cartridges use stainless
steel, Monel, ceramics, fluorinated hydrocarbon
polymers, and exotic metals.

Surface-type cartridges of corrugated, resin—
treated paper are common in hydraulic lines of
processing equipment, but are rarely applied to
finished products. Ceramic cartridges have the
advantage of being cleanable for reuse by back-
flushing, and porcelain filter candles are accept—
able for some sterile filtrations along with mem-
brane filters in cartridge form. Sintered metal or
woven—wire elements are also useful, but fine—
wire mesh lacks strength. The metallic—edge fil-
ters overcome this problem by allowing liquid to
pass between rugged metal strips, which are
separated by spacers of predetermined thick-
ness. Depth—type cartridges consist of fibrous
media, usually cotton, asbestos, or cellulose. The
cartridge may be formed by felting or by resin-
bonding fibers about a mandrel. Effective units
are also manufactured by winding yarn around a
central supporting screen. The depth cartridge
is always a disposable item since cleaning is not
feasible.

Filter Aids

Justification for use of filter aids may be found
in equation (‘2), which shows the rate of filtra-
tion to be inversely proportional to the resistance
of the solids cake. Therefore, the pressure drop
across the system is directly proportional to the
filtration rate, the thickness of the cake, and the
liquid viscosity for flow through porous media,
when laminar flow conditions exist in the filter

media or cake. lt is also inversely proportional to
the density of the liquid and square of the parti—
cle diameter. Poorly flocculated solids offer
higher resistance than do flocculated solids or
solids providing high porosity to the cake. In the
case of cake filtration, the rate varies with the
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square of the volume of liquid. When the vol-
ume of the filter cake solids per unit volume of
filtrate is low, the solids formed on the filter

medium may penetrate the voidspace, thus
making the filter medium more resistant to flow.
At a higher concentration of solids in a suspen-
sion, the bridging over of openings over the
voidspace, rather than blinding of the openings,
seems to predominate. Slimy or gelatinous mate
rials, or highly compressible substances form
impermeable cakes with high resistance to liq-
uid flow. The filter medium becomes plugged or
shmy with accumulation of solids and the flow

of filtrate stogps A filter aid acts by reducing thisresistance.8

Filter aids are a special type of filter medium.
Ideally, the filter aid forms a fine surface deposit
that screens out all sohds, preventing them from
contacting and plugging the supporting filter
medium. Usually, the filter aid acts by forming a
highly porous and noncompressible cake that
retains solids, as does any depth filter. The dura—
tion of a filtration cycle and the Clarity attained
can be controlled as density, type, particle size,
and quantity of the filter aid are varied. The
quantity of the filter aid greatly influences the
filtration rate. If too little filter aid is used, the
resistance offered by the filter cake is greater
than if no filter aid is used, because of added
thickness to the cake. On the other hand, ifhigh
amounts of filter aid are added, the filter aid
merely adds to the thickness of the cake without
providing additional cake porosity. Figure 7—1 is
a typical plot of filter aid concentration versus
permeability. In the figure, flow rate and perme-
ability are directly proportional to each other. At

FlowRulelGPM) 
Filler Aid Quqnlii’y (Perceni),

FIG. 7-,}. Experimental determination of flow rate as a
function of filter aid quantity discloses correct operating
level.
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low concentrations of filter aid, the flow rate is
slow because of low permeability. As the filter
aid concentration increases, the flow rate in-
creases and peaks off. Beyond this point, thc
flow rate decreases as the filter aid concentra
tion is increased.

The ideal filter aid performs its functions
physically or mechanically; no absorption or
chemical action is involved in most cases. The

important characteristics for filter aids are the
following: ‘0

]. it should have a structure that permits for—
mation of pervious cake.

2. It should have a particle size distribution
suitable for the retention of solids, as re-
quired.

3. It should be able to remain suspended in the
liquid.

4. It should be free of impurities.

5. It should be inert to the liquid being filtered.
6. It should be free from moisture in cases

where the addition of moisture to the fluid
would be undesirable.

The particles must be inert, insoluble, incom-
pressible, and irregularly shaped. Filter aids are
classified from low flow rate (fine: mean size in
the range of 3 to 6 microns) to fast flow rate
(coarse: mean size in the range of 20 to 40 mi-
crons). Clarity of the filtrate is inversely propor—
tional to the flow rate, and selection requires a
balance between these factors. Filter aids are

considered to be equivalent in performance
when they produce the same flow rate and fil~
tered solution clarity under the same operating
conditions when filtering a standard sugar solu—
tion. Table 7-2 lists the advantages and disad-
vantages of filter aid material.

Diatomite (diatomaceous earth) is the most
important filter aid. Processed from fossihzed
diatoms, it has an irregularly shaped porous par—
ticle that forms a rigid incompressible cake.
Since diatomite is primarily silica, it is relatively
inert and insoluble. Perlite, an aluminum sili-
cate, forms filter cakes that are 20 to 30% less
dense than diatomic cakes. Perlite is not a po-
rous incompressible particle, but it has an eco—
nomic advantage over diatomite.

Cellulose, asbestos, and carbon filter aids are
also commercially available. Cellulose is highly
compressible and costs two to four times more
than diatomite or perlite. It is reserved for appli—

‘ cations where the liquids may be incompatible
with silica compounds. Cellulose is used as a
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TABLE 7-2. The Advantages and Disadvantages of Filter Aid Materials 

 
Chemical

Material Composition Advantages

Diatomaceous Silica Wide size range available;
earth fines reduced by calcination;

can be used for very fine filtra-
tion.

Expanded Silica and Wide size range available;
perlite aluminosili— not capable of finest retention of

cates diatomites.

Asbestos Aluminosilicate Usually used in conjunction with
diatomites; very good retention oncoarse screens.

Cellulose Cellulose Used mainly as a coarse precoat;
high purity; excellent chemical
resistance—slightly soluble in di—
lute and strong alkalies, none in
dilute acids.

Carbon Carbon May be used for filtering strong al—
kaline solutions

Disadvantages

Slightly soluble in dilute acids and
alkalies.

. More soluble than diatomites in

acids and alkalies; may give
highly compressible cakes

Chemical properties similar to
perlite.

Expensive

Available in coarser grades only;
expensive 

Reprinted from Akers, FL, and Ward, A.: Liquid filtration theory and filtration treatment. In Filtration Principles and Practices, Part I.
Edited by C. Orr. Marcel Dekker, Inc, New York, 1977, p. 237, by courtesy of Marcel Dekker, Inc.

coarse precoat. It is available in high—purity ma-
terial and has excellent chemical resistance.

Asbestos has good retention on coarse screens,
but has limited application because of high cost,
and because of concern over its toxicity should
the fibers carry over into the filtrate. Asbestos
filters may be used in pharmaceutical industry if
their application is followed by a membrane fil—
ter. Nonactivated carbons that are not suitable

for decolorization or absorption are rarely used
in pharmaceutical applications because of clean—
liness problems. They may be used for filtering
strong alkaline solutions. Commercial blends of
various filter aids are common, and these speci—
alities, particularly those intended as water scav—
engers in oil filtrations, must be considered in
selection of a filter aid.

Filter aids may be applied by precoating or
body-mix techniques"9 Precoating requires
suspending the filter aid in a liquid and recircu-
lating the slurry until the filter aid is uniformly
deposited on the filter septum. Thequantity var-
ies from 5 to 15 pounds per 100 square feet of
filter area, or that sufficient to deposit a cake 1/16
to 1/3 inches thick. The liquid is preferably a por—
tion of the feed or retained filtrate from a prior
cycle, since the physical properties of the
precoat liquid must approximate those of the
material to be filtered. Precoating should pro-
ceed at the same flow rates and pressures to be
used in final filtration, and the transition from
precoat liquid to regular feed must be rapid to

prevent disruption of the cake. Body mix (direct
addition of filter aid to the filter feed) is more
common in batch pharmaceutical operations.
The filter aid, I to 2 pounds per pound of con—
taminant, or‘0.1 to 0.5% of total batch weight, is
mixed into the feed tank. This slurry is recircu-
lated through the filter until a clear filtrate is
obtained; filtration then proceeds to completion.
The body—mix method minimizes equipment
requirements and cross—contamination poten-
tials.

Often, a filter aid may be used that performs
its function not physically or mechanically, but
chemically, by reacting with the solids. These
chemicals may cause the solids depositing in a
filter bed to adhere more strongly to the filter
medium. Watersoluble polymers such as floccu-
lating agents are often used as filter aids. The
polymers may be derived from vegetable or ani-
mal sources, or they may be produced syntheti-
cally. Compounds produced by modification of
the chemical structure, such as starch, may be'
filter aids to more costly synthetic materials.
Water-soluble polymers may be classified as
nonionic, anionic, or cationic, depending on
their property to ionize in water. There are a few
commercially available water-soluble cationic
polymers. These include acrylarnide copoly—
mers, polyethyleneimine, and derivatives of ca—
sein, starch, and guar gum.1

Filter aids are chosen by trial and error in ei—
ther laboratory or plant. Within ranges previ—
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ously indicated, the filter aid is usually selected
to give acceptable filtrate at the highest flow
rate; however, in pharmaceutical operations in
which quality is a primary consideration, the se—
lection usually favors the fine grades, which
yield low flow rates. The most important phar-
maceutical factor is inertness. A filter aid may
have such extensive absorption properties that
desired colored substances and active principles
are frequently removed. The total quantity of
any ingredient absorbed may be small, but it
may be a considerable portion of the original
concentration.

Filtration efficiency also may be affected by
changes in temperature, since there is an in-
verse relationship of flow rate to viscosity. The
viscosities of most liquids decrease with in-
crease in temperature. According to the “hole
theory," there are vacancies in a liquid, and
there is a continuous movement of the mole-

cules into these vacancies, thus causing vacan-
cies to move around. This movement of vacan-

cies permits flow, but requires energy. This
energy is the activation energy with which a
molecule has to move into a vacancy. The acti—
vation energy is more readily available at higher
temperatures than at lower temperatures. Thus,
the liquid can flow more easily at higher temper-
atures than at lower temperatures.n Table 7-3
lists the viscosities of some common liquids at
different tempcratures. Equation (5) represents
the relationship of the coefficient of Viscosity to
temperature.

17 = ABE/RT (5)

where:

n = coefficient of viscosity of the liquid
E = activation"energy
R = ideal gaseonstant
T = absolute temperature
A = pre-exponential factor

According to the “hole theory,” the viscosity of

TABLE 7-3. Viscosity of Liquids in Centipoise

 

Liquid Temperature (°C)

0 25 so 75

Water 1.?93 0.895 0.549 0.330
Ethanol 1.79 1.09 0.698 —
Benzene 0.9 0.61 0.44 —

From Daniels, F., and Alberty, R. A.: Irreversible processes in
solution. In Physical Chemistry. 3111 Ed. Edited by F. Daniels and
RA. Alberty. John Wiley and Sons, New York, 1966.
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a liquid increases as the pressure is increased.
Since‘the number of holes is reduced, it is more
difficult for molecules to move around. Increas-

ing the temperature of heavy pharmaceutical
syrups lowers the viscosity and increases filtra—
tion rates. Most liquids must be maintained at a
high temperature during filtration to prevent the
formation of crystals. The filtration of cosmetic
products at low temperatures, approximately
5°C, is also common. The consequent reduction
in flow rate is tolerated, since the goal is reduced
solubility of contaminants or perfume oils, re—
sulting in their more effective removal. Filtra-
tion at room temperature would yield a liquid
that might cloud at the lower temperatures en—
countered by the product under field conditions.

Filter Selection

In designing or selecting a system for filtra—
tion, the specific requirements of the filtration
problem must be defined. The following ques-
tions should be answered before any assistance
is requested from the manufacturers of filtration
equipment.‘213

1. What is to be filtered—liquid or gas?

2. What liquid or gas is to be filtered?

3. What is the pore size required to remove the
smallest particle?

4. What is the desired flow rate?

5. What will the operating pressure he?

6. What are the inlet and outlet plumbing con—
nections?

7. What is the operating temperature?

8. Can the liquid to be filtered withstand the
special temperature required?

9. What is the intended process—clarification
or filtration?

10. Will the process be a sterilizing filtration?

11. Will the process be a continuous or batch
filtration?

12. What is the volume to be filtered?

13. What time constraints will be imposed, if
any?

Once the purpose of the process has been de-
termined, the selection of the filter medium can
be made. For example, for a sterilizing filtration,
a 0.2-micron pore size is used; for clarification, a
plate and frame filter or woven-fiber filter may
be used. In general, a pore size smaller than the
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smallest particle to be removed is selected. The Limiting AP
filter medium should be compatible with the liq-
uid or gas to be filtered. It is advisable to check
the chemical compatibility charts provided by
the vendors for selection of filter type. Filter
type, cellulose, polytetrafluoroethylene (PTFE),
fiber, metal, polyvinylidene difluoride, nylon, or
polysulfones may be selected based on the
chemical resistance to the most aggressive in—
gredient in the liquid. For vent filters or gaseous
filtration, a hydrophobic filter medium should be
chosen,

Filtration surface area is calculated after the

1 filter media, pore size, required flow rate, and

I‘ pressure differentials are established. For a liq- _ . t
l uid having a viscosity significantly different $116 71?- Ideal fi’mtmnhsysl. ,

from that of water (1 cp), the clean water flow ‘ um I” R” ”mm“ Tec " '
rate is divided by the viscosity of the liquid in
cen tipoises to obtain the approximate initial flow
rate for the liquid in question. For gaseous filtra-
tion at elevated temperature and exit pressures,
the standard flow rate (20°C, 1 atmosphere)
must be corrected by equation (6), the gaseous
filtration flow rate formula:

AP 
Limiting AP

F = F0 (725%) (#12455) <6> AP
where: ‘

F = corrected flow rate

F0 = standard flow rate from chart (20°C, 1 at-
 

mosphere)

t = temperature of air or gas (°C) d £8 fil
.1 P = exit pressure (psia) FIG .7 . . with ma 99”” P"? ter—. . -3. F In 1: tr?” .

AP = pressure drop through the system (ps1) mo coarse. (Evinwgogsj. C" and Shams”, R.. Pharm.
Tech, 1:39, 1977.)

If the pressures are expressed in kg/cmz, the
term 14.7 in equation ('6) becomes 1.03.

The optimum system often requires use of a
series of filters in a single multilayered filter “mi""QAP
containing layers of various pore sizes or a prefil-
ter followed by a final filter. Optimum perform-
ance is obtained when the filters in a series ex—

haust their dirt—holding capacities at the same
time. When the flow resistance across each filter

in the series approaches the limiting pressure
drop, the dirt-holding capacity of the system is
considered expended. Figures 7—2 through 7-5
illustrate the prefilters with adequate and inade—
quate din holding capacity. In Figure 7-3, the
coarse prefilter does not provide sufficient reten~
tion efficiency, thus causing the poorly pro—
tected final filter to clog prematurely. T00 fine a
filter, on the other hand, has enough retention

efficiency but insufficient dirt—holding capacity, FIG. 74. Filtration system wi

AP 
th adequate retentive prefil.

_ _ _ . _ . ' . From Col , . ,

and 1t plugs very quickly, as lflUStfated 1n Flgure ter but inadequate dirt—Midgg’fafigylgn) e I C ’
7-4. As shown in Figure 7-5, both filterSathe and Shumsky, R.: Pharm. 5 "
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Limiting AP

AP 
VOLUM E Batch Volume

FIG. 7-5. Filtration system with adequate prefilter. (From
Cole, J. C., and Shumsky, R: Pharm. Tech, 1:39, 1977.)

final filter and the “correct" prefilter—will have
almost expended their dirt-holding capacities as
the last of the batch is filtered. A final filter that

is not protected by prefilter has a short filter life.
When a prefilter is used in combination with a
final filter. the efficiency of the prefilter is maxi-
mum. In these cases, it is important that the
O—ring seal sits directly on the membrane itself
and not on the prefilter. Therefore, the diameter
of the disc prefilter selected should be somewhat
smaller than the diameter of the final filter.
Table 7-4 lists the diameter of the filter and the

diameter of the prefilter when used in combina—
tion. Seating the O—ring on the prefilter often
fails to produce a seal. thus causing the filtration
system to leak. This leakage may result in the
filtrate being exposed to contamination.

Nonsterile Operations
Although filtration analysis can be sophisti-

cated, pilot plant studies are usually basic. The
common problems are to select the media, deter-
mine the time required, and if possible, estimate
when a semicontinuous cycle should be tenni-
nated for cleaning.

For nonsterile polish filtrations, the quality
level must be established prior to choice of

TABLE 7-4. Diameter of Filter and Correspond—
ing Prefilter When Used in Combination 

Filter Size Prefilter Size
 (mm) (mm)

25 22
47 35
90 75

142 124
293 257
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media. Particulate matter above 30- to 40—mi-

cron particles may be noticeable. Most pharma-
ceutical filtrations therefore aim for removal of

particles of 3 to 5 microns or less. A nephelome-
ter, an instrument that measures the degree of
light scattering (Tyndall effect) in dilute Suspenv
sions, is an excellent tool for assessing effective-
ness in this range.

The nephelometer gives a quantitative value
to the formulator’s quality specification of “spar-
kling clear." This value may be used to compare
results using different filtration media. Figure
7-6 shows a typical curve obtained from filtra—
tion of an elixir through disposable cartridges
and standard kraft paper. If an existing process
is to be shifted from paper on a filter press to
cartridges. this curve permits selection of an ele-
ment that gives comparable performance. The
technique also may be applied to assessment of
filter aid effectiveness by determining transmit-
tance as a function of filter-aid type, quantity, or
method of use.

In addition to improving clarity, filter aids are
used to increase flow rates. Figure 7-1 indicates
a typical flow rate pattern as the amount of fi. ter
aid is increased. Exceeding an optimum quan-
tity can frequently lead to decreased flow rate
without improving clarity. The filter aid quantity
can be expressed as a percentage of cake solids,
a percentage of filter aid in body mix, or the
weight applied as a precoat per unit of filter area.

 
 
 

 
 
 

 

Values for samples

filtered through

cartridges

r_J

r—DI
Value for sample

filtered through

Kraft paper

NephelometricValue
 

l.O 3.0 5.0

Porosity Rating of Cartridge

Filter ( Micronsl

FIG. 7-6. A nephelometer reading of a filtrate provides
data that may be used to compare performance of different
media.
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Flow rate should be determined for each case at
constant pressure and after a uniform time in—
terval. The maximum filter aid level used in lab»

oratory tests must be within the cake capacity of
projected or existing plant equipment.

The question of time for a filtration cycle is
resolved by determining total volume versus
time during a test run at pressures approximat-
ing normal operating conditions. Flow rate de-
creases with time as the media plugs or as the
cake builds up. Plotting log total volume per unit
area versus log time usually gives a straight line
suitable for limited extrapolation (Fig. 7-7). If
the filter area of production equipment is fixed,
the time to filter a given batch size may be esti-
mated. Alternately, the filter area required to
complete the process within an allotted time
period may be established. Similar flow decay
studies can also be performed during sizing of a
filtration system for sterile operations.

In semicontinuous operations, decisions must
be made on length of the cycle prior to shutdown
for replacement of media. If the goal is maxi-
mum output from the filter per unit of overall
time, the graphic approach of Figure 7-8 is ap-
plicable. During productive time T, the filter dis-
charges a clear filtrate at a steadily decreasing
rate. Nonproductive time T' is required to clean
the filter and replace media. For graphic analy-
sis, nonproductive time T’ is plotted to the left of
the origin of a volume V versus time curve.
When a line is drawn from T’ tangent to the
curve, the value of V and T at the point of tan-
gency indicates where the filtration should be

l_ogVolumeofFilirale(Gallons) 
Log Time (Minutes)

FIG. 7-7. Extrapolation of filtrate volume produced in a
given time can be made from log-log plots of experimental
’data.

 FiliraleVolumchallonsl
T

Non-Produciive 4—— 0—> Productive Time
T1me(Minutesl (Minufesl

FIG. 7-8. The optimal filtration cycle prior to cleaning
can be determined by a graphic technique.

stopped. The time lost in cleaning is offset by a
return to high filtration rates associated with the
new media. This point also can be calculated
from theoretic relationships for constant pres-
sure or constant volume filtration.14 Data from

laboratory equipment can be applied to produc-
tion units since the analysis is independent of
filter area.

The evaluation of coarse straining operations
is limited to sizing a filter that will not have ex
cessive pressure drop. The amount of impurity
is usually small, and continued operation does
not significantly decrease filter capacity. The
metal cartridge filters, either woven—mesh or
edge-type, and porous sintered stainless steel,
have replaced cheesecloth in most pharmaceuti»
cal applications. Straining suspensions contain-
ing gums or other viscous ingredients can be
accomplished with self—cleaning edge filters.
These suspensions frequently bridge the media,
and cleaning devices are needed to maintain
adequate flow,

Sterile Operations
Filtration may be used to claiify and sterilize

pharmaceutical solutions that are heat—labile.
Until the introduction of membrane media, un-
glazed porcelain candles and the asbestos pad
were the accepted standards. The candle re—
quires extensive cleaning and is a fragile me-
dium. High flow rates are attained only through
use of multiple—element manifolds. The asbestos
pad has significant absorption and adsorption
properties, and chemical prewash and pH ad-
justment are‘required to prevent interaction
with products. Failure to achieve sterility may
occur with asbestos pads owing to blow-through
and channeling of medium of organisms when
critical pressures are exceeded. Both asbestos

CLARIFICATION AND FILTRATION - 155

Page 165



Page 166

 

and porcelain are migratory media; fragments of
a candle or asbestos fibers may be found in the
filtrate unless serial filtration through secondary
media is used. Since membrane filters do not

have these disadvantages, porcelain candles and
asbestos pads are no longer considered media of
choice for sterile filtration.

Membrane filters have become the basic tool

in the preparation of sterile solutions and have
been officially sanctioned by the United States
Pharmacopoeia (USP) and the US. Food and
Drug Administration (FDA). The available ma-
terials permit selection so that absorption effects
are negligible and ionic or particulate contami-
nation need not occur. The membrane requires
no pretreatment and may be autoclaved or gas-
sterilized after assembly in its holder.

A sterility requirement imposes a severe re-
straint on filter selection. All sterility tests are
presumptive, and one must rely upon total confi-
dence in the basic process; economics becomes
a secondary factor. Membranes with porosity
ratings of 0.2 or 0.45 microns are usually speci-
fied for sterile filtrations. In this porosity range,

‘ membrane filters may clog rapidly, and a prefil—
ter is used to remove some colloidal matter to

extend the filtration cycle. The FDA allows the
use of OAS—micron filters only in cases of colloi-
dal solutions in which 0.2-micron filters have

been shown to clog very rapidly.
Most pharmaceutical liquids are compatible

with one or more of the membrane filters now

available. High viscosity or abnormal contami-
nant levels are the primary restraints to the use
of membranes, since an extremely large filtra-
tion area is needed for practical flow rates. Oil
and viscous aqueous menstruums are therefore
heat-sterilized whenever possible. These solu—
tions are usually clarified through coarser,
nonsterilizing membranes, preferably prior to
heat sterilization. Paraffin oils, however, may be
successfully filtered through 0.2-micron mem—
branes after heating to reduce viscosity.15

Simple formulations such as intravenous so-
lutions, ophthalmics, and other aqueous prod—
ucts may be filtered directly through mem-
branes in an economical manner. Heat-labile

oils and liquids containing proteins require pre-
treatment, e.g., centrifugation or conventional
filtration, prior to sterilizing filtration. The objec—
tive is removal of gross contamination that
would rapidly plug the finer membranes. Diffi-
cult materials, such as blood fractions, dem‘a‘nd
serial filtration through successively finer mem-
branes. The cost of multiple filtration may seem
excessive, but it is often the only way to achieve
sterility.

In selecting a filtration system for sterilization
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of any growth-supporting medium, the following
precautions must be kept in mind:

1. Identify the potential sources of adverse bio-
chemical and chemical contamination at

each point of the system‘.

2. Identify the control points necessary to elimi—
nate possible contamination and decreasecost.

3. Identify the hazards associated with each
control point, i.e., airborne contamination
and protein denaturation.

4. Establish a protocol for monitoring the haz-
ards at control points of the system.

Figure 7-9 illustrates the basic filtration system
for nonsterile filtration of serum, water, and
salts to reduce the microbiologic and particulate
matter, followed b final filtration through the
sterile membrane. 3

The use of filtration to remove bacteria, partic—
ulate matter from air, and other gases such as
nitrogen and carbon dioxide is widespread in the
pharmaceutical industry.16 The following are
some common applications employing initial gas
filtration:

Vent filtration

Compressed air used in sterilizers

Air or nitrogen used for product and in-proc-
ess solution transfers and at filling lines»

Air or nitrogen used in fermentation

When sterile and under ideal conditions, tra-
ditionally packed fiberglass or cotton filters pro-
vide vent protection. The use of hydrophobic
membrane filters is increasing. These filters
guarantee bacterial removal in wet and dry air
and do not channel, unload, or migrate the me-
dium. These filters may need to be heated by
jacketing. Restrictions of airflow through the
vent filter can result in pump damage or tank
collapse.17

Manufacturers of membrane filters provide
extensive application data and detailed direc-
tions for assembly, sterilization, and use of their
filters.‘2'l3’18‘31 The basic elements of any ster—
ile operation must be followed. All apparatus
should be cleaned and sterilized as a unit. Filtra-

tion should be the last step in processing, and
the filter should be placed as close as possible to
the point of use of final packaging. In serial
filtrations, only the final unit need be sterile, but
minimal contamination in prior steps increases
the reliability of the total process. Sterile filtra—
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Non-Sterile Pm lion in a
Clean 353..“ Senna

 
031ml: Reduce Bioburdm Ind Chemical Burden to

Sterile Membrane

FIG. 7-9. Schematic representation of operational sequence.

tions should always be a pressure operation; a
vacuum is undesirable since bacteria may be
drawn in at leaky joints and contaminate the
product. .

After the successful introduction of a new fil-

tration process, manufacturing tolerances allow
reasonable changes in flow rate so long as qual—
ity is met. Therefore, the most common produc—
tion problem is complete plugging of filter media
resulting in no productivity. Subtle changes in
raw material quality are often at fault. The level
of an impurity need change only slightly to
create problems with the fine porosity media
used in polishing operations. For example, iron
contamination in an alkaline product can lead to
colloidal precipitates, which blind the media.
Raw material problems should always be‘sus-
pected when synthesis procedures have been

* altered or when the vendor of a purchased com-
modity has changed,

Integrity Testing
An important feature of a filtration system is

its ability to be tested for integrity before and
after each filtration. This is especially true in
sterilization filtration, where even a few micro—
organisms passing through a crack in the filter
could be disastrous. An integrity test is a nonde-

Final Smilizing Filtration ina
Sterile Work Am

OBJECHVE: Achieve Sterile Filtration

structive test used to predict the functional per-
formance of a filter. Each membrane has a char-

acteristic bubble point, diffusion rate, or
diffusion rate of air through water in a wanted
filter, which is a function of the porosity rating
and predicts the performance of the filter. The
common integrity tests used to predict the per—
formance of the filter are the bubble point test,
the diffusion test, and the forward flow test. Prior
to filtration, the integrity test detects a damaged
membrane, ineffective seals, or a system leak.
The test performed after filtration confirms that
the filter is still intact and that the system is
remaining leak-free throughout the run.12

Bubble Point Test

Membrane filters, which have discrete uni—
form passages that penetrate from one side of
the media to the other, can be regarded as fine,
uniform capillaries. The bubble point test is
based on the fact that when these capillaries are
full of liquid, the liquid is held by surface ten-
sion. The minimum pressure required to force
the liquid out of the capillary must be sufficient
to overcome surface tension. Figure 7-10 illus-
trates the principle in the bubble point test. As
can be seen in this figure, the capillary pressure
is higher in the case of a small pore than in that
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Surface Tension in Capillary Tubes

 
FIG. 7-10. Surface tension in capillary tubes.

of a large pore. The same is true for pores in a
membrane. The bubble point pressure is gov-
erned by the following equation:

4y Cos t9
P=K D (7)

where:

P = bubble point pressure
K = shape correction factor (experimental

constant)
D = pore diameter
'y = surface tension of the liquid
6 = liquid~to-membrane contact angle (angle

of wetting)

In performing a bubble point experiment, the
membrane is wetted and usually has a liquid
above and a gas below. Since the pores are full of
liquid, there is no passage of gas at zero pres-
sure. There is still no passage of gas if the pres-
sure is increased slightly. When the bubble
point pressure is reached, a small bubble forms
at the largest opening. As the pressure is further
increased, rapid bubbling begins to occur. Bub-
ble point pressure for a given membrane is dif-
ferent for different liquids. This can be seen in
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equation (7), where the contact angle changes
with different liquids. Filtration should normally
be performed at pressures lower than the bubble
point of a membrane. This prevents gas from
passing through the filter at the end of afiltra—
tion cycle and thereby prevents excessive foam~
mg.

The bubble point is also a useful criterion for
testing membrane efficiency. Figure 7—11 is a
schematic diagram of a nondestructive test ap—
paratus that may be used without loss of product
or a break in sterility. A bubble test may be run
during and after filtration as an in-process con-
trol. After wetting the filter and venting the unit,
valve A is closed, and air pressure is imposed on
the filter through valves B and C. When valve C
is closed, the filter holder should retain the pres—
sure on the pressure gauge, and no bubbles
should appear in the receiving vessel. Failure to
hold a rated pressure is evidence of an unrelia-
ble membrane or improper holder assembly.
When such failure occurs, filtration should be
discontinued, and material already processed
should be refiltered. Although each membrane
has a specific bubble point, which is dependent
on the liquid wetting the membrane, a test at a
pressure of 20 pounds per square inch (psi) is
usually sufficient to detect leaks.

Figure 7-12 illustrates the apparatus for per-
forming a bubble point test on cartridge filters.

Diffusion Testing
A diffusion test must be performed in high—

volume systems, e.g., cartridges or multistack
discs, where a large volume of downstream liq-
uid must be displaced before bubbles can be de-
tected. A diffusion test measures volume of air

that flows through a wet membrane from the
pressurized side to the atmospheric side. The
test is based on the theory that in a wet mem-

/
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Regulated
A ‘— Air

Vent Valve  
Filter Filter Holder
AssemblyStainless

Pressure VentVesgel

Containing Material
to be Filtered

SterileReceiving
Vessel

F[G 7-1 1. Connections for nondestructive bubble test to
assure that membrane filter is intact. The test does not
affect sterility. {Courtesy of Millz'pme Corporation)

Page 168



Page 169

   Manual RotatingMechanism
Counter BalancedLowering Macnamsm

  

 
  
 

 

 
5 d * l I- = Zero Adiusier1- H——-_--—
: Filter Element - Air Metering
: i /Valve
: al ° 0 °
E'- =.  
  
 

Solar ‘90 Reservoir

FIG. 7-12. Apparatus for performing the visible bubble
test for cartridge filters.26 (From Field Experience in Test,
ing Membrane Filter Integrity by the Forward Flow Test
Methods, Bulletin AB7ZO-1—75. Pall Corporation, NY.)

brane filter, under pressure, air flows through
the water-filled pores at differential pressures
below the bubble point pressure of the filter by a
diffusion process. The process follows Fick's law
of diffusion In performing the diffusion test, the
filter is thoroughly wetted in place with water, or
the membrane is tested after filtration. Pressure

is applied using air at 80% of the established
bubble point pressure for the particular mem-
brane, Pressure is held for 2 min. and the vol-

ume of the air displaced is recorded. The volume
of air is determined by measuring the rate of
flow of the displaced water. The pressure is in-
creased until the bubble point is reached at an
increment of 2 psi. Applying pressure at 80% of
the bubble point pressure validates filter integ-
rity since there would be a significant increase
in airflow (water flow) at lower pressures, indi-
cating damaged membranes, wrong pore size fil-
ter, ineffective seals, system leaks, or a broad
pore size distribution.

Forward Flow Test

Forward flow testing is based upon measure-
ment of the diffusion rate of air through water in
awetted filter at a pressure well below the bub-
ble point pressure. The following three kinds of
tests can be performed, but often, only one or
two are deemed sufficient.23'24

1. Measurement of forward flow of individual

elements prior to assembly to their housing to
verify the integrity of each element prior touse.

' 2. Measurement of forward flow of the assembly ‘

with elements in place in the system, before
or after autoclaving, by in situ steaming or by
ethylene oxide to verify tightness of any
valves in parallel with elements.

3, Measurement of forward flow of assembly
after completion of the filtration procedure to
verify the integrity of the element during fil-
tration.

The test is performed by placing a given ele-
ment in its holder and wetting the filter. A prese-
lected air pressure is applied to the upstream
side of the filter system. Measurement of the
total rate of airflow through the filter system is
then made. The quality acceptance level for a
given filter is based on a maximum total airflow
at which the filter appears, empirically, to retain
all bacteria.23

Filtration Equipment

and Systems

Commercial Equipment
Commercial filtration equipment is classified

by type of driving force (gravity, pressure, cen-
trifugal, or vacuum), by method of operating
(batch or continuous), and by end product de-
sired (filtrate of cake solids).2'4'26 The clarifica-
tion demands of pharmaceutical processes are
usually met by batch pressure units. Compatibil-
ity with a wide range ofiproducts restricts mate—
rials of construction to stainless steel, glass, and
inert polymers.

Gravity filters are common in water treat—
ment, where a sand filter may be used to clarify
water prior to deionization or distillation. The fil-
tering medium may consist of sand or cake beds,
or for special purposes, a composition containing
asbestos, cellulose fibers, activated charcoal,
diatomaceous earth, or other filter aids. Small—
scale purification of water may use porous ce-
ramics as a filter medium in the form of hollow

“candles.” The fluid passes from the outside
through the porous ceramics into the interior of
the hollow candles. Tray and frame filters are
best adapted for slow, difficult filtrations and for
exceptionally soft- or fine-grained precipitates,
which clog under the slightest pressure or pass
through the openings of a cloth. Gravity bag fil-
ters also are applied to concentration of magmas,
such as milk of magnesia. More efficient meth—
ods, however, particularly with respect to space
requirements, are available. The gravity nutzch
is a false-bottom tank or vessel with a support
plate for filter media, Porcelain nutzches may be
used for collecting sterile crystals or in opera-
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tions where slurriesare incompatible with ma-
als. Since they are frequently operated under
pressure or vacuum, they are not truly gravity
filters.

Vacuum filters are employed on a large scale,
but are rarely used for the collection of crystal-
line precipitates or sterile filtration. Continuous
vacuum filters can handle high dirt loads, and
on a volume basis, are cheap in terms of cost per
gallon of filtered fluid. In the operation of the
continuous drum filter system, vacuum is ap—
plied to the drum, and the fluid flows- through
the continuous belt. Solids are collected at the
end of the belt. _

Pressure filtration is desired in handling large
quantities of material in order to accelerate the
filtration process. Liquids with high viscosity
can hardly be filtered at all by gravity,

The plate and frame filter press is the simplest
of all pressure filters and is the most widely used
(Fig. 7-13). Filter presses are used for a high
degree of clarification of the fluid and for the
harvesting of the cake. When clarity is the main
objective, a “batch” mode operation is applied.
The filter media are supported by structures in a
pressure vessel. When an unacceptable pres-
sure drop across the filter is reached during the
filtration process, the filter media are changed.
Methods of supporting the filter media include
horizontal plates, horizontal or vertical pressure
leaf, and plate and frame.

As the name implies, the plate and frame filter
press is an assembly of hollow frames and solid
plates that support filter media. When assem-
bled alternately into a horizontal or a vertical
unit, conduits permit flow of the slurry into the
frames and through the media. One side of the
plate is designed for the flow of the feed. After
passing the filter media, the filtrate is accommo~
dated on the other side. The solids collect in the

frames, and filtrate is removed through place
conduits. In cake filtration, the size of the frame
space is critical, and wide- sludge frames are
used.

The filter press is the most versatile of filters
since the number and type of filter sheets can be
varied to suit a particular requirement. It can be
used for coarse to fine filtrations, and by special
conduit arrangements, for multistage filtration
within a single press. The filter press is the most
economical filter per unit of filtering surface,
and material of construction can be chosen to
suit any process conditions. Labor costs in as-
sembly and cleaning are a primary disadvan—
tage, and leakage between plates may occur
through faulty assembly. The normal range of
flow is three gallons per minute per square foot
of filter surface at pressures of up to 25 psi.
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The disc filter overcomes some deficiencies of
the filter press (Fig. 7—14). Compactness, porta—
bility, and Cleanliness are obvious advantages
for pharmaceutical batch operations. The term
disc filter is_ applied to assemblies of felt or paper
discs sealed into a pressure case. The discs may
be preassembled into a self-supporting unit, or
each disc may rest on an individual screen or
plate. Single plate or multiples of single plates
may be applied. The flow may be from the inside
out or the outside in. Figure, 7-15 illustrates the
flow schematics through a plate. Fluid flows
from the outside along the thin flow channel in
the plate. The filtrate flows “along similar chan-
nels in the bottom plate, and then to the inside
circumference.22 This type of filter is intended
only for clarification operations. Flow rates are
similar to plate and frame presses at operating
pressures of up to 50 psi. Pulp packs or filter—
massc may be used instead of disc sheets for
high-polish filtrations, but flow rates are then
appreciably lower. Maximum filtrate recovery by
air displacement of liquid is usually possible
with a disc filter. Pressure leaf filters utilize the

rotation of a pressure leaf to partially remove the
cakes and extend the life of the filter media.

When filter aids are required, a plate and
frame press with sludge frames is generally ac-
ceptable, but disposal of cake and cleaning be-
comes time-consuming. The precoat pressure
filter (Fig. 7-15) is designed to overcome this
objection. It consists of one or more leaves,
plates, or tubes upon which a coat of filter aid is
deposited to form the filtering surface. The filter
area is usually enclosed within a horizontal or
vertical tank, and special arrangements permit
discharge of spent cake by backflush, air dis-
placement, vibration, or centrifugal action. This
type of filter is desirable for high—volume proc—
esses. Two or more units can be used alterna-

tively, or surge tanks for clear filtrate may permit
intermittent operation of a single unit.

Cartridge Filters and Systems
Cartridge filters have an integral cylindric

configuration made with disposable or cleanable
filter media and utilize either plastic or metal
structural hardware.26 With the discovery of
strong pleatable membranes such as cellulose
nitrate, polyamide, polyvinylidene chloride,
PTFE, and nylon, cartridge filters have revolu-
tionized the filtration industry. Cartridge filters
provide maximum filtration area in the smallest
possible package, allow quick changeout of the
media, and save time and money. Cartridge fil-
ters of different shapes, structures, forms, and
sizes for. different applications in the pharma-
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FIG. 7-13. The plate and frame filter press may have 10 to 100 filtering surfaces and may be filled with pumps, sanitary
fittings, sludge frames, or dividing plates for serial filtration. (Courtesy of Ertel Engineering and T. Shn‘ver E} Co. Inc.)
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FIG. 7-14. Disc filter casing (A) accommodates precornpressed cartridges or dz‘sc media, Exploded view (B) shows liquid
flow through assembled disc. (Courtesy of the Cuno Engineering Corporation.)
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A

FIG. 7-15. A precoat pressure filter with wedge wire elements (A) is part of all stainless steel filter systems (B). Spectal
pump and fittings allow cleaning and sterilization in minutes. (Courtesy of Croll-Reynolds Engineering Co., Inc. )
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ceutical industry are now available in disposable
and nondisposable formsu'lgm’30 The hous-
ings for cartridge filters come in a wide variety of
configurations for both micron and submicron
filtration The major differences in various hous-
ings are in the design, materials of construction,
seals that are used to install the cartridge in the
housing, and the application for which they are
used in the pharmaceutical industry. The hous-
ing for cartridge filters are described in terms of
the height of the cartridge and in the number of
cartridge receptacles in the base end of the
housing. When a user purchases a housing from
one manufacturer, he is usually not “locked in"
to that manufacturer’s cartridges. Adaptors are
available that allow the cartridge filter of one
manufacturer to fit into Virtually any other man—
ufacturer’s housing.

Filter media can be formed into cartridge form
by either tubular-wound, string-wound, or
pleated formation. Alternate layers of filter
media and separator material are rolled into a
spiral configuration, and by potting the ends of
the cartridge, form the “dead-ended” or “cross-
flow" type of flow channels. String-wound car—
tridges are the most commonly used and inex—
pensive filters available. Pleated cartridges are
modified tubular configurations with a large fil—
tration area. A single knife-edge flat gasket may
be a satisfactory seal for cartridge filters with
1.0-micron or larger pore size. For submicron fil-
tration, the most satisfactory seal is an O-ring.

Disposable or permanent cartridge filters are
used for fluid clarification or sterilization. Stan-

dard elements for nonsterile filtration may be
interchanged betWeen cartridge holders offered
by several companies (Fig. 7—16). Increases in
capacity result from multi—element holders, and
12 element units are usually adequate for
batches of 500 to 1000 gallons. The cost of dis
posable elements is offset by labor savings inher-
ent in the simplicity of assembly and cleaning of
cartridge clarifiers.

The metallic edge filters, particularly those
with self-cleaning devices (Fig. 7-17), are excel~
lent security filters for suspensions that may
plug, or blind conventional Wire mesh. A clean‘
ing blade combs away accumulated solids,
which fall into a sump in the filter casing. A
quick-coupling metal cartridge filter with con-
struction that prevents short—circuiting of the fil—
ter element is also available (Fig. 7—18). The spe—
cial design permits rapid disassembly as well as
interchange of reusable filter media. Metal ele-
ments permit particle retention as low as 1.5
microns. Duo filters, two units connected in par-
allel, are recommended where uninterrupted
service is required. A high-frequency vibrator,

 
FIG. 7-16. A disposable wound cartridge is installed in
holder. Liquid flows through the element and is discharged
through the core. (Courtesy of the Filter-rte Corporation.)
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Discs

 
FIG. 7-17. An edge filter with automatic cleaning device
may be automated by replacing handle with motor. (Cour-
tesy of the Cuno Engineering Corporation.)
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FIG. 7-18. Quick-coupling cartridge filter for metallic media is readily cleaned. (Courtesy of the Ronnigm-Petter Corn-
puny-l

acting only on the element, assists in filtration of
slurries that have blinding tendencies.

Vendors of membrane filters offer cartridge
units in sin e— and multiple-element configura-
tions.21’27‘3 These cartridges have become the
unit of choice for high-volume, sterile filtrations
and are ideal for in-line, final polish prior to bot-
tling of bulk parenterals. Cartridge filters having
absolute ratings of 0.04 microns are also avail-
able (Fig. 7-19). The latter units have 5 to 10
square feet of efl'ecu‘ve filtering area per car-
tridge of 10-inch height, and some can also be
steam-ster'ilized.27‘32

Membrane Filters and Housings
The use of membrane cartridge filters and

housings has been discussed extensively in the
previous section. The following section deals
mainly with disc membranes and holders.

Membrane filter holders accept membranes
from 13 to 293 mm in diameter. A useful rule of
thumb for membrane media and bolder sizes for

various volumes of low-viscosity liquid is shown
in Table 7-5. Although 90- or 142-mm units are
suitable for moderate volumes, the 293-mm

164 - The Theory and Practice of Industrial Pharmacy

 
FIG. 7—19. Multiple-cartridge holders permit high-volume
processing (Courtesy of the Pall Corporation.)
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TABLE 7-5. Membrane Disc Filter Sizes for Van'-
ous Volumes 

 Volumes Filter

10—100 ml 13- or 25-min discs
100—300 ml 47-min discs

230075.000 ml 90—mm discs,
5,000—I0.000 ml l42-mm discs
20-] ,000 L 293-mm discs
1.000 L and up cartridges

membrane holder is the usual production choice
for small—batch sizes. Stainless steel holders for

the sterilizing filter have sanitary connections,
and the support screens are faced with Teflon to
permit autoclaving with the membrane in place.
Special compatibility problems may require pol-
yvinylchloride holders with stainless steel sup
ports, or units that have only Teflon and polypro-
pylene contact parts.20

Serial filtration is often desired to fractionate

the particulates in a fluid. A membrane of large
pore size may often be used as a prefilter for a
final downstream membrane filter of a smaller

pore size.
Pressure drop across the filter media is often

observed. This pressure drop may be contrib-
uted by either the filter media, the holder, or the
housing. In a properly desigied system, the
pressure drop due to housing should usually be
insignificant except for high-flow liquids or
gases.

Laboratory Filtration Equipment
Laboratory equipment catalogs offer a wide

choice of funnels and flasks adaptable to phar-
maceutical filtration studies. Although a Buch-
ner funnel test permits analysis of the major dif-
ficulties in a filtration problem, development
laboratories should have additional procedures
and apparatus that produce the qualitative con-
ditions expected in large—scale production. This
requirement can be met with a nominal capital
investment.

For gravity filtration, conventional glass per-
colators are applicable, in which case the bottom
tube is covered with fibrous material. The filter-

ing funnel is the most common of all laboratory
filter devices. Filter paper is used with funnels.
Sometimes, a plug of fibrous material may be
used instead. Filter bags for laboratory use are
made of fabric and are mounted for gravity filtra-
tion. The uncertainty of adequate clarification
With glass beads or sand has restricted their use
as gravity filters for certain operations in the lab-
oratory. ‘

Suction filters are greatly utilized in the labo-
ratory. Usually, a conical funnel and the Buch-
ner funnel are used for suction filtration, as are
immersion and suction-leaf filters.33 Immersion

filter tubes, also known as filter sticks, are gen-
erally used for small-scale laboratory operations.

Small-laboratory pressure filters have been
used substantially in recent years for both sterile
and nonsterile filtration operations. Gravity and
suction filters are used mostly for nonsterile fil-
tration. For the pressure filtration of small
amounts of material, the filter medium may be
mounted in a filter tube, with the liquid poured
in and pressure applied to the upper surface of
the liquid.“

Filter paper in circular form is the most com-
mon medium for laboratory filtrations. Filter
papers are available in a wide variety of textures,
purities, and sizes and are available for different
uses. They may be circular (1 to 50 cm in diame-
ter), folded, or arranged in sheets or rolls.
Among the special types of laboratory filter
paper for pharmaceutical industry are:

1. Filter papers impregnated with activated car-
bon for adsorption of colors and odors in
pharmaceutical liquids.

2. Filter paper impregnated with diatomaceous
earth for removal of colloidal haze from liq-
uids with low turbidity.

Minimum laboratory equipment includes a
plate and frame press, a membrane filter holder,
and a single-element housing for disposable car-
tridges. A 6- or 8-inch, stainless steel filter press
with four to eight filter surfaces and sludge
franies is adequate. This covers the flow range
from 8 to 200 gallons per hour with minimum
filtrate holdup in the press. Stainless Steel con-
struction permits autoclaving for sterile opera-
tions. Auxiliary equipment for mixing filter aid
and feeding the press (10- to 20-gallon tanks,
agitators, and centrifugal pump) should also be
available. A 90-mm, stainless steel membrane
filter holder processes 1 to 15 gallons of sterile
solutions per hour. The support plate should be
Teflon-lined to permit autoclave sterilization
with membranes in place; the gaskets should
also be Teflon. Integrity testing apparatus and a
stainless steel pressure vessel of 1- to 5-gallon
capacity are essential auxiliaries. The same
pressure assembly may be used in cartridge fil-
ter tests. A broad selection of media should be on
hand for each unit.

More flexibility is obtained Wedding 3 metal
cartridge filter and a small,’manually operated,
self-cleaning, edge filter. If processing of high-

CLARIFICATIONAND FILTRATION - 165

Page 175



Page 176

volume cosmetic products is expected, a single-
lea‘f, precoat pressure filter should be available.
Units can be obtained with capacities as low as
11/2 gallons.

Cake Filtration

Cake filtration in which solids recovery is the
goal is an important- pharmaceutical process.
Personnel involved in synthesis or fermentation
to produce bulk active ingredients consider cake
filtration to be the primary aim of the unit opera-
tion. Engineering textbooks and current litera-
ture stress the theory, laboratory test methods,

and eguipment required for solids separa-tion.2’4' 6

The plate and frame press and precoat pres—
sure filters used for clarification also are applied
to solids recovery. The basic design is often
modified to reduce the high labor factor. In gen-
eral, these pressure filters are restricted to batch
operation and recovery of moderate weights of
expensive materials.

For large-scale operations, continuous vac—
uum filters are most widely used. The rotary—
drum vacuum filter is divided into sections, each
connected to a discharge head. The slurry is fed
to a tank in which solids are held in suspension
by an agitator. As the drum rotates, each section
passes through the slurry, and vacuum draws
filtrate through a filter medium at the drum sur-
face. The suspended solids deposit on the filter
drum as a cake, and as rotation continues, vac-
uum holds the cake at the drum surface. The
cake is washed and dried as it moves toward the

discharge point. It may be scraped from the
drum or it may be supported by strings until it
breaks free under gravitational forces. Many var—
iants of the basic design are needed to accom-
modate differences in cake formation, drying
rates, and discharge properties.

Filtering centrifuges are another general class
of solids recovery devices. In this method of fil-
tration, centrifugal force is used to affect the
passa e of the liquid through the filter me-
dium. This type of filtration is particularly ad,-
vantageous when very fine particles are in-
volved. This device is fitted with a perforated
bask'et, which supports the filter media. The
basket revolves inside the casing. Slurry is
sprayed into the basket, in which centrifugal
action forces the filtrate through the media on
which the cake deposits. Continuous discharge
of solids is possible, but batch units that require
shutdown for removal of solids are also common.

Whenever solids recovery is the primary goal,
centrifuges must be considered as an alternative
to filtration.
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Membrane Ultrafiltration

Membrane ultrafiltration has become a com-

mercially feasible unit operation in the past dec-
ade.10'1“?“9'22'3‘0'3’5‘38 Unlike conventional fil-
tration, ultrafiltration is a process of selective
molecular separation. It is defined as a process
of removing dissolved molecules on the basis of
membrane size and configuration by passing a
solution under pressure through a very fine fil-
ter. Ultrafiltration membrane retains most mac-

romolecules while allowing smaller molecules
and the solvent to pass through the membrane,
even though the membrane is not rated as abso-
lute. The difference between microfiltration and

ultrafiltration is significant. The former removes
particulates and bacteria; the latter separates
molecules. Application of hydraulic pressure
reverses the normal process of osmosis, so that
the membrane acts as a molecular screen

through which only those molecules below a cer-
tain size are allowed to pass.

Separation of a solvent and a solute of differ—
ent molecular size may be achieved by selecting
a membrane that allows the solvent, but not the
solute, to pass through. Alternatively, two sol-
utes of different molecular size may be sepa—
rated by choosing a membrane that passes the
smaller molecule, but holds back the larger one
(Fig. 7—20). Ultrafiltration is similar in process to
reverse osmosis; both filter on the basis of mo-
lecular size. Ultrafiltration is different from re-
verse osmosis in the sense that it does not sepa-
rate on the basis of ionic rejection. Dialysis and
ultrafiltration are similar in the sense that both

processes separate molecules, but ultrafiltration
is different in that it does involve the application
of pressure.

The selectivity and retentivity of a membrane
are characterized by its molecular weight cutoff.
It is difficult to characterize the porosity of an
ultrafiltration membrane by means of precise
molecular weight cutoff. The configuration of
the molecule and its electrical charge may also
affect the separation properties of the mem-
brane.” Ultrafiltration membranes are therefore
rated on the basis of nominal molecular weight
cutoff. The shape of the molecule to be retained
plays a major role in retentivity. Many of the
same techniques that are used in microfiltration
to increase flow rate and throughput are also
used for ultrafiltration. Ultrafiltration mem-

branes me available as flat sheets, pleated car-
tridges, or hollow fibers. The hollow fibers have
the selective skin on the inside of the fiber.

Industrial use of this procedure has followed
the development of anisotropic polymer mem-
branes in a variety of biologically inert, noncel-
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FIG. 7-20. Schematic diagram of membrane ultrafilt'ratz'on process.

lulosic materials. These membranes are fragile
structures, however, and usually require a back-
ing plate of porous material to withstand opera—
tional pressure. During the processing of a solu—
tion, a region of high solute concentration also
develops at the surface of the membrane, resist-
ing further passage of solvent. Providing essen-
tial support for the membrane and overcoming
concentration polarization through shear effects
have resulted in a wide variety of commercial
apparatus, including tangential-flow cassette '
systems, process ultrafiltration cartridges, hol-
low fiber beakers, and collodion bags. Since the
technology continues to change rapidly, reliance
on technical expertise of the manufacturer is
advisable

Applications in the pharmaceutical industry
are predominantly in the concentration ofheat—
labile products, such as vaccines, virus prepara-
tions, and immunoglobulins. Ultrafiltration also
has been used to recover antibiotics, hormones,
or vitamins from fermentation broths, to sepa—
rate oells from fermentation broth, to clarify so—
lutions, and to remove low-molecular-weight
contaminants prior to using conventional recov-

ery techniques. The most important application
of ultrafiltration is the removal of pyrogens.
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Preformulation

EUGENE F. FIESE and TIMOTHY A. HAGEN

Preformulation commences when a newly syn—‘
thesized drug shows sufficient pharmacologic
promise in animal models to warrant evaluation
in man. These studies should f0 on those

ph sicochemical ro rties of the new om-

pgwauldjfiect drug performance andeve o ment of an efficacious dosa e form. A

thorou Eli understanding of these properties may
ultimately provide a rationale for formulation
design, or support the need for molecular modi-
fication. In the simplest case, these preformula-
tion investigations may merely confirm that
there are no significant barriers to the com-
pounds development.

Prior to starting preformulation studies, the
physical pharmacist should meet with the prin-
cipal investigators involved in the drug’s devel-
opment to obtain information on the known
properties of the compound and the proposed
development schedule as listed in Figure 8—1.
Since drug research is usually targeted for a spe-
cific therapeutic area, potency relative to com-
petitive products as well as the probable human
dosage form(s) may be known. Similarly, the
medicinal chemists may have insight regarding
the molecules weaknesses as a result of their

efforts to synthesize the compound. In addition,
a literature search should be conducted to pro—
vide an understanding of the probable decay
mechanism(s) and conditions that promote drug
decomposition. This information may suggest a
means of stabilization, a key stability test, or a
stability reference compound (such as aspirin
for a compound undergoing ester hydrolysis).
Information on the proposed mode of drugv-ad-.
ministration as well as a literature review on the

formulation, bioavailability, and pharrnacokinet—
ics of similar drugs often proves useful when
deciding how to optimize the bioavailability of a
new drug candidate.

Preliminary Evaluation

and Molecular Optimization
Once a phannacologically~ active compound

has been identified, a project team consisting of
representatives from the disciplines indicated in
Figure 8—2 has responsibility for assuring that
the compound enters the development process
in its optimum molecular form. While each dis-
cipline may have its mm criteria for an “opti-
mized” molecule, the physical pharmacist must
focus on how the product will be formulated and
administered to patients. Commonly, stability
and/0r solubility shortcomings can adversely af-
fect these aspects of drug performance.

When the first quality sample of the new drug
becomes available, probing experiments should
be conducted to determine the magnitude of
each suspected problem area. If a deficiency is
detected, then the project team should decide on
the molecular modification(s) that would most
likiely improve the drug’s properties. Salts,
prodrugs, solv es 01 mo hs, or even' new
anaogs may eme e from this modification ef-0

Although each of these modification ap-
proaches has proven beneficial, the salt and pro—
drug approaches are the most common. Most
salts of organic compounds are formed by the

Wiener—fifti—an ion-ize rug mo ecu e, which is then neutralized
With a counter ion. Ephedrine hydrochloride, for
Wed.5y addition of a roton to
meme,
resulting in a protonated drug molecule
(ephedrine-Hm), which is neutralized with a
chloride anion (ephedrine-H01). In general, or—
ganic salts are more water-soluble than the cor-
responding un—ionized molecule, and hence,
offer a simplemeans of increasing dissolution

 

171

Page 181



Page 182

1. Compound Identity:

II.’ Structure:

III. Formula and Molecular Weight:

IV. Therapeutic Indication:

Probable Human Dose:

Desired Dosage Form(s):
BioavailabilityModel(s):
Competitive Products:

V. Potential Hazards:

VI. lnitialBulkLots:

Lot Number: '

Crystallization Solvent(s):
Particle Size Range:
Melting Point:
% Volatiles:
Observations:

VII. Analytical Methods:

HPLC Assay:
TLC Assay:
UVNiS Spectroscopy:
Synthetic Route:
Probable Decay Products:

VIII. Key Dates:

Bulk Scale-Up:
Toxicology Start Date:
Clinical Supplies Preparation:
IND Filing:
Phase ITesting:

IX. Critical Development Issue(s):
FIG. 8-1. Essential information helpful in designing the
prefomz‘ulation evaluation of a new drug,

rates, and possibly improving bioavailability.
During synthesis, salts are usually formed in
organic media to improve yield as well as purity.
Some of the problems commonly encountered in
evaluating salt forms include poor crystallinity,
various degrees of- solvation or hydration, hygro-
scopicity, and instability due to an unfavorable
pH in the crystalline microenvironment. Table
8-1 lists a spectrum of pharmaceutical altera-
tions resulting from salt formation, While Table

8-2.]ists salts used in commercial pharmaceuti-
cal products through 1974.1
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While salt formation is limited to molecules

with ionWed
With any organic molecule having a chemically
reactive functional oup. Prod—{rigs are syn-
msters and amides) of
drug molecules that may have intrinsic pharma—
cologic activity but usually must undergo some
transformation in vivo to liberate the active drug
molecule. Through thE formation of a prodrug, a
variety of side chains or functional groups may
 

Be 36353 to improve—the 5iOIOglC anWor Harma-
ceu 0 properties 0 a compoun . Some of the‘
biologic response parameters that may be altered
by prodrug formation are absorption due to in-
creased lipophilicity or increased water solubil-
ity, duration of action via blockade of a key meta-
bolic site, and distribution to organs due to
changes in lipophilicity. Examples of biologic
improvements are abundant in the steriod and
prostaglanmfitemture.3 Pharmaceuti-
cal improvements resulting from prodrug forma—
tion include stabilization, an increase or de
crease in solubility, crystallinity. taste, odor, and
reduced pain on injection.

Erythrom cin estolate is an exam 1e of a r0-
drug with improved pharmaceutical properties
(Fig. 8-3). In aqueous solutions, protonated
erythromycin is water-soluble, has a bitter taste,
and is rapidly hydrolyzed in gastric acid
(90% = 9 sec) to yield inactive decay products.
To overcome this problem, the water-insoluble
lauryl sulfate salt of the propionate ester prodrug
(estolate) was formed for use in both suspension
and capsule dosage forms. Erythromycin propio-
nate is inactive as an antimicrobial and must

undergo ester hydrolysis to yield bioactive eryth—
romycin. In an oral q.i.d. bioavailability compar-
ison between Upjohn’s enteric coated tablet Lir-
mulation of erythromycin base E—Mycin and
Dista’s nonenteric Ilosone capsule formulation
of erythromycin estolate (Fig. 8-4), the lipophilic
ester prodrug was absorbed four times more effi—
ciently than the formulated free base, but hydro-
lyzed only 24% in serum to produce equivalent
plasma levels of bioactive erythromycin base.4'5
Thus, a prodrug was used to overcome a phar-
maceutical formulation problem without com-
promising bioavailabili'ty.

 

  tunat _ , this type of modification

cwisohflityindlbusfiecxeases theconcentration adient across t cell mem-

brane, which controls the rate of drug absorp-
tion. This trade-off between lipophilicity and
concentration gradient is generally assumed to
result in a net improvement in absorption. In
1980, Amidon suggested the making of Water-
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DISCIPLINES
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and Pharmacology

Prelormulatlon
Research

Formulation
Development 

Process Research Anslyllcet Research
and Development and Development

Toxlcology and
Drug Metabollsm 

Drug Dlsoovery
  

  

  
 

    

 
 

 

 Llloralun Scarch
Prollmlrllry Data
— stability assay
— key sleblflty data
— key solublllty eats

  

 
Molecular Optimization—- salts and solutes
— Modrws

Evaluatlon and Salecllon ot Drug
 

 
 
 

 

 
Formulation Request

   
  
  
 
  

Phyalul Characterlutlon
7 bulk propamas
._ solublllly promo
— slab-my prom

 
 
  

Fomrulutlon Development
_. compatibility and muddy- alssolullon
— bioavaylabllllyTimeIncreasing

 

  
— mu slnbtllly
— blouuallablllly- acalerap

Phase I Formula lion

Inveatlgallenel New Drug (IND) Appllcntlo‘ir

   
Procession-roll— Improve yielu— lllflrfiile IOIHB
— produce bulk

Analytic-l Munch— lllly GGVBIDDmBhl

Analytical Dwelopmsnl- bulk clearance
— lomcolouy Dolency

 

 
 

 
  
 

Blouellablllt'y 
 

 
 
 

  

 
  

Process Dalelopmonl — in mo medals— bulk scale-up Toaledofiy# acute
— chmmc  r lovmulahon assay

 
— IND formulation stability

FIG. 8-2. Flow diagram illustrating the multidisciplinary development of a drug candidate.
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R, = H lauryl sullate salt at
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pKa = 3‘8 4 R, = C,H,CO

R, = C.,H,,SO,H
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Drug pKa = 6.9

FIG. 8-3. Structures oferythrmnycin and its estolate pra-
drug
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FIG. 8-4. Average plasma cancentratians of free base and
esterified erythromyczn in 16 patients following qidt
doses of 250mg of erythromycin base (0) E-Mycin or
erythro-mycin estalate (A, I) 11050726. These products were
judged equivalent with respect to production of bioactive
erythromycin base plasma levels. (From DiSanto, A R, et
al.: 1. Clin, Pharmacol, 20:437, 1980. Reproduced with
permission of the copyright owner.)
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TABLE 8- 1. Examples of Modification of Pharmaceutical Agents Through Salt Formation

Salt—Forming Agent Compound Modified

 

Modification  

Acetylaminoacetic acid
N-Acetyl—1,—aspa.rag;ine
N-Acetylcystine
Adamantoic acid
Adipic acid

N—Alkylsulfamates

Anthraquinone-l ,S-disulfonic acid
Arabogalactan sulfate (arabino)
Arginine

Aspartate
Betaine

Bis(2—carboxychromon—S—yloxy)alka.nes
Camitine
4-Chloro-m-toluenesulfonic acid
Decanoate

Diacetyl sulfate
Dibenzylethylenediamine
Diethylamine
Diguaiacyl phosphate
Dioctyl sulfosuccinate
Embonic (pamoic) acid

Fructose 1,6-diphosphon'c acid

Glucose l-phosphoric acid, glucosefi-
phosphoric acid

l-Glutamine

Hydroxynaphthoate
2-(4-Imidazolyl)ethylamine
lsobutanolamine

Lauryl sulfate
Lysine

Methaiiesulfonic acid

N-Methylglucamine

N-Methylpiperazine
Morpholine
27Naphthalenesu1fonic acid
Octanoate
Probenecid
Tannic acid
Theobromine acetic acid
3,4,5-Trimethoxybenzoate

Tromethamine

Doxycycline
Erythromycin
Doxycycline
Alkylbiguanides
Piperazine

Ampicillin
Lincomycin
C ephalexin
Various alkaloids
Cephalospon'ns
a—Sulfobenzylpenicillin
Erythromycin
Tetracycline
7—(Aminoalkyl)theophyllines
Metformin
Propoxyphene
Heptaminol
Thiamine

Ampicillin
Cephalosporins
Tetracycline
Vincamine
Kanamycin
2-Phenyl—3-methylmorpholine
Tetracycline
Erythromycin
Tetracycline
Erythromycin
Erythromycin
Bephenium
Prostaglandin
:Theophylline
Vincamine

a—Sulfobenzylpenicillin
Cephalosporins
Pralidoxime (2-PAM)
a-Sulfobenzylpenicillin
Cephalosporins
Phenylbutazone
Cephalosporins
Propoxyphene
Heptaminol
Pivampicillin
Various amines

Propoxyphene
Tetracycline
Heptaminol
Aspirin
Dinoprost (prostaglandin F2“)

Solubility
Solubility, activity, stability
Combined effect useful in pneumonia
Prolonged action
Stability, toxicity, organoleptic
properties

Absorption (oral)
Solubility
Stability, absorption
Prolonged action
Toxicity
Stability, hygroscopicity, toxicity
Solubility
Gastric absorption
Activity, prolonged prophylactic effect
Toxicity
Organoleptic properties
Prolonged action
Stability, hygroscopicity
Prolonged action
Reduced pain on injection
Activity
Organoleptic properties
Toxicity
Toxicity
Solubility
Solubility
Solubility
Solubility
Solubility, activity, stability
Toxicity
Prolonged action
Stability
Organoleptic properties
Toxicity, stability, liygmscopicity

Solubility
Toxicity, stability, hygroscopicity
Reduced pain on injection
Toxicity, faster onset of action
Reduced pain on injection
Organoleptic properties
Prolonged action
Organoleptic properties
Prolonged action
Activity
Organoleptic properties
Prolonged action
Absorption (oral)
Physical state 

From Berge, S.M., et 31.: J. Pharm. Sci, 66:1, 1977. Reproduced with permission of the copyright owner.
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TABLE 8-2. Salts Used in Pharmaceutical Products Marketed in the United States Through 1974. 

 Anion Percen ta Anion Percenta

Acetate 1 .26 Iodide 2.02
Benzenesulfonate 0.25 lsethionate‘ 0.88
Benzoate 0.51 Lactate 0.76
Bicarbonate 0.13 Lactobionate 0.13
Bitartrate 0.63 Malate 0. 13
Bromide 4.68 Maleate 3.03
Calcium edetate 0.25 Mandelate 0.38

Camsylateb 0,25 Mesylate 2.02
Carbonate 0.38 Methylbromide 0.76
Chloride 4.17 Methylnitrate 0.38
Citrate 3.03 Methylsulfate 0.88
Dihydrochloride 0.51 Mucate 0.13
Edetate 0.25 Napsylate 0.25
Edisylate° 0.38 Nitrate 0.64
Estolated 0.13 Pamoate (Embonate) 1.01
Esylatee 0.13 Pantothenate 0.25
Furnarate 0.25 Phosphate/diphosphate 3.16
Gluceptatef 0. 1 8 Polygalacturonate 0. 13
Gluconate 0,51 . Salicylate 0.88
Glutamate 0.25 Stearate 0.25
Glycollylarsanilateg 0.13 Subacetate 0.38
Hexylresorcinate 0.13 Succinate 0.38
Hydrabamineh 0.25 Sulfate 7.46
Hydrobromide 1 .90 Tannate 0.88

Hydrochloride 42. 98 Tartrate 3.54
Hydroxynaphthoate 0.25 Teoclate‘ 0.13

Triethiodide 0.13

Cation Percent ta Cation Percenta

Organic Metallic:
Benzathine“ 0.66» Aluminum 0.66

Chloropm aine 0.33 - Calcium 10.49Choline 0.33 Lithium 1.64

Diethanolamine 0,98 Magnesium 1.31
Ethylenediamine 0.66 Potassium 10.82
Megiuminel‘ 2.29 Sodium 61.97
Procaine 0.66 Zinc 2.95

3Percent is based on total number of anionic or cationic salts in use through 1974. ”Camphorsulfonate. “1,2-Ethanedisulfonate. dLauryl
sulfate. eEthanesulfonate. fGlucoheptonate. Pp-Glycollamidophenylarsonate. hN,N'-Di(dehydmabietyl)ethylenediamine. ‘2-Hydroxy-
ethanesulfonate. J8~Chlorotl‘neophyllinate. "N,N'-Dibenzylethylenediamine. ‘N-Methylglucamine.

L From Barge. SM, et 31:], Pharm. Sci, 66:1. 1977. Reproduced with permission of the copyright owner.

soluble prodrugs by adding selected amino acids
that are substrates for enzymeslocated in the
intestinal brush border.‘5 Assuming that enzyme
cleavage was not ratevlimiu‘ng, and that the lib-
erated drug molecule would remain in the lipo-
philic membrane, then the resulting membrane
transport of the parent compound should be very
rapid, owing to the large concentration gradient
of liberated drug across the membrane, as illus—
trated in Figure 8-5. Using the lysine ester pro—

drug of estrone, a potential increase of five or—
ders of magnitude in adsorption rate was found
in Vivo using perfused rat intestines.

Although any of the modifications discussed
may provide an increase in bioavailability,
chemical instability or a lack of synthetic feasi—
bility may prohibit the commercial development
of a modified drug molecule. Whatever the case,
the molecular form of the drug advancing from
this preliminary evaluation should have a sub-
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Lumen membrane

“omumn
Layrr'

FIG. 8-5. Concentration (C) versus distance (X) profile for
the absorption ofwater-soluble prodrugs (PDU, which are
enzymatically (E) hydrolyzed in the intestinal brush bor-
der to liberate the lipophilic parent compound (D). Key: 6,,
thickness of aqueous difi‘usion layer; BE, enzyme layer
thickness; 8,", membrane thickness; and PC membrane-
enzyme layer partition coefficient. (From Amidon, G. L., et
al.: J. Pharm. Sci, 69:1363, 1980, Reproduced with per-
mission of the copyright owner.)

stantial chance of successfully progressing
through the drug development process.

Once the optimum molecular form of a drug
has been selected, formulation development
commences, which prompts other disciplines to
begin their task in the drug development process
as depicted in Figure 8-2. The objective of this
phase is the quantitation of those physical
chemical properties that will assist in developing
a stable, safe, and effective formulation with
maximum bioavailability. Figure 8-6 lists the
major areas of preformulation research in the
order in which they are discussed in the follow—
ing text. Keep in mind that these topics vary in
importance according to the type of formulation
sought for each individual drug candidate.

Bulk Characterization

,In most instances, the synthetic process is
developed in parallel with preformulation inves-
tigations. A drug candidate at this stage often
has not had all of its solid forms identified, and
there is a great potential for new polymorphs to
emerge. Bulk properties for the solid form, such
as particle size, bulk density and surface mor-
phology, are also likely to change during process
development. Therefore, comprehensive charac-
terization of all preforrnulation bulk lots is nec-
essary to avoid misleading predictions of stabil-
ity or solubility, which depend on a particular
crystalline form.
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1. Bulk Characterization

Crystallinity and Polymorphism
Hygroscopicity
Fine Particle Characterization

Bulk Density
Powder Flow Properties

[1. Solubility Analysis

Ionization Constant— pKa
pH Solubility Profile
Common Ion Effect— Ksp
Thermal Effects
Solubilization
Partition Coefficient
Dissolution

III. Stability Analysis

Stability in Toxicology Formulations
Solution Stability

pH Rate Profile
Solid State Stability

Bulk Stability
Compatibility

FIG. 8-6. Outline of the principal areas ofpreformulation
research.

Crystallinity and Polymorphism
Crystal habit and the internal stru f a

drug can affect bulk and h sicochemical r0 —
erties, which range from flowability_to chemical
stability. Habit is the description of the outer

Wmul
Sfigigtyfls—themmmgememmmtmid. Several examples of different habits of
crystals are shown in Figure 8-7. A single inter—
nal structure for a compound can have several
different habits, depending on the environment
for grong crystals. Changes with internal
structure usually alter the crystal habit while
such chemical changes as conversion of a so-
dium salt to its free acid form produce both a
change in internal structure and crystal habit.
Characterization of a solid form involves (1) ver—
ifying that the solid is the expected chemical
compound, (2) characterizing the internal struc—
ture, and then (3), describing the habit of 'the
crystal.

The internal structure of a compound can be
classified in a variety of ways, as shown in Fig—
ure 8-8. The first major distinction is whether
the solid is crystalline or amorphous. thalsare characterized b ‘re etitious s ac' c0 —
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Equant or Massive

/

Needle or Acicular Bladgd

Tmlar
Prismatic

FIG. 8-7. Difiere'nt habits of crystals. (Reprinted by per-
mission of the publisher from Hartshorne, N. H., and
Stuart, A.: Practical Optical Crystallography, American
Elseuier, New York, 1964, p. 1, and courtesy of McCrone
Research Institute, American Pharmaceutical Association
Academy of Pharmaceutical Sciences 33rd National Meet—
ing, November 14, 1982, San Diego, CA.

stituent atoms or molecules in a three—dimen-
31 n aira reas amo hous forms ave

atoms or molecules rand ed as in a liq—
uid. Amorphous forms are typically prepared by
rapid reci itation, l o hilization or ra id cool-
irT’L—‘Eigofligwiirielts. gince ainorphous'fonns are
usually of higher thermodynamic energy than
corresponding crystalline forms, solubilit'les as
well as dissolution rates are generally greater.
Upon storage, amorphous solids tend to revert to
more stable forms. This thermodynamic insta-
bility, which can occur during bulk processing

chemical compound

r—%I
habit internal structure

crystalline amorphous

l—J—‘—I
single entity molecular adducts

I

\polymorphs r_—‘—‘|
nonstoichiom etric stoichiometric

inclusion compounds solvates (hydrates)

r—l———|
channel layer cage

(clathrate)

FIG. 8-8. Outline of differentiating habit and crystal
chemistry of a compound. (From Haleblian, J. K_:
J. Pharm. Sci, 64:1269, 1975. Reproduced with permission
of the copyright owner.)

or within dosage forms, is a major disadvantage
for developing an amorphous form.

A crystalline compound may contain either a
stoichiometric 0r nonstoichiometric amount of

crystallization solvent.7 Nonstoichiometric ad—
ducts, such as inclusions or clathrates, involve
entrapped solvent molecules within the crystal
lattice. Usually this adduct is undesirable, owing
to its lack of reproducibility, and should be
avoided for development. A stoichiometric ad-
duct, commonly referred to as a solvate, is a mo-
lecular complex that has incorporated the crys
tallizing solvent molecules into specific sites
Within the crystal lattice. When the incorporated
solvent is water, the complex is called a hydrate,

and the terms %mihydrate, monohvdrate, anddihydrate descri e y rated forms with molar
equivalents of water corresponding to half, one,
and two. A compound not containing any water
within its crystal structure is termed anhydrous.

Identification of possible hydrate compounds. 1a“ . . . . .

WSince their a ueous solubilities can6 sigiiificanthfiL'fiWyrousforms.
onversion of an anhydrous compound to a hy-

drate? within the dosa e ormflay reduce t e
mdrug absorption.

An example of the in Vivo importance of sol-
vate forms is ShOWn in Figure 89, where the

 

Ampimllin
O Anhydrous
OTrihydrale

T:-
E0
JCO

U
E3
3V1

.E
E'5.
E<

0

——l—T—I
4 5 6

 
Hours

FIG. 8-9. Mean serum concentrations of ampicillin in
human subjects after oral administration of 250—mg doses
of two sol-vote forms of the drug in suspension. Key: 0,
anhydrous; and o, trihydrate. (From Poole, 1., et al.: Cur—
rent Therapeutic Research, 10:292, 1968. Reproduced with
permission of the copyright owner.)
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anhydrous and tiihydrate forms of ampicillin
were administered orally as a suspension to
human subjects.3 The more soluble anhydrous
form (10 mg/ml) produced higher and earlier
peaks in the blood serum levels than the less so]-
uble trihydrate form.

Polymorphism is the abili of a co nd (or

“cryst 'ne 5 e ies with different internal lat-
tices. Chemical stability and solubility changes
due to polymorphism can have an impact on a
drug’s bioavailability and its development pro-
gram. Chloramphenicol palmitate exists in three
crystallirT'polwn—ozihinm, B, and C) and
an amorphous form.9 Aguiar and co-workers
investigated the relative absorption of polymor-
phic forms A and B from oral suspensions ad-
ministered to human subjects.” As summarized
in Figure 8-10, “peak" serum levels increased
substantially as a function of the percentage of
form B polymorph, the more soluble polymorph.

WmWiththe internal structure 0 t esohidmgjnchid-
'Wflarflnflwmm

SWWEUC aracterization of polymorphic and solvated
forms involves quantitative analysis of these dif-
fering physicochemical properties. Several

 

H 03

H Nmcg.CHLORAMPHENICOL/ml. co

J>
 

20 40

% FORM 8

FIG. 8-10. Correlation of “peak” blood serum levels (2 hr)
of chloramphenicol vs. percentage of concentration of
polymorph B. (From Aguiar, A. 1., et al.: J. Pharm. Sci.,
562847, 1967. Reproduced with permission of the copy-
right owner.)
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TABLE 8-3. Analytic Methods for
Characterization of Solid Forms

Material Required
Method per Sample

Microscopy 1 mg
Fusion methods 1 mg
(hot stage microscopy)
Differential scanning calorimetry 2—5 mg
(DSC/DTA)
Infrared spectroscopy 2—20 mg
X~ray powder diffraction 500 mg
Scanning electron microscopy 2 mg
Thermogravimetric analysis 10 mg
Dissolution/solubility analysis mg to gm

methods for studying solid forms are listed in
Table 8-3 along with the sample requirements
for each test. In the following sections, three of
these techniques are discussed in detail, with
particular emphasis on polymorphism.

Microscopy. All substances that are trans-
parent when examined under a microscope that
has crossed polarizin filters are either isotro ic
or anisotropic. Amorp ous su stances, such as
supercooled gl 'ne solid or-asses an noncryS

WcubicWe Such as sodium chloride, are iso-
tropic materials, which have a single refractive
Wmssed polarizing filters, these iso-
tropic substances do not transmit light, and they
appear black. Materials with more than one 're-
fractive index are anisotropic and appear bright
with brilliant colors (birefringence) against the
black polarized background. The interference
colors depend upon the crystal thickness and the
differences in refractive indices. Anisotropic
substances are either uniaxial, having two re—
fractive indices, or biaxial, having three princi-
pal refractive indices.

Most drugs are biaxial, corresponding to ei-
ther an orthorhombic, monoclinic, or triclinic
crystal system. Although one refractive index is
easily obtained for biaxia] systems, proper orien-
tation of the crystal along its crystallographic
axes is required to describe the crystalline form
completely. Owing to the many possible crystal
habits and their appearances at different orien-
tations, these methods require a well-trained
optical crystallographer to characterize fully

even simple biaxial systems. Crystal mOrphology
differences between polymorphic forms, how-
ever, are often sufficiently distinct that the mi—
croscope can be used mutinely by the less expe-
rienced microscopist to describe polymorphic
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crystal habits and observe transitions induced by
heat or solvents.

The polarizing microscope fitted with a hot
stage is a useful instrument for investigating
polymorphism, melting points, transition tem-
peratures, and rates of transition at controlled
heating rates. In addition, the hot—stage micro-
scope facilitates differentiation of DSC endo-
therrns (explained in the next section) for poly-
morphic transitions from desolvation processes
(when the sample is heated in degassed immer-
sion oil). A problem often encountered during
thermal microscopy is that organic molecules
can degrade during the melting process, and
recrystallization of the melt may not occur, be-
cause of the presence of contaminant degrada-
tion products.

Thermal Analysis. Differential scannin

We)andgmfmmlfierenm«3——gysstIALmeasure the eat oss or gain result-
ing from physical or chemical changes within 'a
sample as a function of temperature. Examples
of endothermic (heat—absorbing) processes are
fusion, bo‘ 'ng, su 'mation, vamrizationglesol-
vation, solid-solid transitions, and c'hemical deg—
radation. Crystallization and degradation are
{Edam—I"— exothermic rocesses. Quantitative
measurements 01 these processes have many
applications in preformulation studies including
purity,12 polymorphism,” salvation,14 degrada-
tion, and excipient compatibility.15’16

For characterizing crystal forms, the heat of
fusion, AHf, can be obtained from,_the_.\area—un-
der—the~DSC-curve for the \meltingendotherm.
Similarly, the heat" of transition from one
polymorph to another may be calculated as

, shown by Guillory for several sulfonamides.” A
sharp symmetric melting endotherm can‘indi—
cate relative purity, Whereas‘broad, asymmetric
curves suggest impurities or more than one
thermal process. Heating rate affects the kinet—
ics and hence the apparent temperature of solid-
solid transitions. ,

A variable with DSC experiments is the at-
mosphere in contact with the sample. Usually, a
continual nitrogen purge is maintained within
the heating chamber; howeyer, the loss ofa vola-
tile counter ion such as ethanOlamine or acetic
acid during a polymorphic transition may pro—
duce misleading data unless the transition oc-
curs within a closed system. In contrast, desol—
vation of a dihydrate species, as shown in Figure
8-11," releases water vapor, which if unvented
can generate degradation prior to the melting
point of the anhydrous form. During initial test~
ing,’ a variety of atmospheres should be tried
until the observed thermal process becomes
fully understood.

 

TGA

{Anhydrous Form 
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FIG. 8-1]. Themogravimetn'c (TGA) and differential
scanning calorimetric (DSC) analysis for an acetate salt of
an organic amine that has two crystalline forms, anhy-
drous and dihydrate. Anhydrous/dihydrate mixture was
prepared by dry blending. Heating rate was 5°lmin.

 
 

ENDOTHERMAL—-———>

Thermogravimetric analysis (TGA) measures
changes in sample weight as a function of time
(isothermal) or temperature. Desolvation and
decomposition processes are frequently. moni-
tored by TGA. Comparing TGA and DSC data
recorded under identical conditions can greatly
aid in the interpretation of thermal processes. In
Figure 8-11, the dihydrate form of an acetate
salt loses two moles of water via an endothermic
transition between 70° and 90°C. The second

endotherm at 155°C corresponds to the melting ,
process, with the accompanying weight loss due

' to vaporization of acetic acid as well as to decom~
position.

TGA and DSC analysis can also be used to
qufitate thfiresence of a solvated species
within a bulk drug sample. For the above exam-
ple, 10% of the dihydrate form was easily de-
tected by both methods (Fig, 8—1 1).

Both DSC and TGA are microtechni ues and

depend on thermal e ui'IiBration within the sam-
le. Sifiificant variables in these methods in-

gfilde’ sample homogeneity, sample size, particle
size, heating rate, sample atmosphere, and sam-
ple preparation. Degradation during thermal
analysis may provide misleading results, but

PREFORMUIATION . 179

Page 189



Page 190

DSC

AHf =10.4S kcallM
so. = 29 (23%)Endutherm

9GRemaining
0 50 100 150 200 250

Tern peratu re uC

FIG. 8-12 Differential scanning calorimetric (DSC)
analysis and HPLC stability analysis of an organic amine
hydrochloride salt that undergoes decomposition upon
melting.

may be detected by high-performance liquid
chromatography (HPLC) analysis of samples
heated under representative conditions for re-
tention of drug or appearance of decay products
«f Fig. 8-12).

X-Ra . An im ort ttechni ue for establish—

ingmfireproducibmty of a crys—
‘ne 01m is x—ray powder diffraction. Random

orientation of a crystal lattice in a powder sam-
ple causes the x—rays to scatter in a reproducible
pattern of peak intensities at distinct angles (6)
relative to the incident beam. Each diffraction

pattern is characteristic of a specific crystalline
lattice for a given compound An amorphous
form does not produce a pattern. Mixtures of dif—
ferent crystalline forms can be analyzed using
normalized intensities at specific angles, which
are unique for each crystalline form. A typical
standard curve is shown in Figure 8-13 for poly—
morphic forms A and B of chloramphenicol pal-
mitate.

Single-crystal x-ray analysis provides a precise
identification and description of a crystalline
substance. Unit cell dimensions and angles con—
clusively establish the crystalline lattice system
and provide specific differences between crystal—
line forms of a given compound. Other methods
such as infrared spectroscopy, dilatometry, pro-
ton magnetic resonance (PMR), nuclear mag-
netic resonance spectroscopy (NMR), and scan-
ning electron microscopy (SEM) have additional
applications for studying polymorphism and sol-
vation. “

180 ' The Theory and Practice of Industrial Pharmacy

 333°. 5

3%;O6,

Q: 4
.2

g 3
E
E 2
a
5

1

20 40 60 80 100

%FormB

FIG. 8-13. X—ray intensity ratio as a function of composi-
tion offorms A and B of chloramphenicol palmitate. (From
Aguiar, A. 1., et al.: J. Pharm. Sci, 561847, 1967. Repro~
duced with permission of the copyright owner.)

Polymorphism
Polymorphs can be classified as one of two

types enatiotrgpic (one polymorph can be re-
versibly changed into another by varying tem—
perature or pressure e. g., sulfur) or monotrggic
(one polymorphic form is unstable at all temper-
atures and pressures, e.g., glyceryl stearates).
There is no general way of relating enatiotrophy
and monotrophy to the properties of the poly-
morphs, except by locating the transition tem—
perature or the lack of one. At a specified pres-
sure, usually 1 atmosphere, the temperature at ,
WWI-
g‘es is the transition temperature, and at that
temperature, both forms can coexist and have
identical solubilities in any solvent as well as
identical vapor pressures. Below the solid melt—
ing temperatures, the polymorph with the lower
free energy, corresponding to the lower solubil-
ity or vapor pressure, is the thermodynamically
stable form.

Duringpreformulation,it is imiden-fy t e 90 ymorp thatlsstableat room temper-

Weansitions are ossible within the tern erature

range used or sta oc—
ess1n g, milling, etc). As discussed by

aleblian and McCrone, a polymorphic com-
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pound is best characterized by a complete pres—
sure—temperature phase diagram showing melt-
vapor, solid-vapor, and solid-melt curves.11 A
free energy-temperature curve at 1 atmosphere
should be constructed since temperature is usu-
ally a more critical variable than pressure in
pharmaceutics. As previously discussed, chlor-
amphenicol palmitate has three known polymor—
phic forms, which 'are thermodynamically de-
scribed by a van’t Hoff plot of free energy (as
determined from solubility measurements) ver—
sus temperature (Fig. 8—14). Transition temper-
atures are shown by intersection of the extrapo-
la't‘ed‘h'nes; 50°C forforms A and C, and—EST for
onns an . 01m 1st esta e arm at tem—

2W
ransition temperatures obtained by extrapo-

lation of van’t Hoff plots are susceptible to large
errors. Direct measurements of transitions are

preferred to support the extrapolated intersec—
tionypoints in the solubility-temperature dia—
grams. The most direct means for determining
transition temperatures is microscopic observa-
tion of samples held at constant temperatures.
Unfortunately, these solid—solid or solid-vapor—
solid transitions usually occur slowly, owing to
large activation energies and slow nucleation. To
facilitate the conversion rate, a single polymorph
or a mixture of forms can be granulated in a
“bridging” solvent at various temperatures. The
drug should be only sparingly soluble in the
bridging solvent, and solvate formation should
not occur. These experiments can be conducted
quickly with a polarizing microscope, or samples
can be stored in sealed containers at controlled

temperatures and periodically examined by
other suitable analytic methods. _

A moge difficult task in the study of poly—_

 

/ |ogsol.Molesamp/1000n.
 
Temp

FIG, 8-14. The van’t Hoff plot of solubility vs. reciprocal
absolute temperature for polymorphs A, B, and C ofchlor-
amphenicol palmitate. Key: Polymorphs A ( >—> );
B (H); and C (0—0 ). (From Aguitzr, A. 1., at 111.:
J. Pharm. Sci, 58:983, 1969. Reproduced with permission
of the copyright owner.)

 

morphism is determination of the relative stabil-
ity of metastable polymorph and prediction of its
rate of conversion within a dosage form. For sus-
pension dosage forms, the rate of conversion can
depend on several variables, including drug‘sol-
ubility within the vehicle, presence of nuclea—
tion seed for the stable form, temperature, agita—
tion, and particle size. Solid dosage forms such
as capsules and tablets have similar complica-
tions due to the influence of particle size, mois-
ture, and excipients. In short, the most effective
means for evaluating the stability of a metasta»
ble polymorph in the dosage form is to initiate
prototype formulation work by screening a wide
range of factors, including the presence and ab—
sence of seed crystals of the stable polymorphic
form. Essential to this approach is development
of an analytic method that is sensitive to small
amounts of the stable polymorph in the presence
of the metastable polymorphs and excipients. In
most cases, the lower limit of detection for
polymorph mixtures is in the range of 2 to 5%.

To screen for additional polymorphic forms‘of
a particular drug, bridging solvents, supersatui
rated solutions, supercooled melts and sub—
limination have proven useful.11 Observation of H
the drug particles by light microscopy during 6r
after processing by these techniques should pro-
vide substantial insight into the preferred crys-
talline forms of the compound without consum-
ing inordinate quantities of material.

Hygroscopicity
Many drug substances, particularly water-sol-

uble salt forms, have a tendenc ' to adsorb at-
mospheric moisture. Adsorption and eguilib—n—.——-——.—'——’—‘—

num morsture content can epend u on the
enc umi ity, temperature, surface

air—ea, exposure, We mec anism for moisture
uptake, as described by Van Campen and co-
workers.18 Deliquescent materials adsorb suffi-
cient water to Essg’flve comfiletelihas is observed
W1 so ium chloride on a hunn ay. t er
Wesadsorb water because of
hydrate formation or specific site adsorption.
With most hygroscopic materials, changes in
moisture level can greatly influence many im—
portant parameters, such as chemical stability,
flowability, and compactibility.

osco icit sam les ulk
dru are la ed 1 en containers with a thin

powder bed to assure maximum atmosp en'c
 

exposure. These samples are then exp_osed to a
range of controlled relative humidityfl'on-

ments prepared with saturated agueous salt‘ so-lutions. ,,,Moistnre.uptakeshould_bemonitored._————-
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at time points representative of handling (0 to 24
hours) and storage (0 to 12 weeks). Analytic
methods for monitoring the moisture level (i.e.,
gravimetry, TGA, Karl Fischer titration, or gas
chromatography) depend upon the desired pre-
cision and the amount of moisture adsorbed

onto the drug sample. _
Normalized (mg HQO/g sample) or percent-

age-of—weight—gain data from these hygroscopic
studies are plotted against time to justify special
handling procedures kinetically. A plot of nor—
malized equilibrium versus relative humidity
data may support the need for storage in a low-
humidity environment or for special packaging
with a desiCCant. As these studies proceed, addi-
tional testing of powder flow, dissolution, or sta-
bility of “wet" bulk may be warranted to lend fur-
ther support to the need for humidity controls.

Fine Particle Characterization

Bulk flow, formulation homogeneity, andsur-
faEe-Trei' contro e processes suc as dissolu-
tion andWWyaffected
by size, sha e, and surface morphology of the

firgpgflc—Ies. In general, each new drug candi-ate should be' tested during preformulation
with the smallest particle size as is practical to
facilitate preparation of homogeneous samples
and maximize the drug’s surface area for inter-
actions.

A light microscope with a calibrated grid usu-
ally provides adequate size and shape character—
ization for drug particles.2O Sampling and prepa-
ration of the microscopic slide must be
preformed carefully to obtain a representative
dispersion. Several hundred particles should be

 

sized, and the resulting mean and range of sizes'
reported as a histogram. The use of photomicro-
graphs and a hemacytometer slide, as well as
other sizing techniques, may make this task
slightly less strenuous. Although it is time-con-
suming, light microscopy has few re§trictions on
particle shape. '

In conjunction with light microscopy, stream
counting devices, such as the Coult t
and HIAC counter, often provide a convenient
me 0d for characterizing the size distribution
of a compound. Samples are prepared for analy-
sis by the Coulter counter by dispersing the ma-
terial in a conducting medium such as isotonic
saline with the aid of ultrasound and a few drops
of_surfactant. A known volume (0.5 to 2 ml) of
this suspension is then drawn into a tube
through a small aperture (0.4 to 800 microns in
diameter), across which a voltage is applied. As
each particle passes through the hole, it is
counted and sized according to the resistance
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generated by displacing that particle’s volume of
conducting medium. Given that the instrument
has been calibrated with standard spheres, the
counter provides a histogram output (frequency
versus size) within the limits of that particular
aperture tube. Several different sizes of aperture
tubes should be used to assure accurate c0unt—

ing of single particles. Other stream counters are
based on the principles of light blockage or laser
light scattering for sizing each particle.20

Although the Coulter method is quick and sta—
tistically meaningful, it assumes that each re-
sistance arises from a spherical particle; thus,
nonspheres are sized inaccurately. Other limita~
tions with the Coulter counter are the tendency
of needle-shaped crystals to block the aperture
hole, the dissolution of compound in the aque-
ous conducting medium, and stratification of
particles within the suspension. Additional
methods of particle size analysis are image anal-

ysis and sieve analysis.WSare usedprimarily for large samp es 0 relatively large
particles (~100 microns). Computer interfacing
of image analysis techniques offers the greatest
promise for particle size analysis in the ’80s.21

Kinetic processes involving drug in the solid
state, such as dissolution and degradation, may
be more directly related to available surface area
than to particle size. If drug particles have a
shape that can be defined mathematically, then
light microscopy size analysis or Coulter counter
analysis with appropriate geometric equations
may provide a-reasonable estimation of surfacearea.

A more precise measurement of surface area
is made b Brunauer Emmett, and Teller B T)
nitrogen adsorp‘titmdr; which a laygr of nitrogen
 

mo ecules is adsorbed to the 5 surface at

—19§°,Q.’ane’ su ace adsorption Has reached
éqfiilibrium, the sample is heated to room tem-
perature, the nitrogen gas is desorbed, and its
volume is measured and converted to the num-

ber of adsorbed molecules via the ideal gas law.
Since each nitrogen molecule (N2) occupies an
area of 16A2, one may readily compute the sur-
face area per gram for each preweighed sample.
By determining the surface area at several par-
tial pressures of nitrogen (5% to 35% N2 in He),
extrapolation to zero nitrogen partial pressure
yields the true monolayer surface area. While
BET measurements are usually precise and
quickly obtained with current commercial
equipment, errors may arise from the use of
impure gases and volatile surface impurities
(e.g., hydrates).

Surface morphology may be observed by scan-
ning electron microscopy (SEM), which serves
to confirm qualitatively a physical observation
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related to surface area. For example, bulk lots of
drug recovered by different crystallization proc-
esses that have been used in an attempt to im-
prove yield may result in surface morphologies
that provide greater area for surface reactions
such as degradation, dissolution, or hygroscopi—
city.

During preparation for SEM analysis, the
sample is exposed to high vacuum during the
gold coating process, which is needed to make
the samples conductive, and concomitant re-
moval of water or other solvents may result in a
false picture of the surface morphology. Variable
vacuum treatment of an identical sample prior
to the gold coating step may confirm the effects
of sample preparation on surface morphology.
Most modern SEM instruments also provide
energy dispersive x—ray spectroscopy analysis of
surface metal ions, which may prove beneficial
in deciphering an instability or incompatibility
problem.

Bulk Density
Bulk densitLof a_gomp_ound varies substan—

tiallv with the met d of c stallization milling,
or formulation. Once a density problem is identi-
measfly corrected by milling, slug-
ging, or formulation. Usually, bulk density is of
great importance when one considers the size of
a high—dose capsule product or the homogeneity
of a low-dose formulation in which there are
large differences in drug and excipient densi-
ties. —

Apparent bulk density (g/ml) is determined by
pouring presieved (40-mesh) bulk drug into a
graduated cylinder via a large funnel and meas-
uring the volume and weight “as is.” Tapped
density is determined by placing a graduated
cylinder containing a known mass of drug or for-
mulation on a mechanical tapper apparatus,
which is operated for a fixed number of taps
(~1000) until the powder bed volume has
reached a minimum. Using the weight of drug
in the cylinder and this minimum volume, the
tapped density may be computed. Knowing the

anticipated dose and tapped formulation den—
‘ sity, one may use Figure 8—15 to determine the

appropriate size for a capsule formulation.
In addition to bulk density, it is frequently

desirable to know the true density of a owder
for computation' of void volume or porosity_of
pm pmerbeds. Experimental , the true
dens1ty is determined by suspending drug parti-
cles in solvents of various densities and in which

the compound is insoluble. Wetting and pore
penetration may be enhanced by the addition of
a small quantity of surfactant to the solvent mix—

 

 

—1.2

500 mg -1.0

0“ 400 mgCAPSULESllf CAPSULEVOLUME(ml)  
PACKED DENSITY (glml)

FIG. 8-15. Correlation between capsule size and packed
density for different fill weights (200—600 mg).

tures. After vigorous agitation, the samples are
centrifuged briefly and then left to stand undis-
turbed until floatation or settling has reached
equilibrium. The sample that remains sus—
pended corresponds to the true density of the
material. Density of the test solution corre-
sponding to the drug’s true density should be
checked with a calibrated pycnometer preferably
after the test to include any density changes due
to dissolved material.

Powder Flow Properties
Pharmaceutical owders ma be broadl clas-

ing). Most _ ow properties are sign‘ can y af—
fected by changes in Erticle size, density,
shape, electrostatic charge, andflsorba mois-
ture, wfiiElTmay arisefrom processing or formu—
lation.22 As a result, a free-flowing drug candi-
date may become cohesive during development,
thus necessitating an entirely new formulation
strategy. Preformulation powder flow investiga-
tions should quantitatively assess the pharma-
ceutical consequences of each process improve-
ment and provide direction for the formulation
development project team. This direction may
consist of a formulation recommendation such

as granulation or densification via slugging, the
need for special auger feed equipment, or a test
system for evaluating the improvements in flow
brought about by formulation. This subject be-
comes paramount when attempting to develop a
commercial solid dosage form containing a large
percentage of cohesive material.

Free—flowing powders may be characterized by
a simple flow rate apparatus ,ctfiisisting of a
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grounded metal tube from which drug flows
through an orifice onto an electronic balance,
which is connected to a strip chart recorder.
Several flow rate (g/sec) determinations at each
of a variety of orifice sizes (1/8 to 1/2 inches)
should be made. In general, the greater the stan—
dard deviation between multiple flow rate meas-
urements, the greater is the weight variation in
products produced from that powder.

When several lots of a drug candidate are
tested under dissimilar conditions, equation (1),
proposed by Jones and Pilpel, may be used to
show the dependence of flow rate (W) on true
particle density (p), gravity (g), and orifice di-
ameter (DO).23 Both (A) and (n) are constants
that are dependent upon the material and its
particle size.

4W )lln“film (1)

Another measurement of a free-flowing pow-
der is compressibility, as computed from powder
density, equation (2):
 

% Compressibility = (p_,__p pU) x 100 (2)
where pI is the tapped bulk density and p0 is the
initial bulk density. Table 8-4 lists compressibil—
ity data and flowability characterization for sev-
eral pharmaceutical excipients.

While angle of repose determinations are usu-
ally use ess because of their lack of precision,
observation of powder flow from a glass funnel
and then a grounded metal funnel provides in—
sight into the drugs flow properties electrostatic

properties and24tendency to brige in a cone—
shaped hopper.24

Cohesive powders may be characterized by
tensile testing or evaluated in a shear cell. Since
both methods require large samples of material
(>20 g) for testing, these methods are not dis-
cussed in this section; rather, the reader is re-
ferred to the works of York Sutton and Hiestand
for experimental details and application of cohe-
sive powder test results to hopper design.929525

Solubility Analysis
Preforrnulation solubility studies focus on

drug-solvent systems that could occur during
the delivery of a drug candidate. For example, a
drug for oral administration should be examined
or so u 'ty in media having'fitonic chloride

ion concentration and acidicWpH EveJLthDugh
theroutes of administration ma not be explic-
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TABLE 8-4. Compressibz'lz'ty and Flowabz'lz'ty of
Pharmaceutical Excipients.

% Compressibility Flowability

 

 

5—15 Excellent
12—16 Good

18—21 Fair—passable
23;.35 Poor

33—38 Very poor
<40 Very, very poor

Material % Cmnpressibility Flowability

Celutab 1 1 Excellent

Emcompress 15 Excellent
Star X-1500 19 Fair-passable
Lactose monohydrate 19 Fairepassable
Maize starch 26—27 Poor

Dicalcium phosphate,
dihydrate (coarse) 27 Poor

Magnesium stearate 31 Poor
Titanium dioxide 34 Very poor
Dicalcium phosphate,

dihydrate (fine) 4] Very, very poor
Talc 49 Very, very poor

From Jones, T.M.: Pharmazeutische Industrie, 39:469, 1977.
Reproduced with permission of the copyright owner.

itly defined at this time, understanding the
drug’s solubility profile and possible solubiliza—
tion mechanisms provides a basis for later for-
mulationwork. Prefor'rnulation solubilit stu ies
usuallv include eterminatlons 0

WmWesolubility

products, solpbilization mechanisms, andlale of
1"“. ] i .2

Analytic methods that are articularl useful

forsommfimfiym’fiv

as chromato a or most drugs, reverse
phase HPLC offers an efficient and accurate
means of collecting solubility data. Its major
advantages are direct analysis of aqueous sam-
ples, high sensitivity, and specific determination
of drug concentration due to chromatographic
separation of drug from impurities or degrada—
tion products.

Solubility and dissolution experiments should
have all factors defined, including pH, tempera-
ture, ionic strength, and buffer concentrations.
For an equilibrium solubility determination,
excess drug dispersed in solvent is agitated at a
constant temperature. Samples of the slurry are
withdrawn as a function of time, clarified by
centrifugation, and assayed to establish a pla-
teau concentration. The solid precipitate is also
characterized to establish the equilibrium solid
form of the drug.
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Problems encountered with sample workup
can involve adsorption or incomplete removal of
the excess drug during filtration or centrifuga-
tion steps. In addition, if excess drug is not a
solid but an oil, sample preparation may be even
more difficult. In particular, drugs capable of
ionization may require different methods of
removing excess drug, owing to altered adsorp-
tion properties. Filtered saturated solutions
should be carefully examined using a high-in-
tensity light beam to detect the presence of a
finely dispersed oil or solid. Solutions can also be
examined conveniently with a light microscope,
with which particles or droplets of l H- or greater
can be distinguished if present in sufficient con—
centration.

Solubility values that are useful in a candi—
date’s early development are those indistilled
water, 0.9% NaCl, 0.01M HCl, 0.1M HCl, and
0.1M NaOH, all at room temperature as well as
at pH 7.4 buffer at 37°C. These early results are
useful in developing suspensions or solutions for
toxicologic and pharmacologic studies. Further-
more, these studies identify those candidates
with a potential for bioavailability problems.
Drugs having limited solubility (<l%) in the
fluids of the gastrointestinal tract often exhibit
poor or erratic absorption unless dosage forms
are specifically tailored for the drug.30 Solubility
profiles are not predictors of biologic perfor-
mance, but do provide rationale for more exten-
sive in vivo studies and formulation develop-
ment prior to drug evaluation in humans.

pKa Determinations
Determination of the dissociation constant for

a drug capable of ionization within a pH range of
l to 10 is important since solubility, and conse—
quently absorption, can be altered by orders of
magnitude with changing pH. The Henderson-
Hasselbalch equation provides an estimate of
the ionized and un-ionized drug concentration
at a particular pI-l.

For acidic compounds:

\/pH = pKa + log [Ionized drug]
[un—ionized drug]

For basic qompounds:
[um-ionized drug]

pH = pKa + log [ionized drug] (3)

For a weakly acidic drug with pKa value
greater than 3, the un—ionized form is present
Within the acidic contents of the stomach, but
the drug is ionized predominately in the neutral

media of the intestine. For basic drugs such as
erythromycin and papaverine, (pKa ~ 8 to 9),
the ionized form is predominant in both the
stomach and intestine. In general, the un-ion-
ized drug molecule is the species absorbed from
the gastrointestinal tract; however, rate of disso-
lution, lipid solubility, common ion effects, and
metabolism in the GI tract can shift or reverse

predictions of the extent and site of absorption
based on pH alone.

A pKa value can be determined by a variety of
analytic methods. Buffer, temperature, ionic
strength, and cosolvent affect the pKa value and
should be controlled for these determinations.

The preferred method is the detection of spectral
shifts by ultraviolet (UV) or visible spectroscopy
since dilute aqueous solutions can be analyzed
directly. A second method, potentiometric titra-
tion, offers maximum sensitivity for compounds
with pKa values in the range of 3 to 10 but is
often hindered by precipitation of the un—ionized
form during the titration since a high drug con-
centration is usually required to obtain a signifi-
cant titration curve. To prevent precipitation, a
cosolvent such as methanol or dimethylsulfox-
ide can be incorporated to maintain sufficient
solubility for the un—ionized species, and the pKa
value is extrapolated from titration data col—
lected for various cosolvent concentrations. As

shown in Figure 8-16, dependencé of the disso:
ciation constant on cosolvent can be highly sig-

10.0

9.0 \

ApparentpKa O

8.5

8.0

’LI_I_I_I_J_I_I_I_I_I
10 20 30 40 50 60 70 80 90100

% Ethanol

FIG. 8-16. The pKa determination for an organic amine
drug candidate whose un-ionized form is exceedingly in-
soluble in water.
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nificant, and extrapolations provide only an esti-
mate of the pKa value. In general, the use of
cosolvent yields higher pKa values for acids and
lower values for bases than does pure Water.

With insoluble drugs, the dependence of solu—
bility on pH can also be used to obtain pKa val—
ues. For this third method, the pKa corresponds
to the pH of the solution where the equilibrium
solubility is twice the value for the intrinsic solu-
bility of the un-ionized form. If other solubility
determining factors such as solute—solute associ-
ation or solubility products become significant
owing to the titrant used to adjust the pH, then
pKa values may be incorrectly determined by
this procedure. Many references are available
containing composite lists of pKa values for vari-
ous functional groups and organic molecules,
which facilitate initial estimates for dissociation

constants.31 In addition, Albert and Serjeant
have provided detailed descriptions of several
experimental methods for determining pKa val-
ues.32

pH Solubility Profile and

f/ Common Ion Effects
The solubilit of an acidic 'Jfllg—de—

pends on the pKa of the ionizing functional

Wand the intrinsic bilities for the
ionized and un-ionized forms. For a basic drug,
the total molar solubility, St, is equal to the fol—
lowing summation:

V S. = [BHa + [B] <4>

where BHT is the protonated species and B is
the free base. The pH at which beth base and
salt species are simultaneously saturated is de—
fined as the pHmax or:

St: pH = pHmax 2 lBH+ls + [Bls (5)

where the subscript (5) denotes saturation. For
weak bases in the pH region where the solubility
of the protonated form is limiting, the molar sol-
ubility is:

Sh pH < pHmax = [BHWS + [Bl (6)
 

=[BH+1.(1+ 3:)

Similarly, the solubilityin the pH region where
the free base is limiting is expressed as:

St, pH > pHmax = [BHW + [Bls (7)
H+

= B . (1 + _)l l. K3
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It therefore follows that the pH,max is defined as:

lBls
13Hmax pKa +10g [BH*]._. (8)

At a solution pH equivalent to pHmu, both the
free base and salt form can exist simultaneously
in equilibrium with a saturated solution. The
pHmax is verified by sampling precipitated drug
from the equilibrated solution and confirming
the presence of both drug forms. Solubility ex—
pressions for acidic drugs are derived in a simi—
lar fashion,33

When the ionized or salt form of a drug is the
solubility—limiting species in solution, the con-
centration of the paired counter ion is usually
the solubility determining factor. For a hydro—
chloride salt of a basic amine, the equilibrium
between the solid and ionized species in solution
is approximated by the following expression:

KSp._»

[13H+ Cl‘lsoud «— IBH+l + [01‘] (9)

where K5,, is the solubility product for the pro-
tonated species and chloride counter ion, or:

K5,. =[BH*1I[C1‘1 (10>

If the contribution of the unionized species is
negligible as compared with the protonated
form, the total drug solubility decreases as the
chloride ion concentration increases. In this

case, the apparent solubility product is definedas:

Ksp = S. [CH (11)

Experimental determination of a solubility
product should include measurement of pH as
well as assays of both drug and counter ion con-
centrations. To compute the thermodynamic sol-
ubility product, concentrations should be con—
verted to activities with appropriate corrections
for activity coefficient dependence on ionic
strength.“‘35

In summary, aqueous solubility profiles for
ionizable compounds over large pH ranges with
varying counter ion concentrations are func-
tions of many variables, as given by the follow-
ing expression for an organic amine drug: -

3: = f (PH, PKa, IBIS, Kspv anions) (12)

These parameters also depend on ionic strength,
temperature, and the aqueous media composi-
tion, Consequently, pH solubility profiles can
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appear dramatically different for compounds
with similar functional groups. A particularly
useful reference by Kramer and Flynn for or-
ganic hydrochlorides highlights pH solubility
profile dependence on solvent composition.36
While most of this discussion has focused on

solubility product limitations of basic com—
pounds, similar analyses may be made for acidic
drugs.

The pH solubility profile for doxycycline
(pKa 3.4) reported by Bogardus andBackwood
illustrates a common ion effect for an amine

hydrochloride salt.37 As shown in Figure 8-17,
the solubility in aqueous medium with pH 2 or
less logarithmically decreased as a function of
pH (which was adjusted with hydrochloric acid)
because of corresponding increases in the chlo-
ride ion concentration. In gastric juice, where
the pH can range from 1 to 2 and the chloride
ion concentration is between 0.1M and 0.15M,

doxycycline hydrochloride dihydrate has a solu—
bility of ~4 mgml, which is a factor of 7 less
than its solubility in distilled water. For the hy-
drochloride salts of chlortetracycline, demeclo-
cycline, and methacycline, the apparent dissolu-

60
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FIG. 8-17. The pH—solubility profile for doxycycline in
aqueous hydrochloric acid at 25°C. At pH = 2.16, both

, doxycycline monohydrate and doxycycline hydrochloride
dihydrate were in equilibrium with solution. Theoretic
curves are detailed by authors. (From Bogardus, J. B., and
Blackwood, R. K.: J. Pharm. Sci, 68:188, 1979. Reproduced
with permission of the copyright owner, the American
Pharmaceutical Association.)

tion rates and solubilities were even less than

their respective free base forms in media con-
taining chloride ion.” Consequently, the solu-
bility product for each ionizable compound with
either sodium or chloride ions should be evalu—

ated to detect potential in vivo problems with
dissolution and/or absorption.

Another point illustrated with doxycycline is
that nonideal behavior of a solution species can
dramatically affect the solubility at certain pH
values. Doxycycline was shown to form dimeric
species involving self-association of the proton-
ated form. This mechanism accounted for the

large positive deviation from ideal behavior, in
which actual solubility values are a factor of 10
higher at pH 2.0. Therefore, actual solubility
profiles should be experimentally determined
within the pH region of interest.

Effect of Temperature

The heat of solution, AHS, represents the heat
release or a sor e w te is

dissolved in a lar e uantity 3f solvent. Most
meme
or AHS is positive, and thus incrfisin'g—the solu-
Tron temperature'ihcreases the drug solubility.
For such solutes as lithium chloride and other

hydrochloride salts that are ionized when dis-
solved, the prooess is exothermic (negative AHS)
such that higher temperatures suppress the sol-
ubility.

Heats of solution are determined from solubil—

ity values for saturated solutions equilibrated at
controlled temperatures over the range of inter-
est. Typically, the temperature range should in—
clude 5°C, 25°C, 37°C, and 50°C. The working
equation for determining AHs is:

135- are +c

 

 

(13)

where S is the molar solubility at temperature T
(°kelvin) and R is the gas constant. Over limited
temperature ranges, a semilogaiithmic plot of
solubility against reciprocal temperature is lin-
ear, and AHS is obtained from the slope. For non-
electrolytes and un—ionized forms of weak acids
and bases dissolved in water, heats of solution
are usually in the range of 4 to 8 kcal/mole. Salt
forms of drugs are often less sensitive to temper-
ature and may have heats of solution between
—2 and 2 kcal/mole.

In Figure 8-18, examples of AHs determina-
tions are shown for the free base and hydrochlo-
ride salt of an or anic amine as reported by Kra-
mer and Flynn" Although the AHs for the free
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FIG. 8-18. Plot of hydrochloride and free base solubilities
for etoxadrol, an organic amine, against reciprocal tem-
perature. (From Kramer, S. F., and Flynn, G. L: J. Pharm.
Sci, 6121896, 1972, Reproduced with permission of the
copyright owner.)

base is somewhat large, a 10° change in term I-

Wwfiiflbafivebg—LHe1%.:"insoubflityis n ing would-(Ertainly affect solution dos-
age form design and storage conditions. In addi-
tion, solvent systems involving cosolvents, mi—
celles, and complexation have very different
heats of solution in comparison to water.

Solubilization

For drug candidates with either poor water
solubility or insufficient solubility for projected
solution dosage forms, preformulation studies
should include limited experiments to identify
possible mechanisms for so u zation. A gen—
er means of increasin s ‘ ' the addi-

mmThe
so ubility of poorly soluble nonelectrolytes can
often be improved by orders of magnitude with
suitable cosolvents such as"ethanol, propylene
glycol, and glycerin.‘°_’9 These coso vents so u i- 
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lize ding molecules by disrupting the hydropho-
bic interactions of water at the nonpolar solute/
water interfaces. The extent of solubilization
due to the addition of cosolvent depends on the
chemical structure of the drug, that is, the more
nonpolar the solute, the greater is the solubiliza-
tion achieved by cosolvent addition. This rela-
tionship is illustrated in Figure 8-19 for hydro-
cortisone and hydrocortisone 21—heptanoate.4°
The lipophilic ester is solubilized to a greater
extent by additions of propylene glycol than by
the more polar parent compound. .

Cosolvent effects for dissociated drug mole—
cules are usually much less, as shown by Kra-
mer and Flynn.36 Some poorly soluble drugs can
be solubilized in micellar solutions such as

0.01M Tween 20, or via molecular complexes as
with caifeinefu’42 These specific formulations
are usually not developed during the prefor-
mulation phase, however. .

Partition Coefficient

A measurement of a drug’s lipophilicity and
an indication of its ability to cross cell mem-
branes is the oil/water partition coefficient in
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FIG. 8-19. Solubility of hydrocortisone and hydrocorti—
sone 21-heptanoate in propylene glycol-water mixtures.
(From Hagen, T. A.: Ph.D. dissertation, University of
Michigan, Ann Arbor, Michigan, 1979.)
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systems such as octanol/water and chloroform!

water. The partition coefficient is defined as the
ratio -' - ddru distnbmme

organLchhases at equ num.

Coil

Cwater

 

Po/w = < ) equilibrium (14) 

For series of compounds, the partition coeffi-
cient can provide an empiric handle in screen-
ing for some biologic properties.43 For drug de-
livery, the lipophilic/hydrophilic balance has
been shown to be a contributing factor for the
rate and extent of drug absorption.““'45 Although
partition coefficient data alone does not provide
understanding of in vivo absorption, it does pro-
vide a means of characterizing the lipophilic/
hydrophilic nature of the drug.

Dissolution

Dissolution of a dru article is controlled by
several physrcochemiccal ro erties including
chemical form, cgstal habit, particle size, 8%-
‘Bility, sufface area and wetting properties.
When. coupled with eq ' 'brium solubility data,
dissolution experiments can help to identify po-
tential bioavailability problem areas. For exam-
ple, dissolution of solvate and polymorphic
forms of a drug can have a significant impact on
bioavailability and drug delivery.

The dissolution rate of a drug substance in
which surface area is constant during dissolu-

tion is described by the modified Noyes-Whitney
equation:

d_c__Da
dt _hV

where D is the diffusion coefficient, h is the
thickness of the diffusion layer at the solid-liq-
uid interface, A is the surface area of drug ex-
posed to dissolution media, V is the volume of
media, Cs is the concentration of a saturated so—
lution of the solute in the dissolution medium at

the experimental temperature, and C is the con-
centration of drug in solution at time t. The dis—
solution rate is given by dC/dt. If the surface
area of the drug is held constant and C5 > > C,
then equation (15) can be rearranged and inte-
grated to give the working equation:

- (Cs _ C) (15)

W
— = 16

A kt ( )

where the constant k is defined as:

_ D
k — ——h Cs (17)

and W is. the weight (mg) of drug dissolved in
time t.

A plot of W versus t gives a straight line with

the slope eaual to the intrinsic dissolution rate
constant k, 6'47 usually expressed in units of
mg/cmZ/min.

Experimentally, a constant surface area is ob-
tained by compressing powder into a disc of
known area with a die and punch apparatus. Ei-
ther of the two systems shown in Figure 8—20
can be used to maintain uniform hydrodynamic
conditions (k constant). The rotating disc
method or Wood’s apparatus permits the hydro—
dynamics of the system to be varied in a mathe-
matically well-defined manner.48 The static disc
method is used because it is conveniently avail-
able, but it contains an element of undefined
turbulence, which necessitates calibration with
standards. Potential problems with this method
are transformations of the crystal form, such as
polymorphic transformations or desolvation,
during its compression into a pellet or during the
dissolution experiment. Since many drug candi—
dates are weak acids and bases, pH and common
ion gradients at the solid-liquid interface can
lead to erroneous conclusions, as discussed by
Mooney and co-workers.49‘50

Dissolution experiments with drug suspen-
sions are further complicated by changing sur—
face area, changing surface crystal morphology,
and interstitial wetting.51 However, dissolution
profiles with excess drug can be used to charac—_
terize metastable polymorphs or solvates. In Fig-
ure 8—21, the conversion of the metastable form
11 to form I is shown to occur in an organic sol-
vent medium, which clearly depicts form I as

. the thermodynamically stable form at room tem-
perature..Static pellet dissolution rates also sub-
stantiated that form II was the higher energy
form since its dissolution rate was significantly
greater (Table 8-5).

t/

 
 

 

Synchronous molar

Sampling purl Sampling purl
Dl_ air——

 

 
 

Solvent
Stirring paddle  

Slining snan

Water jacketed cylinder Routing die
Drug pellet

Drug Pellet   
FIG. 8-20. Constant surface area dissolution apparatus.
Left: static disc dissolution apparatus. Right: rotating disc
apparatus.
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Form ll Solubility

Concentration(mg/ml)  
Conversion

TH Complete

Time (hours)

FIG. 8-21. Powder dissolution profiles for two polymor-
phic forms of an organic acetate salt in acetonitrile at25°C.

Stability Analysis
Preformulation stability studies are usually

rhe first quantitative assessment of chemical
stability of a new drug. These studies include
both solution and solid state‘ experiments under
conditionflmicalionhehandling. formulation,
storage, and adminis ' didate.
Ilfis section focuses on the evaluation of chemi—

cal stability during preformulation research.
Test protocols and experimental methods are
emphasized in lieu of kinetic theory, which is
presented later in this chapter. In addition, the
reader is referred to the literature for compre—
hensive reviews of drug stability.52‘55

 

TABLE 8-5. Comparison of Dissolution Rates‘
and Solubility for Two Polymorphic Forms of
an Organic Acetate Salt.

Ratio
Form 1 Form II I/II

Dissolution rate in 0.57 0.69 .83

ethanol, mg/cmzlmin
Dissolution rate in 0.017 0.027 .62

Acetonitrile, mg/cmzlmin

Solubility in Acetonitrile, .22 .29 .75
mg/ml

‘Dissolution rates measured with a static-disc apparatus.
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Essential to a meaningful chemical stability

study are multiple samples and development of
a specific assay that quantitates intact drug as
well as decay products (thus assuring mass bal-
ance accountability). Over the past decade,
high-performance liquid chromatography has
emerged as the analytic method of choice for
specificity and quantitation even in complex
systems. Development of a valid stability assay
requires authentic pure samples of each decay
product, which may be supplied by the synthetic
chemists or may be isolated from samples that
have been intentionally degraded by excessive
acid, base, or heat.

During drug development, several bulk lots
are produced, reflecting scale—up and process
improvements in yield, purity, and possibly crys-
tallinity. The first lot used for preformulation
stability studies may not be representative of the
commercial bulk product, but it does provide
baseline data. In subsequent evaluations, paral-
lel testing of the initial bulk lot of drug with the
new bulk or formulation aids in forming conclu-
sions about progress of the project. ‘ "

Upon completion of the initial stability tests,
one or more challenge models indicating stabil-
ity may emerge that may be useful for limited
testing on future bulk lots or formulations.
Should a particularly difficult instability prob-
lem arise during drug development, then an in-
depth elucidation of the decay mechanism may
suggest a stabilization approach or underscore
the futility of the stabilization effort.

Stability In Toxicology
Formulations

Since toxicology studies typically commence
early in drug development, it is often advisable
to evaluate samples of the toxicology prepara-
tions for stability and potential homogeneity
problems. Usually, a drug is administered to the
arflmalsifithefi’W,or yor ggvageofasolu-
tion or suspension of the drug in an flueous
vehicle.

_Water, vitamins, minerals gmetal ions), en-
zymes and a mulumoifimcnonal—grgupfle
prEsent in feedehich can severe] duce the
shelf-life of adrum-
ture levels typically decrease with time while
feed composition varies with the “consumer”;
thus, a fresh sample of feed to be used in the
toxicology test provides the most relevant stabil-
ity data. Since enzyme activity and mobility of
adsorbed water vary substantially with tempera—
ture, it is recommended that storage tempera-
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ture typical of the toxicology laboratory be used
for this stability study.

Solution and suspension toxicologic prepara-
tions should be checked for ease of manufacture

and then stored in flame-sealed ampules at vari-
ous temperatures. In addition to chemical stabil—
ity, the suspensions should be subjected to an
occasional shaking to check dispersability.
When analyzing the suspension data, drug solu—
bility at the same temperature and pH may sug-
gest that only drug in solution is undergoing
decomposition.

Solution Stability

The primary objective of this phase of prefor—
mulau'on research is identification of conditions

necessary to form a stable solution. These stud—
ies should include the effects of pH, ionic
strength,W,and ox -
gen.

v‘Solution stability investigations usually com-
mence with probing experiments to confirm

_de_cay at the extremes of pH and temperature
( . and 0.1N Na t
90°C). These intentionally degraded samples

 

may be used to confirm assay specificity as well
as to provide estimates for maximum rates of
degradation. This initial experiment should be
followed by the generation of a complete pH-rate
profile to identify the pH of maximum stability.
Aqueous buffers are used to produce solutions
over a Wide range of pH values with constant
levels of drug, cosolvent, and ionic strength.

Since most solution pharmaceuticals are in-
tended for parenteral routes of administration,
this initial pH-rate study should be conducted at
a constant ionic strength that is compatible with
physiologic media. The ionic strength (1.1.) of an
isotonic 0.9% sodium chloride solution is 0.15,

and several compendia contain recipes fort/isow
tonic buffer solutions. Ionic strength/for any
new buffer solution may be calculated from the
following equation:

IJ' = % 2m1212 (18)

where m, is the molar concentration of the ion,
which has valence Z,.°Note that all ionic species
(even the drug molecules) in the buffer solution
must be considered in computing ionic strength.
Table 8-6 illustrates a comprehensive account-

TABLE 8-6. Comprehensive Accounting of Buffer Species“ in Constant Ionic Strength (p. = 0.5) Solu—
tions Used to Generate a pH-Rate Profile for Ampicillin

 

Total g Total
pH Citrateb H3A X HZA‘ X HA‘ X A: X Phosphate“ H3PO;\X H2PO4‘ X HPO,= X kobs X “

Obs. Required x 102 102 102 102 102 ><102 102 102 102 103hr-l .

2.05 2.04 9.90 9.19 0.72 — — 0.20 0.09 0.10 — 58.85.
2.34 2.4 9.40 7.87 1.53 — —— 1.20 0.32 0.88 — 56.02
2.55 2.6 8.90 .6.79 2.10 0.01 — 2.18 0.41 1.77 — 52.97
2.96 3.0 7.94 4.42 3.45 0.06 — 4.11 0.34 3.76 — 42.77
3.56 3.6 6.78 1.65 5.09 0.12 — 6.44 0.14 6.29 — 24.73
3.91 4.0 6.14 0.70 4.62 0.82 -— 7.71 0.06 7.64 0.01 15.34
4.48 4.6 5.32 0.35 2.92 2.05 — 9.35 0.02 9.25 0.07 7.65

4.67 4.8 5.07 0.05 2.39 2.61 _ 0.06 9.86 0.01 9.72 0.12 6.43
4.91 5.0 4.85 0.02 1.69 3.01 0.11 10.30 10.10 0.10 5.37
5.31 5.4 4.42 0.01 0.75 3.34 0.32 11.15 — 10.62 0.53 5.53
5.71 5.8 3.95 0.01 0.26 2.97 0.71 12.09 — 10.74 1.35 6:80
5.86 6.0 3.68 — 0.19 2.52 0.96 12.63 — 10.53 2:10 11.23
6.25 6.4 3.07 —- 0.07 2.68 0.32 13.85 — 9.25 4.62 13.61
6.44 6.6 2.72 — 0.05 1.07 1.63 14.55 — 8.11 6.44 17.79
6.85 7.0 1.76 — 0.01 0.37 1.39 16.47 — 5.50 10.97 26.81

7.19 7.2 1.30 — — 0.18 1.11 17.39 — 4.18 13.20 31.32
7.55 7.6 0.63 — — 0.04 0.59 18.73 — 2.10 16.63 32.79
7.94 8.0 0.27 — — 0.01 0.26 19.45 — 0.93 18.52 53.78

“The buffers were made from McIlvaine, T.C.: J. Biochem., 49:183, 1921, and all citrate and phosphate ions are concentrations in
moles/L. ”The ionization constants of citric acid and citrate ions at 35° are pK. = 3.11, ng = 4.75; pK3 = 6.42, from Bates, R.G., and
Pinching, G.D.: J. Am. Chem. Soc., 71:2374, 1949. cThe ionization constants of phosphoric acid and phosphate at 35° (y. = 0.5) are
pK, = 1.96; pK2 = 6.70, from Schwartz, M.A., Granatek, A.P., and Buckwalter, F.H., J. Pharm. Sci., 51:523, 1962. dThe buffer wan made
by mixing 990 ml of 0.1 M citric acid with 10 ml of 0.2 M NaQHPO4 to make a liter.

From Hou, J.P., and Poole, J.W.: J. Pharm. Sci., 58:447. 1969. Reproduced with permission of the copyright owner, the American
Pharmaceutical Association.
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ing of buffer molecules in constant ionic
strength solutions, which were used by Hou and

P005166 in generating a pH-rate profile for ampicil-lin.

Cesolvents may be needed to achieve drug
concentrations that arenecessary for analytic
sensitivity, or to produce a defined initial condi-
tion: Cosolvents selected from the alcohol family
could prove beneficial, as most pharmaceutical
solvents contain hydroxy groups. If several
cosolvent levels are used to prepare these initial
samples, then the apparent decay rates may vary
linearly with the reciprocal of the resulting solu—
tion dielectric constant.57 The apparent pH of a
buffer solution also varies, owing to the presence
of cosolvent.

Once the stability Solutions are prepared, ali-
quots are placed iii flint glass ampules, flame-
sealed to prevent evaporation, and stored at con-
stant temperatures not exceeding the boiling
point of the most volatile cosolvent or its azeo—
trope. Some of the ampules may be stored at a
variety of temperatures to provide data for calcu-
lating activation energies.

Some of these solution samples should be sub-
jected to a light stability test, which includes

protective packaging in amber and yellow-green
glass containers.‘ 8 Control samples for this light
test may be stored in cardboard packages or
wrapped in aluminum foil.

Given that the potential for oxidation is ini-
tially unknown, some of the solution samples
should also be subjected to further testing
L17 with an excessive headspace of oxygen,
With a headspace of an inert gas such as he—
lium or nitrogen, with an inorganic antioxi-
dant such as sodium metabisulfite, and»??? with
an organic antioxidant such as butylated hy-
droxytoluene-BHT. Headspace composition can
be controlled if the samples are stored in vials for
injection that are capped with Teflon-coated
rubber stoppers After penetrating the stoppers
with needles, the headspace is flooded with the
desired atmosphere, and the resulting needle
holes are sealed with wax to prevent degassing.

To generate a pH-rate profile, stability data
generated at each pH and temperature condition
are analyzed kinetically to yield the apparent
decay rate constants. All of the rate constants at
a single temperature are then plotted as a func-
tion of pH as shown in Figure 8-22. The mini-
mum in this curve is the pH of maximum stabil-
ity. Often, this plot, as it approaches its limits,
provides insight into the molecular involvement
of hydrogen or hydroxide ions in the decay
mechanism.59

An Arrhenius plot is constructed by plotting
the logarithm of the apparent decay rate con-
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LOGK 
1.0 3.0 5.0 7.0 9.0

’pH

FIG. 8-22. The pH-rate profiles for ampicillin degrada-
tion in solution at 35°C and constant ionic strength
01. = 0.5), Dotted line is the apparent rate profile in the
presence of buffer, while the solid line is the theoretic rate
profile at zero buffer concentration, (From Hou, I. P., and
Poole, J. W.. J. Pharm. Sci, 58:447. 1969. Reproduced with
permission of the copyright Gunter.)

stant versus the reciprocal of the absolute tem—
perature at which each particular buffer solution
was stored during the stability test. To justify
extrapolation to “use” conditions, stability stor—
age temperatures should be selected that incre-
mentally (At ~ 10°C) approach the anticipated
“use” temperature. If this relationship is linear,
one may assume a constant decay mechanism
over this temperature range and calculate an
activation energy (Ea) from the slope ( —EaJR) of
the line described by:

lk- al/i)+c (19)n ‘ R T

 

where C is a constant of integration and R is the
gas constant.

A broken or nonlinear Arrhenius plot suggests
a change in the rate-limiting step of the reaction
or a change in decay mechanism, thus making
extrapolation unreliable. In a Solution-state oxi-
dation reaction, for example, the apparent decay
rate constant decreases with elevation of tem—

perature because the solubility of oxygen in
water decreases. At elevated temperatures, ex-
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cipients or buffers may also degrade to give
products that are incompatible with the drug
under study. Often, inspection of the HPLC
chromatograms for decay products confirms a
change in the decay mechanism.

Shelf-life 010%) for a drug at “use” conditions
may be calculated from the appropriate kinetic
equation, and the decay rate constant obtained
from the Arrhenius plot. For a first—order decay
process, shelf—life is computed from:

—In 0.90 = 0.105
k1 k1

 

(20)'510% =

where tum is the time for 10% decay to occur
with apparent first—order decay constant k1. Fre—
quently, it is useful to present the pH-rate pro—
file as a plot of pH Versus [10% shelf-life data.

Results of these initial solution stability stud-
ies dictate the subsequent course of action. If
the compound is sufficiently stable, liquid for-
mulation development may commence at once.
If the compound is unstable, then further inves-
tigations may be necessary.

Solid State Stability
The primary objectives of this investigation

are identification of stable storage conditions for
drug in the solid state and identification of com-
patible excipients for a formulation. Contrary to
the earlier solution stability profilehthese solid
state studies may be severely affected by
chan es in uritv and crysta linit which often
result from process improvements. Repetitive
testing of the initial Bulk lot in parallel with
newer bulk lots should be expected, and ade-
quate material should be set aside for these
studies.

In general, solid state reactions are much
slower and more difficult to interpret than solu-
tion state reactions, owing to a reduced number
of molecular contacts between drug and excipi—
ent molecules and to the occurrence of multiple—
phase reactions.“62 A kinetic analysis of slow
solid state degradation based on retention of in—
tact drug may fail to quantitate clearly the com-
pounds shelf-life, as assay variation may equal
or exceed the limited apparent degradation, par-
ticularly at the low temperatures that are critical
to establishing a room—temperature shelf—life.
Usually, this situation may be corrected on anal—
ysis of the appearance of decay product(s),
which may total only 1 to 5% of the sample. Ad-
ditional analytic data from such studies as TLC,
fluorescence, or UV/VIS spectroscopy may be
required to determine precisely the kinetics of

 

decay product(s) appearance, and to establish a
room—temperature shelf-life for the drug candi-
date.

To study the many possible solid state reac-
tions, one may need more than a specific assay
for the intact compound. Polymorphic changes,
for example, are usually detected by differential
scanning calorimetry or quantitative infrared
analysis (IR). In the case of surface discoloration
due to oxidation or reaction with excipients, sur-
face reflectance measurements on tristimulus or

diffuse reflectance equipment may be more sen-
sitive than HPLC assay. In any event, additional
samples are required in the solid state stability
study to accommodate these additional tests.

To determine the solid state stability profile of
a new compound, weighed samples are placed in
open screw cap vials and are exposed directly to
a variety of temperatures, humidities, and light
intensities for up to 12 weeks (Fig. 8-23). Sam-
ples usually consist of three 5- to 10-mg weighed
samples at each data point for HPLC analysis
and approximately 10 to 50mg of sample for
polymorph evaluation by DSC and IR (~2 mg in
KBr and ~20 mg in Nujol). To test for surface
oxidation, samples are stored in large (25—ml)
vials for injection capped with a Teflon-lined
rubber stopper and the headspace flooded with
dry oxygen. To confirm that the decay observed
is due solely to oxygen rather than to reduced
humidity, at second set of vials should be tested
in which the atmosphere is flooded with dry ni-
trogen. After a fixed exposure time, these sam-
ples are removed and analyzed by multiple

 

Storage Condition 4 Weeks 8 Weeks 12 Weeks
5°C—Refrigerator

22°C—Room Temperature
37°C—Ambient Humidity
37°C/75% RH.
Light Box

Clear Glass
Amber Glass -
Yellow-Green Glass

NO Exposure (Control)
50°C7Ambient Humidity

—02 Headspace
—N2 Headspace

70°C7Ambient Humidity
90°C—Ambient Humidity

FIG. 8-23. Sample scheme for determining the bulk sta-
bility profile for a new drug candidate. At each point, bulk
drug samples should consist of 3 x 10 mg for HPLC analy—
sis and a 50-mg sample for polymorph analysis by DSCor IR.
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methods to check for chemical stability, poly-
morphic changes, and discoloration.

Once the results of this initial screen are tabu-

lated, the decay process may be analyzed by ei—
ther zero-order or first-order kinetics, particu-
larly if the amount of decay is less than 15 to
20%. The same kinetic order should be used to

analyze the data at each temperature if possible.
Samples exposed to oxygen, light, and humidity
may suggest the need for a followup stability test
at three or more levels of a given parameter for
full quantitation of its involvement.

In the event that humidity is not a factor in
drug stability, an Arrhenius plot may be con-
structed; if linear, it may be extrapolated to
“use” conditions for predicting a shelf-life. If
humidity directly affects drug stability, the con-
centration of water in the atmosphere may be
determined from the relative humidity and tem-
perature by using psychrometric charts.63 Sta—
bility data obtained at various humidifies may be
linearized with respect to moisture using the fol-
lowing apparent decay rate constant:

k“ = [gpl] -,ko <21)
where [gpll is the concentration of water in the
atmosphere in units of grams of water per liter of
dry air, and k0 is the decay rate constant at zero
relative humidity. For example, a 75% relative
humidity atmosphere at 37°C is equivalent to
0.0405 gains of water per liter (gpl) of dry air.
When the effect of moisture on chemical stabil-

ity is examined in detail, a comparison to solu-
tion state stability and hygroscopicity data may
suggest an aqueous reaction occurring in the
drug-saturated water layer on the crystal sur-
face.

Another useful relationship for analyzing solid
state stability data assumes that a compound
must partially liquefy prior to decomposition.
Given that the mole fraction of the solid that has

liquefied (Fm) is directly proportional to its decay
rate, then:

—AH,1 1
ln kappaln Fm=Tf“[T—fi] (22)
where AHfus is the molar heat of fusion, Tm is
the absolute melting point (°kelvin), T is the ab—
solute temperature of the stability study, and R
is the gas constant.

Once bulk drug stability has been determined,
compatibility with excipients commonly used to
produce solid dosage forms must be established.
The number of excipients may be reduced by
considering the results of the solid state and so-
lution stability profiles. For example, a com-
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pound with bulk instability at high humidity
should be formulated with anhydrous excipi-
ents. Similarly, the pH of maximum drug stabil-
ity should match the pH of an aqueous stispen-
sion or solution of the drug and excipient.

A list of the most common excipients is cre-
ated along with the hypothetic formulations uti-
lizing these excipients. Usually, the approxi—
mate dose of the drug is known; thus, each
excipient can be blended with the drug at levels
that are realistic with respect to a final dosage
form (e.g., 10:] drug to disintegrant and 1:1
drug to filler such as lactose). Each blend is then
divided into weighed aliquots, which are tested
for stability at some elevated temperature (50°C)
that is lower than the melting point of the in-
gredients. Early inspection (AT ~ 2 days) of
these stability samples may allow culling of
those samples with a phase change and allow for
retesting at a lower temperature. If possible, pel—
lets should be formed from the drug excipient
blend/s to increase drug-excipient contact and
accelerate testing.

In addition to excipient compatibility testing,
small batches of hypothetic capsule or tablet for—
mulations (2 or more) should be prepared and
tested in the same stability protocol to check for
possible incompatibilities arising from a multi-
component formulation.

Solid formulations often require granulation
of the drug excipient blend to improve flow, den—
sity, or homogeneity. Stability during the granu-
lation process may be checked by excessive wet
down and drying (in a 50°C forced air oven for
48 hours) of samples of the unformulated bulk,
excipient-drug blends and the hypothetic formu—
lations. These wet downs should utilize only
pharmaceutically acceptable solvents with and
without such approved binders as methylcellu-
lose and polyvinylpyrrolidone. Often, the list of
granulating solvents may be reduced after the
drug’s solubility profile is considered. Besides
chemical stability, the unformulated bulk sam—
ples exposed to each granulation solvent should
be checked for crystallinity, polymorph conver-
sion, and solvate formation, all of which could
severely alter dissolution or bioavailability.

Formulation Recommendation

Upon completion of the preformulation evalu-
ation of a new drug candidate, it is recom-
mended that a comprehensive report be pre-
pared highlighting the pharmaceutical problems
associated with this molecule. This report
should conclude with recommendations for de-

veloping phase I formulations. These reports are
extremely important in preparing regulatory
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documents and aid in developing subsequent
drug candidates.
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Biopharmaceutics

K. C. KWAN, M. R. DOBRINSKA, J. D. ROGERS, A. E. TILL, and K. C. YEH

Biopharmaceutics is the study of physiologic
and pharmaceutical factors influencing drug re-
lease and absorption from dosage forms.1
Whereas physicochemical properties of the drug
(and excipients) dictate the rate of drug release
from the dosage form and the subsequent trans-
port across biologic membranes, physiologic and
biochemical realities determine its fate in the

body. The optimal delivery of the active moiety
t0 the site of action depends on an understand-
ing of specific interactions between the formula-
tion variables and the biologic variables. In drug
product development, it is invariably an iterative
process whereby the pharmaceutical or the bio-
logic system is systematically perturbed to yield
specific information concerning the effect of one
on the other,

Whereas physicochemical parameters of the
drug and the dosage form can be accurately and
precisely measured in vitro, meaningful quanti-
tative estimates of drug absorption can be ob—
tained only through appropriate experiments in
vivo. Pharmacokinetic techniques provide the
means by which the processes of drug absorp-
tion, distribution, biotransformation, and ex—
cretion are quantified in the intact organism
(animal or man). Equally important, pharmaco—
kinetic inferences can aid in the formation of

test hypotheses and in the design of experi—
ments. Alternative hypotheses can be examined
in abstraction or through simulation to focus on
experiments that are necessary rather than
those that are simply data—gathering exercises.
In this way, experiments with marginal informa-
tional content can be deferred or eliminated.

In this Chapter, the basic pharmacokinetic
concepts and techniques are reviewed; the phys-
icochemical and biologic factors that influence
drug absorption, elimination, and accumulation
are discussed; and finally, the specific applica-
tion of these general principles to the design and

3 evaluation of drug dosage forms is illustrated.
Other texts and monographs should be con- .
sulted for historical perspective and more exten-
sive treatments of these topics?—32

Pharmacokinetics

The primary goals of pharmacokinetics are to
quantify drug absorption, distribution, biotrans-
formation, and excretion in the intact, living
animal or man; and to use this information to
predict the effect of alterations in the dose, dos-
age regimen, route of administration, and physi-
ologic state on drug accumulation and disposi-
tion. The pharmacokinetics of a drug can be
deduced by studying the time courses of
changes in drug or metabolite concentrations in
body fluids. The drug concentration in plasma or
urine at any time after the administration of a
known dose or dosage regimen is the net result
of its absorption, distribution, biotransformation
(metabolism) and excretion. The task, therefore,
is to resolve the observed kinetic profiles into
their component parts. The contribution of ab-
sorption, distribution, biotransformation, and
excretion can be individually isolated by appro-
priate experimental design and kinetic analysis
of the data, often with the aid of models. Quanti-
tation is then achieved by maintaining material
balance at all times.

Drug disposition refers to events that occur
subsequent to absorption, whereas elimination
refers to the irreversible loss of a drug from the
body by metabolism and excretion.

Disposition
Following an intravenous dose, plasma con—

centrations of a drug often decline exponentially
with time. Such behavior suggests that the ki-
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FIG. 9-1. One~compartment, open model. (See text for def-
inition of symbols.)

netics of drug disposition may be described by
one or more first-order processes.

Elimination

A model consistent with monoexponential
decayin plasma levels1s depicted in Figure 9-1.
This is the so--called one-compartment, open.
model in which C1 is plasma concentration, V};
is the apparent volume of distribution km15the
overall elimination rate constant, f is the frac—
tion of the dose that is excreted in the urine un-

changed, fm is the fraction metabolized, and fx is
the fraction eliminated by all other routes, e.g.,
bile. The rate of change in C 1 is therefore:

 

—‘ ddctl = kwq (1)

which upon integration yields:

c1 = crop-km

= Vile‘k‘0t (2)
At time zero, i.e., t = 0, the plasma concentra-
tion C1(O) is equal to the dose D divided by the
volume of distribution V1.

Experimentally, a semilogaiithmic plot of C 1
versus t is a straight line, as shown in Figure
9-2. Model parameters km and V1 can be calcu-
lated from its slope and intercept, respectively.
Thus:

3—1) (£233 )t
The volume of distribution is useful in relat-

ing plasma concentration to the amount of drug
in the body at a given time; it is expressed in
units of volume. Thus, the product of V1 and
C1(t) is the amount of drug in the body at time t.
The elimination rate constant has units of recip-

 

log Cl— log (— (3)
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FIG. 9-2. A semilogan'thmic plot ofplasma concentration
(C,) vs. time (t) for a one-compartment model.

rocal time. As such, its numerical value denotes
the fractional (or percentage) loss from the body
per unit time. For example, km = 0.25 hr‘l sig-
nifies that the instantaneous rate of elimination

is 25% per hour.
The plasma half—life, ti, is the time required

for a given plasma concentration to be halved.
For systems undergoing monoexponential
decay, q is a constant, independent of plasma
concentration. Figure 9-2 shows a graphic solu-
tion for 9. Alternatively, it can be evaluated by
substituting D/2V1 for C1 in equation (3),
whereby:

0.693
2.303 log 2 (4:km ‘

t =— =

} klo

 

The plasma half-life of a drug is inversely pro—
portional to its elimination rate constant.

Urinary Excretion. The rate expression for
urinary excretion, of unchanged drug according
to the model in Figure 9—1 is given by:

dU

- d'—t :frk10v1C 1 (5)

where U is the cumulative amount of drug eX»
creted in urine to time t. The time course of uri-

nary excretion is obtained by integrating equa—
tion (5) and substituting Cl from equation (2),
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that is:

[

U(t) =frk10V1 J, Cldt0

= frD(1 — 6‘1"“) (6)

The amount of drug ultimately recovered in the
urine unchanged is obtained by evaluating
equation (6) at t = 00:

U<w> = tn (7)

The time course of urinary excretion is a mono-
exponential that approaches U(oo) asymptoti—
cally. Its shape is, in fact, a mirror image of the
plasma concentration profile. Equation (6) can
be rearranged to show that:

”0”) ‘ U“) '= fi( 1‘10 )tU(°°)10g 2.303 (8)

Thus, a semilogarithmic plot of the fractional
amount remaining to be excreted as a function
of time should be a straight line with a slope
identical to that shown in Figure 9-2 for plasma
decay. Figure 9-3 is sometimes referred to as the
deficit plot, or sigma-minus plot; it or equation
(8) can be used to estimate the overall elimina-
tion rate constant, k1 0, from urine data. The rate
constant for urinary excretion is f,k10. Experi—

 
0 4 8 l2 16 20 24

'

FIG. 9—3. Deficit plot, or sigma-minus plot, of the fraction
of drag remaining to be excreted in the urine as. time.

mentally, fr can be obtained by the ratio of U010)
to D. '

Clearance. According to equation (6), the
cumulative amount excreted in the urine to time

t is proportional to the area under the plasma
concentration curve from O to t. This relation—

ship holds for all times such that the amount
excreted over any interval between t1 and t2 is
also proportional to the corresponding area over
the same interval. In other words:

ll

U051) = frkiovi Cidt (9)0

't2

U<t2) = frklon CldtO (10)

U02) - U<t1)=filov1[cldt (11)
The proportionality constant relating plasma
concentration and urinary excretion of a drug is
known as its plasma renal clearance rate, CL,, or
simply renal clearance.

 

CLr = f,k]0Vl =. ”(£222— um)
Cldt

(12)

‘-1

Similarly, blood or serum renal clearance rates
would apply to situations in which drug concen-
trations are measured in blood or serum. Ex-

plicit reference to blood, plasma, or serum is
usually unnecessary, except for emphasis or for
contrasting results from different experiments.

The renal clearance of a substance is the prod- _
uct of its urinary excretion rate constant, f,k10,
and its volume of distribution, V1. Dimension-
ally, CL, has units of volume per unit time, e.g.,
ml/min. Physiologically, the renal clearance rate
represents that volume of plasma from which
drug is completely eliminated per unit time as a
result of passage through the kidneys. A sche-
matic illustration of this phenomenon is shown
in Figure 9-4, in which the density of shaded
areas denotes plasma concentrations before and

VOUJME OF
PLASMA CLEARED0F DRUG

 
 

DRUG IN
PLASMALEAVING KIDN EYS

DRUG 1NPLASMA
ENYERWG KIDNEYS

DRUG EXCRETEDIN URINE

FIG. 9-4. Schematic illustration of renal clearance.
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FIG. 9-5. Graphic representation of renal clearance calcu—
lation. The shaded areas represent a typical area under
the plasma concentration curve and the corresponding
amount of drug excreted in the urine.

after passage through the kidneys (or any other
clearing organ). The clear zone represents 21 vol»
ume that is completely devoid of drug. Experi-
mentally, the renal clearance of a substance can
be determined by dividing the amount of drug
present in a timed urine sample by the corre-
sponding area under the plasma concentration
curve, as shown in equation (12). This is de-
picted graphically in Figure 9—5.

, The numerical value of renal clearance can be
applied in various ways. For example, a combi—
nation of equations (5) and (12), indicates that
the rate of urinary excretion at any instance is
equal to the product of renal clearance and the
plasma concentration at that time:

dU 7
E — CL,C1 (13)

In the absence of total urinary collection, U(°°),
and therefore fr, can be estimated indirectly
from the product of CLr and the total area under
the plasma concentration curve, AUCm:

U(w>=frk10V1 l0 Cldt=CLrAucm (14)
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AUCx may be obtained as the integral of equa- .
tion (2) evaluated from time zero to infinity, i.e.,

D

kion
lation techniques.

The clearance concept applies to any body
organ or tissue capable of eliminating a drug.
For example, hepatic clearance refers to the rate
of elimination resulting from passage through
the liver, while biliary clearance refers to that
part of hepatic clearance that is due to excretion
in bile. Unlike measurement of renal clearance,
however, their direct experimental determina—
tion in the intact animal or person is difficult,
and in some cases, impossible. Nevertheless,
insights concerning their contribution are often
obtained through pharmacokinetic inferences.

The overall elimination of a drug from the
body is composed of fractions that are excreted
in urine, metabolized, and eliminated by all
other means such that fr + fm + fx = 1.0. Since
renal clearance can be represented by frkloVI,
the total clearance rate from plasma is kIOV].
Multiplying both sides of equation (1) by V]
yields:

 

, or by suitable interpolation and extrapo-
32.33

".V dst = k,0v,c, = cu:1 (15)

where CL is the total plasma clearance rate, or
simply plasma clearance. Equation (15) states
that CL is the proportionality constant relating
the overall elimination rate and plasma concen-
tration at any time. Integrating equation (15)
with respect to time:

V1C1(0)—V1C1(t) = CLJtCldt (16)

Inasmuch as V1C1(0) is the administered dose D
and V1C1(t) is the amount of drug in the body at
time t, the left-hand side of equation (16) repre-
sents the amount of drug already eliminated at t.
In other words, the product of plasma clearance
and the cumulative area under the plasma con-
centration curve at t is equal to elimination by all
routes to that time:

t

Total amount eliminated at t= CL I C1dt0

(17)

When t = 30, C1(°°) = 0; therefore:

D = CL ' AUG” (18)

Ultimately, elimination by all routes accounts
for the amount administered.
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The experimental determination of plasma
clearance can be accomplished in various ways
following an intravenous dose. Given a reasona-
bly complete set of plasma concentration data,
CL can be estimated by the ratio of D to AUCw or
by the product of km and V1 obtained from the
slope and intercept in Figure 9-2. Given com-
pIete urine collection and an estimate of renal
Clearance, CL can also be calculated by:

_ CLr _ cw
CL“ f. “ U0») <19)

  

In summary, clearance is a proportionality con-
stant that relates plasma concentration of a sub-
stance to its elimination rate. It serves the same

purpose in relating area under the plasma con-
centration curve to the amount eliminated.

Plasma clearance can be readily determined
from plasma concentration and urinary excre-
tion data following an intravenous dose. Renal
clearance can be estimated directly from any
conveniently timed plasma and urine sample
irrespective of the mode of administration

The difference between plasma and renal
clearance is clearance by other routes:

CL,“ = CL — CLr (20)

The dominant component of extrarenal clear—

ance, CLm, is usually biotransformation, al-
though biliary excretion, expiration, or perspira-
tion may also contribute.

Metabolism. The metabolic clearance of a

drug, CLm, is the sum of all processes that result
in the formation of primary metabolites, mi. If
extrarenal clearance is due solely to biotransfor-
mation, CLm can be estimated directly from
equation (20). Otherwise, the contribution of
each primary metabolic path must be examined
independently. The procedure outlined below
assumes a single metabolite but may be applied
repeatedly for any specific precursor/successor
pairs. Note, however, that secondary or tertiary
metabolite formation has no impact on the meta-
bolic clearance rate of the parent drug.

Figure 9-6 depicts a situation where drug and
metabolite disposition can each be described by
a one—compartment open model. Thus1 following
an intravenous dose M of the metabolite, its
plasma concentrations decline monoexponen-
tially with time:

M

C3" = We * k’fbt (21)

where the superscript m on Cl, V1, and km de-

DOS E

 
FIG. 9-6. Disposition ofdmg and metabolite according to
a (me-compartment model for each.

notes plasma concentration, volume of distribu-
tion, and elimination rate constant of the metab—
olite. The total area under the metabolite
concentration curve is therefore:

M

k’fbV'l“

 

I 03nd: = (22)0

The rate expression for metabolite concentra—
tions in plasma following an intravenous dose D
of drug is:

dC’f“
dt

 

= fmkioci _ ki’bCT' (23)

The asterisk (*) distinguishes metabolite con-
centrations following drug administration from
those after metabolite administration. The

plasma time course of the metabolite following
drug administration is obtained by substituting
C1 from equation (2) into equation (23) and inte-
grating, namely:

. f k D
Cm = m 10 e—klol _ e _ kmt

1 Vans — km) 1 1°]
(24)

Equation (24) can be further integrated and re-
arranged to yield:

me = k‘fbV'f‘ f0 cr‘dt (25)
The left-hand side of equation (25) is the
amount of metabolite formed, whereas the right—
hand side is the amount of metabolite ultimately
eliminated from the body. The plasma clearance
of metabolite, k‘ng‘“, can be obtained from equa—
tion (22) following an intravenous dose M of the
metabolite.

An alternative view of the same situation is

obtained by combining equations (22) and (25).
The fractional contribution of a specific meta-
bolic pathway to the plasma clearance of a drug
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is given by the dose normalized ratio of total
areas under the metabolite curve following the
intravenous administration of drug D and me—
tabolite M, namely:

_ AUCE‘VD
fm ' AUCLP/M (28)

By analogy to renal clearance:

CLm : fmCL (27)

A potential source of error occurs when the
metabolite formed undergoes further biotrans-
formation before reaching the general circula-
tion This phenomenon, known as sequential
metabolism,34 causes an underestimation of the
area term in equation (25), and hence the
amount formed.

Distribution

Drug distribution is a reversible process. The
rates of exchange between plasma and tissues
vary widely depending on the types of tissue and
the drug’s partition characteristics. With few
exceptions—notably plasma proteins and red
blood cells—experimental determination of drug
distribution in humans is not feasible. Its mani-

festations can be deduced, however, from the
plasma concentration profiles. When distribu-
tion is rapid, the body behaves kinetically as a
single homogeneous pool, and the plasma con-
centration time course may be adequately de-
scribed by a single exponential (Fig. 9-2). On the
other hand, the kinetics of drug disposition often
exhibit multiexponential characteristics. Each
additional exponential has been interpreted to
represent a group of tissues requiring progres-
sively more time in which to achieve a steady
state in drug distribution.

Figure 9-7 is a typical semilogarithmic plot of
biexponential decay corresponding to equation
(28).

c] = Ae-w + Beret (28)

The profile shows an initial curvature that even—
tually becomes log-linear with a terminal slope
eB/2.303. The intercept B is obtained by extrap-
olation back to time zero. Taking the logarithm
of the difference between plasma concentration
C1 and the value of Be“;t yields another straight
line from which A and a can be evaluated; thatis:

at

2.303

 

log [C1 — Be‘fi‘] : log A — (29)

202 - The Theory and Practice of Industrial Pharmacy

 
 

 
FIG. 9-7. Semilogarithmic plot of plasma concentration
(C,) as, time for a two-compartment model.

This technique, known as curve stripping, can
be repeated as often as necessary and is gener-
ally useful in obtaining the eigenvalues (slopes)
and eigenvectors (intercepts) of a polyexponen-
tial function.

A pharmacokinetic model consistent with bi-
exponential decay is shown in Figure 9-8. The
body is perceived to be divided into two kineti-
cally distinct compartments. A central compart-
ment 1, which includes plasma and from which
elimination occurs, is linked to a peripheral
compartment 2 by first—order processes having
rate constants km and km. Rate expressions ap-
ropos to this model are:

dc1
dt

 

3: —k12C1 + kgicz _ klocl (30)

DOSE

 
FIG. 9-8. Tim-compartment, open model.
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 dC

dt2 = kl2cl — k21c2 (31)

dU

F = frklovlcl (32)

where C; is a hypothetic concentration whose

product with V] equals the amount of drug pres-
ent in the peripheral compartment. The rela—
tionship between the model parameters and the
experimentally determined slopes (or and 3) and
intercepts (A and B) is obtained by simultaneous
solution of equations (30) and (31), whereby:

D(k21 _ (1)8 D(k21_ me
9‘ Vm—a + vm—me

(33)

such that:

= D(k21 ‘ (I)
A ww—w (M)

= D(k21 — B)
B wm—m co

2M2

+ V (kIO + k21 ‘l‘ knl _ 4k21k102

(36)

B = (kio + k; + kia)
_ V0410 + k21 + k12) ‘ 4k21k10

2

(37)

The corresponding time courses of change in
the amount of drug in the peripheral compart-
ment and in urine are respectively:

V1C2 = —(;1_2]:) 8—0“ + (—flji)eBt (38)
and:

U : frka] Lt Cldt
a (/3— k10)e_ at__ (0‘ ‘ kio)e__ f D —’l (3—we (a—me l

(39)

The model parame r". can be evaluated by com-

bining and rearranging equations (34) through
(37).

 

V1: A + B (40)

_ A + B

km ‘ Na + B/fi (41)

k = i 42
21 k10 ( )

kl2 = a + l3 — klO _ 1(21 (43)

Obviously, the distributive process alters not
only the plasma concentration and urinary ex-
cretion profiles but also the interpretation of
many of the pharmacokinetic parameters. Nota-
bly, the terminal slope B or the corresponding
t“; does not reflect the rate of drug elimination
from the body; it merely represents the slowest
rate of drug disappearance from plasma. Also
the volume of distribution V1 must be qualified
by reference to the central compartment. The
product of V1 and C1 is not sufficient to account
for the quantity of drug in the body. The contri—
bution from the peripheral compartment, i.e.,
V1C2. must be included.

The meaning of clearance remains un-
changed, however. Equation (33) can be inte-
grated and rearranged to yield an expression for
plasma clearance, namely:

D

CL = k10V1= AUC

 

(44)

which is identical to that obtained for the one-

compartment open model. AUCw may be ob-
tained as the integral of equation (28) evaluated

. . . . . A B . .

from time zero to infinity, 1.e., I + E or by in—
terpolation and extrapolation techniques. Ac-
cording to equations (32) and (39), the product
of renal clearance and plasma concentration is
the instantaneous rate of urinary excretion,
while the product of CI, and AUC;a is the
amount excreted in urine. Multiplying both
sides of equation (30) by V], the rate of drug dis-
appearance. from plasma is:

dC1
_V1__.dt —_k1oV1C1 + k12V1C1 ‘ k21VlC2

as

The first term on the right—hand side of equation
(45) represents rate of drug loss from the body;
the second and third terms indicate drug distri-
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FIG. 9-9. Mammillmy model representing palyexpanen-
tial decay.

bution. Again, this emphasizes the difference
between drug elimination rate and plasma dis-
appearance rate except for monoexponential
decay. The differences in interpretation cited
previously apply to all mammillary models (Fig.
9-9) and polyexponential functions.

Absorption

When a drug is not administered directly into
the vasculature, it must be transported to the
general circulation before it can be counted. In
pharmacokinetics, absorption is defined as the
amount of drug that reaches the general circula-
tion unchanged. Hence, that which is metabo-
lized or chemically transformed at the site of
application or in transit is by definition not ab—
sorbed. This definition arises mainly out of ne—
cessity because of experimental and physiologic
limitations in quantitating the manifestations of
absorption in the intact animal or human. In
this context, the rate and extent of drug absorp-
tion is synonymous with its bioavailability. More
generally, the term bioavailability may be used
to indicate the delivery of the active moiety from
the site of administration to the target tissue or
organ, whereas absorption often refers to the
overall transport of a drug and related ’sub-
stances into the body or parts thereof, e.g., the
eyes or the skin. The more restrictive definitions
of absorption and bioavailability are used
throughout this chapter.

Material balance dictates that total elimina-

tion must equal the amount absorbed, that is:

Amount absorbed = Amount eliminated

If F is the fractiOn absorbed following a
nonintravascular dose D", then:

FD" = CL « AUG: (46)

204 - The Theory and Practice of Industrial Pharmacy

where AUC: is the total area under the plasma
concentration curve following treatment x. The
estimation of bioavailability requires knowledge
of plasma clearance, which is obtained indepen-
dently following an intravenous dose. See equa-
tion (18) for determination of plasma clearance.

At any time t following the administration of a
dose, the amount absorbed, A(t), is equal to the
sum of that which is present in the body, Ab(t),
and that which is already eliminated from the
body. In other words:

A(t) = Ab(t) + CL It Cldt (47)0

Estimates of Ab(t) depend on how the drug is
distributed in the body. When drug disposition
can be adequately described by a one-compart-
ment open model, Ab(t) = V1C1(t) and the time
course of absorption is estimated by:

A(t)=V1C1(t)+k10V1 J0 Cldt (48)

This is known as the Wagner-Nelson method of
estimating absorption.35 V1 and klo can be ob-
tained following an Ly; dose (see Fig. 9-2).

When a two-compartment open model ap~
plies, the absorption profile can be constructed
from equation (49):

t

A0) = Vrcro + V1020) + klovl [ old:
(49>

The amount of drug present in the body at any
time is the sum of the amounts in the central

and the peripheral compartment. To evaluate
equation (49), some method of estimating C2 is
needed. As a first approximation, Loo and
Riegelman proposed that Cl varies linearly with
time between any two adjacent data points,36
such that: '

C105.) = C1(tj—1) + bT (50)

where b is the slope and T is the time between tJ
and 9,1 as shown in Figure 9-10. Integrating
equation (50) into equation (31) yields:

dds}?‘ + k21C2 = k12C1(tj;1) + bk12T (51)

Integrating equation (51) with respect to T and
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FIG. 9-10. Relationship between two adjacent plasma
concentration data points proposed by Loo and Riegel—36

noting that at T = 0, C2 = 02014), one obtains:

02 = Casi—lift“ + fi—Zcrt—ou — e-Wl
bklg

(k21)2

Now define the relationships:

+ [e-W + 1(ng — 1] (52)

AC] = 01(9) _ (31021—1) (53)

and

At = t — gt] (54)

At T = At,

c, = 02(9) and b = AT? (55)

The substitution of equations (53), (54), and
(55) into equation (52) results in:

C2051) = (3203:0942lAt

+ k_ 105—1)” — 94mm]21

kleCI —k21At _
+ 21)?“ [e + kmAt l]

 

Starting at t = 0 when C2(tj-1) = C1(tj_1) = 0,
the value of C20“) can be estimated sequentially
by the repeated application of equation (56). At
t = 00, no more drug remains in the body, equa-
tion (49) collapses to equation (46), and A(°°) =
FD as expected. Figure 9-1] is a typical absorp-
tion profile constructed according to equation
(49) using the Loo-Riegelman approximation of
C2 given in equation (56).

In summary, to estimate the bioavailability of
a drug administered by a nonintravascular
route, knowledge of its plasma clearance is re-
quired. The plasma clearance in an animal or a
person can be calculated following an intrave-
nous dose. In essence:

_ AUCZEJD"
F ‘ AUCm/D

(57)

Since AUC; and AUCW can both be determined

directly by interpolation and extrapolation of the
terminal slope of the plasma concentration
curve to infinity, the estimation of F is model-
independent. In contrast, determinations of the
absorption time course based on compartmental
analysis depend not only on plasma clearance
but also on estimates of the volume of distribu-

tion and the rate constants for drug distribution.
These values are obtained by interpreting the
kinetics of drug disposition following an intrave-
nous dose in reference to specific models.

Accumulation

Suppose a drug is administered intravenously
by infusion at a constant rate R0 (amount/time).
Plasma concentration (and the amount of drug
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FIG. 9-11. A typical Loo-Riegelman absorption profile.
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in the body) would increase with time and ap-
proach a plateau, which is called a steady state.
At steady state, the rate of input to the body, R0,
equals the rate of drug elimination from the
body, that is:

R0 = CL - cf (58)

where is is the plasma concentration at steady
state. The value of C35 to be attained is propor-
tional to the infusion rate. Equation (58) is ap-
plicable to all linear mammillary models of drug
disposition. The rate of approach to steady state
depends on the manifestations of drug distribu-
tion.

Where the one-compartment, open model (see
Fig. 9-1) applies, the rate of change in drug lev-
els is given by:

dc,
dt

 

V1 = R0 _ klovlcl (59)

which, upon integration, yields:

 

c] “0 <1—
: —kiot

kmvl e ) (60')

At t =I 00, C1 =,C‘°is. Thus, equation (60) reduces
to equation (58). Subtracting equation (60) from
equation (58), one obtains:

C? , c1 = —klot

01‘:

 

log (%) = —( 2.1383 )t (62)
Therefore, a plot of the left-hand side of equa-
tion (62) versus t should be a straight line with
slope of —k10/2.303. Equation (62) also indicates
that the rate of approach to steady state is di-
rectly related to the plasma half-life. For exam-
ple, the time required to reach 50% of steady
state can be determined by setting C1 = Cis/Z in
equation (62) whereupon:

 k

log (1/2) = ~( 23:33 )tso% <63)
01':

2.3031 2

tso% = ‘k_0g (64)10

which is identical to the definition of plasma
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FIG. 9-12. Relationship between plasma half-life and
approach to steady state for a one-compartment model
drug.

half-life given in equation (4). Similarly, it can
be shown that two half-lives would be required
to achieve 75% of steady state, 3.3 half-lives for
90%, 6.6 half—lives for 99%, and so on. This rela—
tionship between plasma half-life and approach
to steady state is shown in Figure 9-12. Note
that the approach to steady state follows exactly
the same time course as that for drug disappear-
ance from plasma following an intravenous in—
jection. For drugs that exhibit polyexponential
decay, the approach to steady state would also be
polyexponential.

Consider, for example, the situation whereby
drug disposition can best be described by a two-
compartment, open model (see Fig. 9-8). Tem-
poral changes in plasma concentration attend-
ant to a constant infusion of a drug are given by:

_ R0 _ (B—klo) —atC1 — kIOV-ll1 (B _ a) e
_ (d _ k10)

(a - [3)

At steady state, t= 00, equation (65) also col-
lapses to equation (58), as it should. Subtracting

 

e‘fi‘} (65)
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equation (65) fromequation (58) one obtains:

Cls — C1 : (/3 _ km) —ut (a _ klo) -Bt
as w—we +‘m—me

(66)

In this case, the approach to steady state results
from two independent exponential processes, a
and [3, each governed by its own half-life, t“
and t”. The fractional contribution to the ob-
served sum is given by the eigenvectors of equa-
tion (66), because of the following relationship:

(3 " km) (a — kio) =
w—e'*m—m 1

For each component, times required to reach
50%, 90%, and 99% of steady state are still 1.0,
3.3, and 6.6 half—lives, respectively. According to
equations (36) and (37), however, t” is longer
than tba; thus, steady state for the a process
would be attained sooner. Figure 9-13 shows a
biexponential approach to steady state. At all
times, the observed plasma concentration repre-
sents the sum of two processes.

A steady state in drug accumulation can also
be achieved by dosing at regular intervals. In the
simplest case, consider the events following the
repeated intravenous administration at intervals
7' of a drug that undergoes monoexponential
decay. According to equation (2), plasma con-
centration after the first dose is represented by:

(67)

D
e—klot1) =

Ci V1 (68)

At t = 7', a second dose is administered. Plasma
concentrations thereafter are then represented

Cll
“I

 
 

process“
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FIG. 9-13. Biexponential approach to steady state.

C32) : V20 + e-kioUe-klot’1 (69)

where t’ is time from the most recent dose. Simi-

larly, after the third and subsequent doses, one
can calculate:

C33) = _\?_(1 + e—km + e72k107)e7k10y (70)1

and:

+ e—(nr ])k101')e*k10t,

D l—e‘m‘l‘” _ ,

—V_<<1——"‘”)) <71)
AS I1 becomes large, the plasma concentration
profiles from one interval to the next become
indistinguishable. At steady state, n = 00, the
plasma time course is represented by:

D e -kiot'55) = __—__
CS V1 (1 — e‘km) (72)

The mean plasma concentration over a dosage
interval at steady state, C355), can be determined
by dividing the integral of equation (72) by 1-
such that:

J”, cass)dtr
(—3555) = 0 7.

= D
rklon

 

(73)

Mean plasma concentration at steady state, (—3355),
after intermittent dosage serves the same pur-
pose as C? after a constant infusion. They would

' in fact be numerically identical if the rate of dos-
age, D/T, gven discretely were the same as the
infusion rate, R0, given continuously. A graphic
representation of drug accumulation after a con—
stant infusion and intermittent oral dosage is
shown in Figure 9-14.

Equation (73) would also apply to the repeated
intravenous administration of drugs that un-
dergo polyexponential decay, although the time
courses of change in plasma concentration
would differ. For example, with biexponential
decay, plasma concentrations during the nth
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ZOO

 

FIG. 9-14. Drug accumulation after a constant infusion
and intermittent oral doses taken at equal intervals;
shaded areas illustrate the equality between AUC El) and
AUC £55).

dosing interval are represented by:

(n) = 2 (k21 ‘ (1X1 _ 6—H”) —at'C1 v1 l (B — a><1— er) 6
(k2 ‘5)(1 ‘ 9—”? — t'
W‘3 W)

The rate of approach to steady state would on
average emulate a constant infusion.

Two additional properties of repeated inter-
mittent dosage should be considered. First, the
area under the plasma concentration curve over
one dosage interval at steady state, AUCis, is
equal to the total area under the plasma concen-
tration curve after a single dose, that is:

Aqu = AUCS.” , (75)

This identity is given by the shaded areas of Fig-
ure 9-14. At steady state, drug input to the body
(FD) is equal to drug elimination from the
body.37 Mathematically, these relationships can
be summarized by rearrangements of equations
(44), (46) and (75) such that:

FD = CL - AUCEP = CL - AUC$55> (76)

Second, a steady state can also be attained by
intermittent drug administration at unequal in-
tervals provided that the dosage sequence recurs
regularly. For example, daily intervals of dosage
may be 1-1, 1-2, and 7;, such that 1-] + 1-2 + 1-3 =
24 hr. If the same dosage schedule were main-
tained from day to day, the plasma concentration
profiles would in time become indistinguishable
from one day to the next. In general, the concept
of a steady state‘ applies whenever the dosage
regimen consists of recurring cycles. Within
each cycle, the dose and the dosage interval
need not be uniform,38 as is shown in Figure
9-15.
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FIG. 9-15. Drug accumulation after intermittent oral
doses taken at unequal intervals.

Factors Affecting Drug
Elimination

Binding to Plasma Proteins
Binding is usually a reversible interaction be—

tween a small molecule such as drug or metabo-
lite and a protein or other macroniolecule.39“12
Only unbound drug can be transported across
capillaries, be distributed to tissues, gain access
to metabolizing enzymes, and interact with re-
ceptors to elicit a pharmacologic effect. Binding
is a distributive process, which delays drug elim-
ination. Tissue binding cannot be measured
directly in the intact, living animal or human
although its influence on drug distribution
and elimination has been deduced and dis-
cussed.“—45

' Binding is a function of the affinity of the pro-
tein for drug as well as the concentration of drug
and protein. By far, the most important binding
proteins in plasma are albumin for acidic drugs
and al-acid glycoprotein for basic drugs. The
interaction between drug and protein can be
represented by the law of mass action such that:

Cm + C1.p S Cm

drug + protein S drug—protein

where Cm and val are, respectively, the plasma
concentrations of unbound and bound drug
such that the total drug concentration C1 =
C,“ + CM. CM, is the plasma concentration of
free protein binding sites expressed in molar
equivalents of the drug. By definition, the con-
centration of total (free and bound) protein bind—
ing sites, Cp, is the sum of C“, + bel. The equi—
librium between free and bound drug can
therefore be expressed as:

= Cb 1
(Cu,1)(cu.p)

 
K (77)
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where the equilibrium constant K is a measure
of the affinity of the protein for drug.

Define f” as the fraction of the total drug con-
centration that is unbound so that fuC, = Cu,]
and (1 — fu)C1 = bel. Substituting these rela—
tionships into equation (77), one obtains, after
rearrangement:

1

1 + Kculp
1

= 1 + 1((cp — CM) (78)

f“:

When the fractional occupancy is small com-
pared to total available binding sites, that is,
Cb,1 < C , the free fraction of drug is essentially
indepen ent of changes in drug concentration.
These circumstances often prevail within the
therapeutic dosage range.

Renal Physiology
The mammalian kidney is composed of many

units called‘nephrons. A nephron consists of an
individual renal tubule and its glomerulus. The
glomerulus is formed by the invagination of a
tuft of capillaries into the dilated blind end of the
nephron (Bowman’s capsule). The capillaries
are supplied by an afferent arteriole and drained
by an efferent arteriole. The renal tubule con—
sists of the proximal convoluted tubule (pars
convoluta), which drains into the straight por-
tion of the proximal tubule (pars recta), which
forms the first part of the loop of Henle. The
thick ascending limb of the loop of Henle
reaches the glomerulus of the nephron from
which the tubule arose and passes close to its
afferent arteriole. The final portion of the tubule
is the distal convoluted tubule. Distal tubules

coalesce to form collecting ducts that pass
through the renal cortex and medulla and empty
into the pelvis of the kidney. The vascular sup-
ply of the tubules is essentially a portal one in
that the blood that perfuses the peritubular cap~
illaries has initially traversed the glomerular
capillaries.‘*‘5‘51

Renal Excretion Mechanisms

The nephrons carry out the vital functions of
the kidney through three major processes: glo~
merular filtration, tubular reabsorption of water
and filtered substances from the lumen of the

tubule into the plasma, and tubular secretion of
substances from the plasma across the tubular
membrane into the tubular lumen. The proc-
esses of tubular reabsorption and secretion may

be governed by either passive mechanisms (sim-
ple diffusion) or carrier-mediated mechanisms
(facilitated diffusion and active transport).
While the renal processes serve primarily to
maintain extracellular fluid volume and osmo—

lality, to conserve important solutes, and to help
regulate acid-base balance, they are also impor-
tant in controlling the excretion of exogenous
compounds such as drugs.

Glomerular Filtration. Approximately 25%
0f the cardiac output goes to the kidneys, and
10% of this output to kidneys is filtered by the
glomerulus. A fluid conforming closely to that of
an ideal ultrafiltrate of plasma moves across the
glomerular membrane. It has nearly the same
composition as plasma with respect to water and
low molecular weight solutes. Glomerular filtra-
tion separates gross particulate matter and such
colloidal materials as proteins from the ultrafil—
trate. The availability of a drug for glomerular
filtration depends on its concentration in plasma
water; only free drug (drug not bound to macro-
molecules or red blood cells) can be filtered. The
filtrate contains the drug at a concentration
equal to that in plasma water, i.e., fuCI.

The rate at which plasma water is filtered is
called the glomerular filtration rate (GFR); the
rate at which a drug is filtered is equal to the
concentration of unbound drug in plasma multi-
plied by GFR.48'49'52 The GFR can be measured
in intact animals and humans by measurement
of the excretion and plasma concentration of a
substance that is freely filtered through the glo-
meruli and is neither secreted nor reabsorbed by
the tubules. In addition, the substance should
be physiologically inert and nontoxic; neither
destroyed, synthesized nor stored within the kid-
ney; and preferably, easily measured in plasma
and urine. Inulin, a fructose polymer of molecu-
lar weight 5200, appears to meet all Criteria, and
its renal clearance provides an index of GFR.

Passive Transport Across the Renal
Tubule. Passive transport of exogenous com-
pounds, such as drugs, in the renal tubule in-
volves simple diffusion along a concentration
gradientf’s‘57 The concentration gradient be-
tween urine and plasma is the driving force for
diffusion. The rate of movement is also governed
by the diffusivity of the molecule through the
tubular membrane, the membrane/aqueous
phase partition coefficient for the molecule, the
thickness of the membrane at the site of diffu-

sion, and the area of the membrane through
which the molecule passes. Biologic mem—
branes, being lipid in nature, are more permea-
ble to lipid soluble substances, and transmem-
brane diffusion depends in part on the lipid
solubility of the diffusing compound. In the case
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of acids and bases, the un-ionized species exhib-
its greater lipid solubility than the ionized spe-
cies and is either the sole diffusing species or
the more rapidly diffusing species. The diffusing
species of an acid or base is governed by the con—
centration gradient across the membrane and
the pKa of the compound. In the specific case of
passive diffusion across the renal tubular mem-
brane, the concentration gradient depends on
urinary pH since intracellular and blood pH are
essentially constant.

Diffusion across the tubular membrane is also

affected by flow-related changes in urinary con—
centration. The observation that excretion of N1-

methylnicotinarnide (a quaternary ammonium
compound) is enhanced by increases in urinary
flow suggests that ionized substances diffuse
passively across renal tubular membranes.

Although diffusion across the tubular mem—
brane may occur in either direction for some
organic bases, diffusion from blood to tubular
lumen is highly improbable for organic acids.55
Passive reabsorption from filtrate to blood occurs
for many drugs. The urinary excretion rate of
amphetamine (pKa 9.77) fluctuates with
changes in urinary pH; the total amount ex-
creted under alkaline urine conditions is lower
than under acidic urine conditions. The renal

clearance of phenobarbital (pKa 7.2) increases
with increasing urinary flow. At any given rate
of flow, the clearance is higher when the urine is
alkaline than when it is acidic. In general, a
weak base whose pKa is 6 or below is expected to
be extensively reabsorbed at all urinary pH val-
ues; little or no reabsorption is expected for a,
strong base Whose pKa is close to 12 throughout
the range of urinary pH; reabsorption is ex—
pected to vary with changes in pH for bases with
pKa values of 6 through 12. Reabsorption of
acidic drugs with pKa values between 3 and 7.5
varies with urinary pH; acids with pKa s 2 are
not reabsorbed, and those with pKa > 8 are ex—
tensively reabsorbed throughout the range of
urinary pH. Urinary flow rate often affects the
excretion of compounds whose tubular reab-
sorption is pH-sensitive.5l'52

CarriereMediated Transport Across the
Renal Tubule. Carrier-mediated transport is a
term used to describe transfer across a biologic
membrane that is at a higher rate than could be
attributed to diffusion alone58 Such transport
may involve facilitated diffusion or active trans-
port. The term active transport is usually applied
only to those systems in which a substance is
transported across a biologic membrane against
a concentration gradient at the expense of en-
ergy derived from cell metabolism. Active trans-
port processes figure prominently in the renal

210 - The Theory and Practice of Industrial Pharmacy

excretion of many drugs and their metabolites.
These processes are characterized by (1) suscep-
tibility to interference by metabolic or competi-
tive inhibitors and (2) a maximal capacity of the
transporting mechanism (Tm). Although some
organic ions undergo simultaneous active bidi-
rectional transport, i.e., reabsorption and secre-
tion, the predominant transport of most organic
ions in the renal tubule is secretory.‘59 Thus, ac-
tive secretion usually adds substances to the fil-
trate. Substances added to the filtrate in this

manner may be subsequently reabsorbed. Active
secretion occurs in the proximal portion of the
renal tubule; reabsorption can occur all along
the tubule.

The existence of renal tubule transport sys-
tems for the secretion of organic acids and bases
is well documentedThese systems involve sep-
arate and independent mechanisms and are not
subject to inhibition by the same competitive
inhibitors. There is not a high degree of specific-
ity within either system. Substances transported
by the same system compete with each other.
Probenecid was synthesized in the early 1950s
as an inhibitor of renal transport mechanisms. It
has since been shown that probenecid itself is
actively secreted by the organic acid mecha-
nism. Probenecid has been used as the classic

inhibitor of the organic anion transport system,
and its ability to inhibit secretion of a compound
is taken as evidence for secretion of that com-

pound through the acid transport system.
Nl-methylnicotinamide is the classic example

of an organic base that is actively transported by
the renal tubule. It was one of the earliest bases
for which secretion was demonstrated, and it
has been used throughout the years to define
the characteristics of the organic cation trans-
port system. For drugs cleared by tubular secre-
tion, it makes no difference what fraction is
bound to plasma protein, provided that the bind-
ing is reversible. Secretion can be so extensive
that all of the dru g, whether in red blood cells or .
bound to plasma proteins, can be removed. Only
the unbound drug is capable of crossing the cells
lining the tubule; transport of all drug out of the
blood requires rapid dissociation of the drug-pro—
tein complex and movement of drug out of'the
blood cells.

A compound may be subject to all of the renal
excretion processes. Most organic acids and
bases, however, are thought to be excreted by a
three—component mechanism: glomerular filtra-
tion, active secretion, and passive reabsorption.
The amount of a substance excreted by the kid-
ney is equal to the amount filtered by the glo-
merulus plus the net amount transferred by tu-
bules. Observed renal clearance, therefore,
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essentially consists of two components: glomer—
ular filtration and net tubular transport. If a drug
is not bound to macromolecules in the plasma,
then its renal clearance either equals glomerular
filtration (GFR) if there is no net tubular secre
tion or reabsorption, exceeds GFR if there is net
tubular secretion, or is less than GFR if there is
net tubular reabsorption.

While a renal clearance equal to GFR indi-
cates the absence of a net tubular involvement,
it does not preclude the involvement of compen-
sating tubular processes. When a compound is
bound to macromolecules, the degree of binding
must be determined at relevant concentrations
before meaningful statements can be made
about its renal clearance. When a compound is
excreted by glomerular filtration with possible
passive tubular reabsorption, renal clearance
should be calculated from the non-protein-
bound fraction in plasma: For a compound with
renal clearance higher than GFR, e.g., one in-
volving tubular secretion, the total plasma con-
centration of the compound is used in the calcu-
lation of clearance. In those experimental
situations whereby the contributions of glomer-
ular filtration and tubular secretion t0 the renal

clearance of a compound are separable, the fil—
tration contribution should be corrected for pro-
tein binding in all cases.

Changes in renal clearance may result in
changes in plasma half-life (q), in the overall
elimination rate constant km, in the fraction of
renal elimination of a compound (fr), and in the
fraction metabolized (fm). A decrease in renal
clearance (erg, increased reabsorption, inhibi-
tion of secretion. decreased glomerular filtra-
tion) may result in an increase in q and a de-
crease in km. For a drug that is metabolized, as
well as excreted, unchanged in the urine, de-
creased renal clearance may also result in a
larger fraction of drug metabolized (Tfm) and a
smaller fraction recovered in the urine un-

changed (if). Opposite changes in the respec-
tive parameters would occur for an increase in
renal clearance.

Experimental Techniques

A number of techniques have been employed
for studying renal processes both in vitro and in
Viva. In vitro techniques used to examine renal
tubular. transport mechanisms include renal
slices, suspensions of renal tubules, perfused
isolated renal tubules, and perfused isolated kid-
neys. In vivo methods for studying renal excre-
tion processes include clearance techniques, the
stop-flow technique, micropuncture, and micro-
perfusion. Clearance techniques have the ad-

vantages of being technically easy, of enabling
quantification of kidney function as a whole, and
of being applicable to humans. Limitations in-
clude the inability to separate reabsorption from
secretion for substances undergoing both proc-
esses and the inability to define transport mech-

anisms or to localize function to specific neph-
ron segments.

In the clearance techniques used to study the
renal excretion of a compound, an appropriate
marker for GFR (e.g., inulin) is infused simulta-
neously with the compound. Blood and urine
samples are collected and analyzed for the refer-
ence material and compound being studied;
renal clearances of each are then calculated.
When the ratio of the clearance of the com-

pound being studied to that of the reference is
greater than 1.0, net secretion is indicated;
when the ratio' is less than 1.0 (after correcting
for plasma protein binding), net reabsorption is
indicated. A change in the ratio with a change in
urinary pH implies some passive transport, as
does a change in ratio with changing urinary
flow rates. A change in the ratio with increasing
plasma concentration of the study compound, or
in the presence of a competitive or metabolic
inhibitor of transport, indicates the presence of a
carrier-mediated transport process. Urinary ex-
cretion of the study compound due to glomerular
filtration is equal to the unbound plasma con-
centration of the compound multiplied by the
renal clearance of the marker (GFR); net tubular
transport is equal to the total urinary excretion
minus excretion due to glomerular filtration.

In the absence of active reabsorption proc-
esses, appropriate adjustment of urinary pH to
preclude significant passive reabsorption of a
compound enables quantitation of the secretory
component (i.e., “net tubular transport” equals
secretion). If there is no passive diffusion of
compound from plasma to tubular lumen, the
secretory component can be further evaluated in
terms of saturation (Michaelis-Menten) kinetics.

Biotransformation

Most drugs are cleared from the body, at least
partially, through biotransformation (metabo-
lism). The maximum fraction of the dose that
may be metabolized is given by the relative dif—
ference between the plasma and renal clear-
ances of the drug, (CL — Cl,)/CL. Biotransfor-
mations may be catabolic (e.g., hydrolysis,
reduction, and oxidation) or anabolic (e.g., con-
jugations with glucuronic acid, glycine, or sul-
fate). Metabolism, unlike excretion, does not
result in the removal of drug mass from the
body. Rather, new chemical entities are formed,
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and the distribution, metabolism, and excretion
of each metabolite are unique and usually inde—
pendent of the parent compound. When a me-
tabolite possesses intrinsic pharmacologic activ-
ity, as with the N-demethylated metabolite of a
number of antiepileptic drugs,”61 characteriza-
tion of its pharmacokinetic profile as well as its
formation kinetics is essential to a complete
understanding of pharmacokinetic/pharmacody—
namic relationships.

Intrinsic Clearance and Effect of Blood Flow

Although the liver is the major metabolic
organ in the body, significant metabolic activity
may also exist in the lungs, kidneys, blood, or
gut mucosa. A drug may be metabolized by com-
peting pathways in the liver. The overall hepatic
clearance of a drug is then given by the summa—
tion of clearances by each pathway. The ability
of the liver to metabolize a drug depends in part
on the intrinsic activity of the enzymatic system
associated with each metabolic pathway. The
overall intrinsic reaction velocity, an may be
expressed in terms of the familiar Michaelis-
Menton equation applied to each of the N enzy—
matic systems involved in hepatic drug removal:

N

v _ Z Vmicul. [_
1“ i=1 Km,i+Cu,1

 
(79)

where Cu,l is the unbound concentration of drug
available to the liver enzymes, Vm is the maxi-
mum reaction velocity, and Km is the Michaelis
constant, which is equivalent to the Cm at
which vint = le2. Since the instantaneous rate
of drug elimination is equal to the product of its
clearance and concentration, as shown in equa-
tion (15), the intrinsic hepatic clearance, CL,,,,,
is given by:

CL ___ Vim = i Vmi (80)
mt Cu,1 i=1 Km,i + Cu,1

 

According to equation (80), if Cm] is signifi-
cant relative to the value of Km, then CL,m is not
constant but varies with the dose of drug admin-
istered. The CL,m of either enantiomer of pro-
pranolol, for instance, is reduced more than 50%
when the dosage of the racemate is increased
from 160 to 320 mg/day in humans.62 For most
drugs, however, Cm is small relative to Km over
the therapeutic dosage range and equation (80)
reduces to equation (81):

N
V .

CLm.=2—~Kml (Guiana) <81)i=1 m.i
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where CL,nt is constant and independent of the
dose of drug administered.

In addition to the intrinsic metabolic activity
of the liver, delivery of drug to the liver (i.e., per-
fusion) may be an important determinant of the
liver’s ability to metabolize the drug: hepatic
drug clearance cannot exceed the rate at which
the drug is delivered to the liver. Flow rate to the
liver may limit full expression of the intrinsic
metabolic enzyme activity of the liver, and he-
patic drug clearance is then lower than CLim. A
commonly used model that relates blood flow
and CLint to hepatic drug clearance (CLh) is the
perfusion—limited, or well—stirred, compartment
model of hepatic clearancem“36

_ L)CLh th o. + fuCLm. (82)
where fu is the fraction of unbound drug in
blood, Q, is the hepatic blood flow rate (normally
~1.5 L/min in man), and CL], is the hepatic
drug clearance from blood. Equation (82) is de-
fined in terms of blood since this is the fluid that

carries drug to the eliminating organ. If meas-
urement of drug in blood is not experimentally
feasible, the blood—to-plasma concentration ratio
can be determined and used to convert plasma
concentration to blood concentration.

The quantity in equation (82) equivalent to
CLh/Q}l is referred to as the hepatic extraction
ratio, E, of the drug. The effects of changes in
Qh and in f“ CLint on CL,1 are readily evident if
compounds are classified on the basis of their
extraction ratio. If a drug is highly extracted
(E —> 1), then fuCLint >> Qh, and equation (82)
reduces to:

lim CL}l = Q1, (83)E—>1

Hepatic drug clearance is then insensitive to in-
trinsic enzymatic activity or binding and is ap-
proximated by hepatic blood flow rate, i.e., it is
perfusion-limited. On the other hand, if the drug
is poorly extracted (E —> 0), then Q1, >> fuCLint
and equation (82) reduces to

lirn CL}, = gen“, (84)E—>O

and hepatic drug clearance is insensitive to
changes in Q, but sensitive to changes in' both
drug binding to blood components and metabolic
enzyme activity in the liver.,Thus, induction of
hepatic enzyme activity, for instance, would in-
crease the hepatic clearance of a low extraction
compound but have little effect on a high extrac-
tion compound. Finally, the hepatic clearance of
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a drug with an intermediate extraction ratio (i.e.,
E ~ 0.2 to 0.8) is affected by changes in Qh, fu,
or CLim.

The above relationships are exemplified by
the block diagram in Figure 9—16. Shown is the
effect on extraction ratio (block height) and he—
patic drug clearance of a 1-0.5 L/min change
from normal hepatic blood flow for a compound
with Cl_.,,fl equal to 0.1, 1, or 10 times normal
hepatic blood flow. In all cases, the drug is not
bound in blood, Le, 15,, = 1. When CL,“t is high
(15 lein) relative to blood flow, drug is highly
extracted by the liver, and E = 0.94 when
C.)h = 1 L/min. Substantial increases in Q, result
in only slight decreases in E. Hepatic clearance,
on the other hand, increases almost proportion-
ately with C2,, and approaches Q), as E ap-
proaches unity, as shown in equation (83). In
contrast, when CL,m is low (0.15 L/min) relative
to blood flow, the drug is poorly extracted by the
liver, that is, E = 0.13 when Q, = 1 L/min. In
this case, as blood flow increases, there is a pro-
portionate decrease in extraction ratio. Hepatic
clearance is approximately equal to CLim and is
independent of blood flow, as shown in equation
(84). For the intermediate case where CLint E
Q, (1.5 L/min), there is a modest decrease in E
and increase in hepatic clearance as blood flow
increases.

Calculation of Intrinsic Clearance
The intrinsicclearance is obtained from blood

concentration data following oral administration
of the drug. Before it reaches the general circu-
lation, an orally administered drug is absorbed
into the portal circulation and must pass
through the liver. During this “first pass,” a frac—
tion of the portally available dose, equivalent to

GLHlUmn)
u I!_
u an :sxs
15.0

agumn)

FIG. 9-16. Relationship between extraction ratio (E),
blood flow (Q,,_), and hepatic drug clearance (CL,,_) for a
Compound with an intrinsic clearance (CLM) equal to 0.1,
1, or 10 times normal hepatic blood flow.

  

the extraction ratio E, is lost by extraction in the
liver; the remaining fraction, F, reaches the gen-
eral circulation, i.e., it is bioavailable. If P is the
fraction of the dose absorbed unchanged into the
portal circulation, then F = P(1 — E). If drug is
totally absorbed in unchanged form from the
gastrointestinal lumen and not metabolized in
the gut wall, then P = 1 and the bioavailable
fraction is:

F=1—E @@

and according to equation (46), the amount of
bioavailable drug is:

FDW=(1—EHP°=CL-AUC§ am

If all of the drug eliminated from the body is
cleared 'by the liver, CL in equation (86) can be
replaced by CLh. Expressing E and CL,I in terms
of the perfusion—limited model in equation (82)
gives:

(1 _ fuCLintQ1. + fuCLint

_.J%&gfln_ m“h%+ga%)“m“ en

la

which simplifies to:

DPO

CL“ quUCEio (88)

Thus, the intrinsic hepatic clearance of a drug
may be determined by the ratio of the dose and
the AUCw for unbound drug after oral adminis—
tration. The application of equation (88), how-

ever, requires that the_entire administered dose
DP” reaches the liver unchanged and that the
liver is the sole organ for drug elimination. Ap—
propriate use of equation (88) can be ensured by
infusing the drug directly into the hepatic portal
vein and by adjusting for extrahepatic elimina—
tion. For example, if in addition to hepatic clear-
ance, the drug is cleared renally, then CL]1 =
(1 — f,)CL, which upon substitution into
equation (86) would result in:

_ (1 — f,)DP°
Cbm" gAuce “38%

The evaluation of equation (89) requires an esti-
mate of f,, which can be obtained following an
intravenous dose of the drug.

Whereas changes in hepatic blood flow affect
the hepatic clearance of most drugs (except
when E ——> 0), the determination of intrinsic
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hepatic clearance is insensitive to changes in
flow rate. The intrinsic hepatic clearance of total
drug is given by fuCLm. Hence, the effect of
binding to plasma or blood proteins is to reduce
the overall elimination rate of drug from the
body.

Enterohepatic Circulation

Biliary Excretion

Drug elimination from the liver can occur by
two distinct mechanisms: hepatic metabolism
and biliary excretion. Hepatic clearance is the
quantitative measure of the overall ability of the
liver to eliminate the drug and is the sum of the
hepatic metabolic clearance and the biliary
clearance.

While all compounds may be excreted in bile,
the importance of biliary clearance to the elimi-
nation of a compound depends on the degree to
which it concentrates in bile relative to plasma.
Biliary clearance is given by equation (90):

Biliary Clearance =
Concentration in Bile

Bile Flow X+
Concentratlon 1n Plasma (90)

Since bile flow in man is relatively constant—
between 0.5 and 1.0 ml/min—biliary clearance
is proportional to the ratio of bile to plasma drug
concentration. Compounds are classified accord—
ing to the degree to which they concentrate in
bile. Biliary clearance cannotexceed bile flow for
such compounds as electrolytes and proteins,
whose concentration ratios of bile to plasma are
usually equal to or less than unity On the other
hand a biliary clearance of 500 ml/min is not
uncommon for drugs.

For the biliary clearance of a compound to be
significant, the compound must be actively se-
creted into bile and achieve a concentration gra-
dient relative to the blood. Separate secretory
mechanisms appear to exist for acids, bases, and
neutral compounds. Several physicochemical
features of a molecule are important in deter-
mining the extent to which it is secreted in bile.
First, compounds secreted in bile usually have
molecular weights exceeding 300 to 400 daltons.
Moreover, the molecular weight threshold ap-
pears to depend on species: about 325 in the rat,
400 in the guinea pig, 475 in the rabbit, and 500
in man. Second, compounds excreted in bile are
usually polarin nature Molecular structure may
also be important, but the nature of the depend-

_ ence is not Well understood.

' Knowledge of the metabolic profile of a drug is
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essential in assessing whether a given com-
pound may be excreted in bile. Conjugation re-. .
actions increase the polarity as well as the mo-
lecular weight of the drug Glucuronide '
conjugates for instance, are strong acids with
pKa values of 3 to 4 are nearly completely10n-
ized at physiologic pH, and have molecular
weights 176 daltons greater than the parent
compound. Not surprisingly, therefore, many
compounds are excreted in bile in their conju-
gated forms.

Many of these generalizations are illustrated
- by the data from two nonsteroidal anti—inflam-
matory agents, indomethacin and sulindac. In-
domethacin is pharmacologically active whereas
sulindac is a prodrug that is metabolized reversi—
bly to the active moiety, the sulfide metabolite.
Sulindac is also irreversibly biotransformed to
the inactive sulfone metabolite. Structures and

molecular weights are given in Figure 9-17.
Both are arylacetic acids with molecular weights
of about 350 daltons. In addition these com—
pounds undergo glucuronidation so that the ef-
fective molecular weight is about 525. Biliary
and renal clearances of each in various animal

species, including man, were determined from
the total (free plus conjugate) amount of drug
present in bile and urine. The data, summarized
in Table 9-1, are expressed in terms of the renal
to biliary clearance ratios as an index of the rela-

_ live importance of the two routes of elimination.
, A substantial species difference is evident for
both indomethacin and sulindac. Biliary clear-
ance is by far the dominant route in the dog and
rat, while renal clearance is slightly favored in
the rabbit. Based on molecular weight alone, a
species difference is expected; the conjugated

o
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01F cnzcoon
Sulinduc
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FIG. 9-17. Sulindac and metabolites.
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TABLE 9-1. Renal to Biliary Clearance Ratios in Various Species‘y’JO 

Renal to Biliary Clearance Ratio

Sulindac Sulfide Species Indomethacin Sulimiac Sulindac Sulfone

Dog <0.008 <0.004 — ——
Rat 0.03 <0.03 — »
Rhesus monkey 1.36 0.11 0.11 ~O
Man 0.73 0.12 0.10 <0.03
Rabbi! 2.73 1.65 2.5 2.1

-— Not available.

compounds exceed the “threshold” molecular
Weight by approximately 200 daltons in the rat
but by approximately only 50 daltons in the rab-
bit.

The renal-to—biliary clearance ratios are of
similar magnitude in the rhesus monkey and
man, especially for sulindac and metabolites,
and are intermediate between those of the rat

and rabbit. Only minimal amounts of the sulfide
metabolite are excreted in urine.

Also, sulindac sulfide is an interesting exam—
ple of structural dependence: while it differs
from the parent drug and the sulfone metabolite
only in the oxidation state of the sulfur atom, its
clearance into bile (or urine) of man is marginal
compared to either sulindac or the sulfone me-
tabolite.

, Biliary Recycling

Following its secretion into bile, the drug is
stored in the gallbladder. When the gallbladder
contracts, the drug is released into the duode-
num and may then be metabolized, reabsorbed,
or excreted in feces. If reabsorbed back into the

portal circulation, it once again is subject to bili-
ary secretion in the liver and thus completes an
“enterohepatic cycle.” Biliary clearance is a
route of drug elimination from the body only to
the extent that drug is excreted in feces, bio-
transformed, or otherwise degraded in the intes—
tinal lumen (i.e., it undergoes irreversible clear-
ance). 1f drug is reabsorbed, the hepatoportal
system is simply an organ of drug distribution
(i e., reversible clearance). As indicated previ-
ously, compounds are often cleared in bile as
their conjugates. Commonly, these are hydro-
lyzed within the lumen by the gut flora liberat—
ing the original drug, which is then free to be
reabsorbed.

With the notable exception of the rat, all com-
mon laboratory animals and humans have a gall-
bladder. Contraction of the gallbladder occurs
only intermittently, usually in response to food
stimuli, so that considerable amounts of drug

may accumulate in the gallbladder. Since gall—
bladder emptying is sporadic, different amounts
of drug are released into the gut at uneven time
intervals. If the drug is reabsorbed, gallbladder
emptying serves as an additionallzsource of drug
input into the body. The overall inpiit function is
complex in that neither the amount nor the time
course of reabsorption is knoWn, and reabsorp—
tion may overlap with part of the dose being ab-
sorbed for the first time. Therefore, drugs that
are recycled tend to exhibit unusual pharmaco-
kinetic properties. The overall effect of entere-
hepatic recycling of drug is to delay its elimina-
tion from the body and to prolong its phar-
macologic effect.

The effect of recycling on drug elimination
may be described quantitatively; again, sulindac
is used to illustrate this point. The biliary clear—
ance, CLb, of sulindac and its sulfone and sul-
fide metabolites was studied in man by use of a
duodenal intubation technique70 and by direct
collection of bile through a surgically implanted
T-tube.71 Results of both techniques were simi-
lar, with CLb averaging about 200 ml/min for
both sulindac and the sulfone and about 14 ml/

min for the sulfide. The total amount of drug
secreted in bile, CLb - AUC... as a percentage of
the administered dose averaged 135% for sulin-
dac, 186% for the sulfone metabolite, and 16.2%
for the sulfide metabolite; the total biliary drug
flux was 336% of the administered dose. Thus,
on the average, a given dose of sulindac is recy-
cled approximately 3.4 times.

Drug recycling may appear as secondary re~
entry peaks in the plasma concentration profiles.
In patients who have fasted, these peaks are typ-
ically seen 8 to 12 hours after administration of
the dose coincident with gallbladder emptying
following resumption of eating with the evening
meal (Fig. 9-18). Figure 9-18 demonstrates that
a plasma half-life (t9 cannot be obtained in the
usual manner in that the terminal plasma con-
centrations do not decline logarithmically. The
degree of drug accumulation in plasma upon g
administration of multiple doses, however, is
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FIG. 9-18. Plasma concentration profile of sulindac (O)
and its sulfone (A) and sulfide (O) metabolites demon-
strates secondary re-entry peaks due to biliary recycling in
humans. ‘

remarkably consistent among studies.72 Thus, a
mean effective t; that is consistent with the ob-
served drug accumulation may be obtained
from:

cg“) = 1 — EXP(—.693nr/g)
69> 1 '— EXP(—.6937/t9)

 
(91)

where CS” and Cl“) are the average drug concen-
tration over the first and the nth dosage interval
of 7' hours. The mean effective t, for sulindac is
7.8 hours while that of its active sulfide metabo-

lite is 16.4 hours.73 Thus, after three days of
therapy, effective mean steady—state conditions
should prevail.

Capacity Limitations
Drug removal from the body may be excretory

or metabolic. Either route may be further com-
posed of multiple parallel pathways, each with
its own inherent capacity to remove the drug.
The overall elimination rate of the drug from the
body is the sum of these individual contribu-
tions. The Michaelis constants, Km, for most
elimination processes are large relative to the
concentrations of drug following therapeutic
doses, as was shown by equation (81). Hence,
the rate of drug elimination is usually propor-
tional to concentration; the proportionality con-
stant is the plasma clearance CL. Drugs that
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behave in this way are said to obey linear elimi-
nation kinetics. Occasionally encountered, how-
ever, are drug concentrations that may not be
insignificant relative to the Km for one or more
processes, whereby the elimination rate be—
comes disproportionate in relation to concentra-
tion, and increasingly so with increasing dose or
concentration. Drugs that behave nonlinearly
within the therapeutic range include salicylic
acid, phenytoin, theophylline, diflunisal, aceta-
minophen, and 5-flu0rouracil.

The dispositionof salicylic acid (SA) in hu-
mans is schematically depicted in Figure 9-19.
Levy and colw0rkers have shown that capacity
limitations exist in the formation of salicylurate
(SU).’4 Deviations from linear kinetics become
evident even after the administration of a single
aspirin tablet. With increasing dosage, the meta-
bolic pathway leading to the formation of salicyl
phenolic glucuronide (SPG) also becomes non-
linear. On the other hand, the renal excretion of
SA and biotransfonnation to salicyl acyl glucu—
ronide (SAC) and gentisic acid (GA) appear lin-
ear throughout the therapeutic range. There-
fore, the overall rate of salicylate elimination ‘
from the body can be represented by equation
(92), which is based on the one-compartment,
open model:

 

—v1d§t‘ = (CLgAG + CLgA + (3Lr

VrSnU V211“; )+ Kg,” + 01 + K§PG+ c1 C1 (92)

where C1, V1, and CLr refer to the plas,ma.con-
centration, the volume of distribution, and the
renal clearance of SA while CLEf‘G, CLfiA,

ovncnzcooa
Renal H0 COOH

Excretion ‘
su 0 HO

’ HOOC\© OH
H
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FIG. 9-19. Disposition of salicylic acid.
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V,S,,U/(K,§,U + cl), and vfnPG/(KgPG + c,) are the
metabolic clearances of SA leading to the forma-
tion of SAG, GA, SU, and SP6, respectively The
plasma clearance, CL, of SA is the sum of the
individual clearances, that is:

CL = CL?”AG + CLE’,A + CLr
VsU Vspc

+ @1773, +W <93)

Thus, the plasma clearance of SA depends on
concentration because of capacity limitations in
the formation of SU and SPG. Representative
model parameters are shown in ‘Table 9-2.
Plasma clearance decreases with increasing
concentrations of SA. Consequently, the overall
elimination rate of SA increases more slowly in
proportion to changes in concentration. On the
other hand, as elimination proceeds, C] de-
creases with time and eventually becomes insig-
nificant relative to Kg,” and Kim. Thereafter,
plasma clearance is independent of concentra-
tion; in other words:

CL _ CLSAG + CLGA + CL + ran_ + Vrsnpc“ m m 1‘ SL SPG
Km Km

(94)

when:

(C1 << 1(1an and C1 << KzSnPG)

such that the elimination rate is proportional to
C1 and behaves linearly.

The effect of capacity—limited elimination on
salicylate plasma levels can be illustrated as a
function of dose and of the dosage regimen. The
time course of change in C1 following a dose of
salicylate can be described by dividing both
sides of equation (92) by V1 and providing a drug

TABLE 9-2. Representative Model Constants for
Salicylic Acid74'75

Model Parameter Numerical Value

CL, 41.3 ml/h

CL§¢G 39.1 ml/h
C “A 12.7 mm

Vi” 60.3 mg/h

Ki,” ' 61.5 mg/L
V31”; 32.3 mg/h

KEG 114.4 mg/L
V1 5.5 L 

input rate (INPUT) to the body, namely:

dC 1
dt

 

= INPUT — (kSAG + kGA + kSA)C1

01 [ V31” Vii” ]Vl KfnU + C1 + K3,AG + C1 (95)

where kSAG, kGA, and kSA’aIe the first-order rate
constants for the formation of SAG, the forma-
tion of GA, and the renal excretion of SA, respec—
tively. In the ensuing discussion, the total drug
input equals DN1, although the rate of introduc-
tion may be fast or slow.

Figure 9—20 shows the simulated plasma con—
centrations of SA as a function of dose. Because

plasma clearance decreases with increasing con-
centration, total area under the plasma concen-
tration curve, AUCm, increases more rapidly in
proportion to dose (Fig. 9-21). Regardless of
dose, the terminal phases of plasma concentra-
tion profiles are log-linear with identical half-
lives The onset of the log—linear phase occurs at
the same plasma concentration but is dispropor-
tionately delayed with increasing doses (Fig:
9-22). Analogously, at identical closes, the faster
input rate produces a greater AUCm. Because
higher concentrations are achieved sooner, the
intensity and the duration of the nonlinear ef—
fects of elimination are both magnified.

300

240

180

120SalicylateConcentration(pg/ml)
60 

O 4 8 12 16 20 24

Time. (h)

FIG. 9-20. Simulated plasma concentrations of salicylic
acid as a function of dosage
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FIG. 9-2]. Disproportionate increase in AUCa following
increasing doses of salicylic acid (A). Curve B represents
the result if linear kinetics prevail.

The effects of capacity limitations in elimina-
tion on salicylate accumulation are shown in
Figure 9-23. At a given dosing frequency, higher
steady-state concentrations are achieved in pro—
portion to increases in dose. At a fixed total daily
dose, decreasing the dosing frequency increases
the mean plasma concentration at steady state.
The time required to achieve steady state in-
creases with increasing doses at a given fre-
quency or increasing frequency at a fixed dose.
Whereas AUCQ) equals AUCSS‘) when linear
kinetics prevail (see Fig. 9-14), the area under

1000

 
100

SolicyloieConc(pg/ml)
0 5 lo 15 20 25 30 35 40

Time (h)

FIG. 9-22. The effect ofdose on the onset of the log-linear
phase of the salicylate plasma profile.
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FIG. 9-23. Disproportionate increases in salicylate accu-
mulation with increasing doses. Key: lower curve = 1 tab—
let; middle curve = 2 tablets; upper curve = 3 tablets.

the salicylate plasma concentration‘curve over a
dosage interval at steady state always exceeds
the total area after a single dose, except in the
trivial case where there is no accumulation,

Finally, fractional contribution of individual
elimination pathways depends on dose. As each
pathway approaches saturation, its contribution
to total urinary excretion diminishes while those
of the remaining routes become relatively more
prominent. This effect is illustrated in Figure
9-24.

The nonlinearities exemplified by salicylate
kinetics apply to any drug whose elimination is
subject to capacity limitations.

Effects of Disease
The phannacokinetics of a drug may be mark-

edly altered in the presence of disease.76 As dis-
cussed earlier, the kidneys and the liver are the
major drug—eliminating organs in the body. Any
disease process that affects the functional integ-
rity of an eliminating organ or delivery of drug
thereto (cg, blood perfusion) may decrease the
rate at which the drug is cleared from the body.
In addition, a decline in organ function occurs
with advancing age. Cardiac output declines
with age and results in a reduced renal and
splanchnic blood flow. The effects of these and
other age—related physiologic changes on drug
pharmacoldnetics have been reviewed.77 ’A re-
duction in the usual recommended dose or a

change in dosage regimen may be required in
the diseased or elderly patient to avoid side ef-
fects due to excessive drug accumulation and
yet achieve the desired therapeutic response.
Immature renal and metabolic function must be
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FIG. 9-24. Effect of dosage on urinary excretion of sali-
cylic (mid and its metabolites.

considered as well when devising dosage regi-
mens for neonates.78

The effect of renal impairment on drug elimi-
nation depends on the fractional connibution of
the kidneys to the total drug clearance. In gen-
eral, if f, exceeds 0.3, a reduction in dosage is
warranted in the renally impaired patient. For
some compounds, the first-order rate constant
for renal excretion, k, (= frkm), is directly pro-
portional to the creatinine clearance, CL“, a
measure of renal function:

kr = aCLCr (96)

The effect on the overall drug elimination rate
constant km (= kr + km) is then given by:

km = aCLcr + km (97)

where km. is the first-order rate constant of extra-
renal elimination, i.e., (1 - fr)k]o.

For these drugs, a plot of km versus CLC,
should be a straight line with slope a and inter-
cept km. As an example, Table 9-3 presents data
relating CLEr to plasma t, of amiloride in renally
impaired patients.80 For a one-compartment
model drug, km = 0.693/t4. The plot of km ver-
sus CL“ is linear (Fig. 9-25). Since amilon'de is
not metabolized and is cleared from the body
exclusively by the kidneys, the intercept km is
zero. The predicted ti in subjects with normal
renal function, where CLcr is nominally 120 mll
min, is 6.3 hours, which is in excellent agree-
ment with the value of 6 hours reported for
healthy subjects.” All three observations sup-
port the application of equation (97) in the indi-
vidualized dosage adjustment for the renally
impaired patient. Thus, on the basis of a meas-
ured CL“, the patient’s predicted km can be read
from Figure 9-25 and substituted into equation
(73) to determine how the dose or dosage fre-
quency should be changed from the normal regi-
men to maintain the same mean plasma concen—
tration at steady state.

For drugs with a narrow therapeutic margin,
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FIG. 9-25. Relationship between km and t; of amiloride
and creatinine clearance in patients with varying degrees
of renal insufficiency (O). The mean in healthy subjects is

als‘é)0 represented (0). (Data from George79 and Weiss etal. )

TABLE 9-3. Plasma Half-Life of Amiloride in 'Renally Impaired Patients79

Patient - Plasma Half-Life (h)

3 7.5
'2 21.4
5 43.8
1 102.5
4 143.5

Creatinine Clearance (ml/min)

97
46
17
6
5 
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or when km at low CLcr cannot otherwise be
measured, a first approximation of the relation—
ship between km and CLcr can be obtained by
linear interpolation between the extremes
(CLor = 0 or 120 ml/min), with fr and km in
healthy subjects being the only known values
(knr = (1 — f,)km). This method has been suc-
cessful in predicting the elimination rate con-
stants for a number of antibiotics in severely
uremic patients."31

Implicit in equation (97), or its equivalent
expressed in terms of clearances, is that volume
of distribution and nonrenal elimination are

constant and independent of renal function. Bio—
transfonnation and tissue or plasma protein
binding of a drug, however, may be altered in
the ure'mic state, and dosage adjustment is thus
more complex.

In contrast to renal impairment, the effect of
hepatic dysfunction on drug elimination is not
well defined. This lack of definition is not sur—

prising, considering the host of diseases that af-
fect blood flow, drug-metabolizing enzymes, and
biliary secretion, all of which may be involved in
drug clearance by the liver.76 Generalizations,
however, can be made based on equation (82),
that is:

fuCI-‘int
at + team] (98)CL]. = abs = Qh[

Diseases that cause alterations in hepatic
blood flow, protein binding, and intrinsic clear—
ance have an effect on hepatic drug elimination.
Drugs that are highly extracted (E —> 1) by the
liver are particularly sensitive to change in he-
patic blood flow (Qh). In other words, equation
(98) reduces to equation (83), namely, CLh ~
Qh. For example, because of a reduced cardiac
output, the overall CL of lidocaine (E = 0.7) in»
patients with heart failure is 60% of that in
healthy subjects.82 In diseases in which sub-

'stantial destruction of hepatic tissues occurs,
drugs normally considered to be highly extracted
by the liver may require reclassification in that
hepatic clearance would no longer depend solely
on blood flow.

At the opposite extreme, drugs whose hepatic
extraction ratio is low (E < 0.2) are insensitive
to changes in blood flow. Their hepatic clear-
ance is affected by drug binding to proteins and
intrinsic metabolic activity. In other words,
equation (98) reduces to equation (84), namely,
CL}, ~ fuCLim. Tolbutamide, a low extraction
drug cleared almost entirely by hepatic metabo-
lism (CL ~ CLh), is an interesting example of
this type of dependence.83 During the acute
phase of viral hepatitis, CL for tolbutamide is
increased, volume of distribution is unchanged,
and plasma a is decreased (Table 9-4). However,
the fraction of the drug unbound in plasma (fu)
was higher during the active phase of the dis-
ease and the intrinsic clearance of unbound

drug (CLim) was similar during and after recov-
ery from the disease (Table 9-4). Since pharma-
cologic activity is related to free drug concentra-
tion, no change in dosage is indicated in this
case, even though half-life was shorter and
plasma concentrations were lower for total drug.

Binding may be altered because of changes in
protein composition, concentration, and confor-
mation. For example, changes in binding affin-
ity have been shown to occur with changes in
pH in patients with uremia and cirrhosis of the
liver. Dehydration and hypoproteinemia would
have opposing effects on protein concentration,
and therefore on the free fraction, fu. Concentra-
tions of al-acid glycoprotein rise dramatically
under stress, which is likely to affect the binding
of basic drugs. The effect of binding is especially
critical for drugs that are highly bound, because
a small change in the fraction bound represents
a major change in the fraction unbound. Thus, a
change from 99% to 98% bound represents a
two-fold increase in fu.

TABLE 9-4. Mean Pharmacokinetic Parameters for Tolbutamide in Five Subjects During and After
Recovery from Acute Viral Hepatitis

During

Volume of distribution (L/kg)
Plasma drug clearance (ml/h/kg)
Half-life (h)
Free fraction in plasma (%)
Clearance of unbound drug (ml/h/kg) 300

Adapted from Williams et 31.83
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After Change

0.15 0.15 none
18 increased

4.0 59 decreased
8.7 6.8 - increased

260 none 
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Factors Affecting Drug

Absorption
In general, drug absorption from dermal, vagi-

nal, rectal, parenteral, or gastrointestinal absorp—
tion sites into the systemic circulation occurs by
a passive diffusion across biologic membranes.
These membranes fonn lipoidal barriers that
separate the body’s interior from its exterior en-
vironment. The rate of diffusive movement, dA/
dt, across a homogeneous membrane is gov—
erned by Fick’s law, that is:

dA ‘ dC
‘at— — DCPCSa— (99)

where DC is the diffusion coefficient of the drug
through the membrane, Pc is the' partition coeffi—
cient between the membrane and the donor

medium containing the drug, S is the membrane
surface area, dC is the concentration differential
across the membrane, and dX is the membrane
thickness. In actual practice, concentrations on
the receptor side of the membrane are low be-
cause of continuous blood flow. Thus, when the
concentration on the donor side is relatively
high, equation (99) reduces to:

E = PmSCdt (100)

where C is the drug concentration at the absorp-
tion site, and Pm is the permeability constant
defined by:

DCPc
Pm: dX

 

(101)

For solid dosage forms, drug concentration at
the absorption site is a function of the dissolu—
tion rate .of the drug in the medium at that site.
The dissolution is given by the Noyes-Whitney
equation:

10. z 13:8
(it h

 

(Cs — C) (102)

where C is the concentration at time t, Dc' is the
diffusion coefficient of drug in the medium, S is
the surface area of drug particles, h is the thick-
ness of the diffusion layer surrounding the parti-
cles, and C5 is the solubility of the drug in the
diffusion layer.

Physical Factors

Solubility

Drug absorption requires that molecules be in
solution at the absorption site. Dissolution of
solid dosage forms in gastrointestinal fluids is a
prerequisite to the delivery of a drug to the sys-
temic circulation following oral administration.
Dissolution depends in part on the solubility of
the drug substance in the surrounding medium.
Polar solutes are more soluble in water than in

organic phases, while the reverse is true for non—
polar solutes, Ionized species have a greater
aqueous solubility than their un-ionized count-
erparts. The total solubility of acids or bases in

aqueous medium is therefore pH-dependent.
For drugs absorbed by passive diffusion, those
exhibiting low aqueous solubility tend to have a
slower oral absorption rate than those exhibiting
high aqueous solubility.

For drugs intended for topical application
(e.g., vaginal, rectal, dermal), the solubility of
the drug in the vehicle is important. For a given
vehicle, the highest driving force for absorption
is obtained when the drug concentration in the
vehicle equals its solubility. Concentrations
below saturation decrease the absorption effi-
ciency, while concentrations exceeding‘drug sol-
ubility serve as reservoirs to maintain a satu-
rated solution.

Particle Size

Surface area of drug particles is another pa-
rameter that influences drug dissolution, and in
turn, drug absorption. Particle size is a determi-
nant of surface area. Small particles with greater
surface area dissolve more rapidly than larger
particles, even though both have the same in-
trinsic solubility. Particle size appears to have
little influence on the absorption of drugs with
high aqueous solubility, but it may have a pro—
nounced effect on the absorption of drugs with
low aqueous solubility. The absorption of griseo—
fulvin, a neutral compound with low aqueous
solubility (15 rig/ml), is poor and erratic. In-
creasing particle surface area through

micronization markedly im4proves absorption, as
illustrated in Figure 9-268 Further reduction of
particle size by formation of fine solid disper—
sions in polyethylene glycols results in an ap-
proximate doubling of absorption efficiency,
compared with conventionally micronized for-
mulations.
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FIG. 9-26. Effect of specific surface area on the absorp-
tion of gn'seofitlvin in humans.

Crystal Form

Polymorphs are crystal forms caused by differ-
ences in the packing and orientation of. mole-
cules under different crystallizing conditions.
The physicochemical properties of these crystal
forms (e.g., density, solubility, melting point)
are influenced by the intermolecular forces pres-
ent. For example, polymorphs with weak attrac—
tive forces (thus, in a high energy state) exhibit
greater solubility than those with strong attrac-
tive forces. Hence, differences in dissolution
and absorption rates between polymorphs of a
given compound may also be observed. The rate
of absorption of chloramphenicol appears to be
directly related to the solubility of the different
crystal forms of its palmitate ester.’35 When dif—
ferences in crystal energy are small, effects of
polymorphism on absorption may not be ob—
served. Three polymorphs of chlorpropamide
have been shown to yield comparable serum
drug concentrations.86

Dissociation Constant

The un—ionized species of acidic or basic com-
pounds in solution penetrates lipoidal mem-
branes. of » the gastrointestinal tract more effi-
ciently than the ionized species. The rate of
gastrointestinal absorption of a drug, therefore,
is directly related to the concentration of its un-
ionized species at the absorption site, which is a
function of the pKa of the compound and pH of
the environment. The pH of the gastrointestinal
tract ranges from approximately 1.2 to 3.5 in the
stomach, to 5.0 to 6.0 in the duodenum, to 6.5 to
8.0 in the jejunum and large intestine. Over the
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pH range 1 to 8, the un—ionized fraction changes
dramatically for acids with pKa values between
2.5 and 7.5 (decreasing with increasing pH) and
for bases with pKavalues between 5 and ll. For
these compounds, pH-dependent absorption is
expected. Weak acids with pKa values greater
than 7.5 and bases with pKa values less than 5
have pH-independent absorption.87 In general,
drugs with pKa values from 5 to 7 are more read-
ily absorbed than acidic drugs with high pKa val— ,
ues. Amphoteric compounds manifest the least
absorption difficulties when they are presented
as zwitterions, while neutral compounds do not
exhibit pH-dependent absorption.

Chemical Factors

Lipophz'lz‘cz'ty

Biologic membranes, being lipoidal in nature,
are usually more permeable to lipid soluble sub-
stances. Transport across these membranes
therefore depends, in part, on the lipid solubility
of the diffusing species. Lipid solubility of a drug
is determined by the presence of nonpolar
groups in the structure of the drug molecule as
well as by ionizable groups that are affected by
local pH. The un-ionized drug species exhibits a
greater lipid solubility than the ionized species.
The relative lipophilic to hydrophilic properties
of the entire molecule, described by the partition
coefficient, determine whethertrthe molecule
readily undergoes passive diffusion across the
gastrointestinal or other biologic membranes. In
general, the lipid/water partition coefficient of a
molecule is a useful index of its propensity to be
absorbed by passive diffusion. A high lipid solu-
bility, however, does not necessarily favor ab-
sorption unless the water solubility is relatively
low so that the drugis not “trapped” in the aque—
ous phase. On the other hand, when the water
solubility is too low, a significant concentration
cannot be achieved at the membrane surface,
and absorption may be inefficient despite a fa-
vorable partition coefficient.

The absorption of a drug may often be en- x
hanced through appropriate structural modifica—
tions that serve to alter the relative lipophilicity/
hydrophilicity of the compound, e.g., esterifica—
tion of a water-soluble acid. Another approach to
enhanced absorption of compounds with poor
lipid solubility is that of inclusion of adjuvants in
the dosage form, which rather than altering the
lipid solubility of the drug in question, possibly
enhance absorption by altering the permeability
of the absorbing membrane. For example, salicy-
late may interact with calcium or magnesium
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ions in the rectal membrane and thus facilitate

rectal absorption of theophylline.88

Stability

Chemical integrity must be maintained until
‘ the compound is delivered to its intended site of

absorption or application. Obviously, chemical
instability in the dosage form, or instability prior
to transport across the initial biologic barrier,
invariably affects bioavailability.

Salt formation is a chemical modification that

usually enhances aqueous solubility; however,
aqueous solubility per se may not be the sole de-
terminant of bioavailability. For example, salts
of weak acids may precipitate on initial contact
with the gastric environment following oral
administration. Hence, dissolution of the precip-
itate is a prerequisite to absorption. In a static
situation, the concentration and the partition
characteristics of the drug at the pH of the mu?
cosal surface where absorption occurs can be
independently studied. The dynamics of trans-
port along the gastrointestinal tract and across

the gastrointestinal membranes, however, aresuc "that the effect of salt formation on the bioa-

vailability of the sample drug is usually unpre-
dictable. The observed effect is a function of the

dissolution rate of the salt or its precipitate, gas-
tric pH, gastric emptying time, intestinal motil-
ity, pKa of the drug, and so on.

Chemical instability is often a function of pH.
Compounds that are highly labile in the neutral
range are seldom useful as drugs. Whereas in-
stability in the alkaline range is seldom encoun—
tered under physiologic conditions, stability in
acid is a concern, particularly for drugs intended
for oral administration. For example, gastric in-
stability of penicillin G is a major factor in its
poor and erratic bicavailability following oral
administrationThis problem led to the synthe-
sis of the acid—resistant phenoxyalkylpenicillins,
of which penicillin V is a member.

Prodrug formation is commonly used to en—
hance absorption of a drug by chemical modifi-
cation. An ideal prodrug is one that is quantitar
tively absorbed and biotransformed to the parent
drug during its transport to the site of action
(cg, systemic circulation, brain, epidermis).
Prior 'chemical degradation, including the for-
mation of the active moiety, adversely affects
bioavailability.

Metabolic Factors

In addition to the physical and chemical fac—
tors that may affect drug absorption are meta-
bolic factors. Drugs may be exposed to presys—

temic biotransfomation when administered by
a nonintravascular route.

Gastrointestinal Tract

Presystemic elimination of drugs occurs most
often following oral administration. Biotransfor—
mation can occur in the gut lumen, the gut wall,
or the liver. Drug metabolizing enzymes that are
found in the upper intestine probably originate
in secretions of Paneth’s cells, or from cells shed
into the lumen from the mucosa] lining. Such
enzymes have been implicated in the hydrolysis
of phthalate esters and pivampicillin. These en—
zymes are inactivated by gut flora in the lower
bowel.89

The intestinal flora represent a highly diverse
and relatively potent source of drug metabolic
activity. At least 400 different species of bacteria
are present in the human intestinal tract. These
bacteria are mostly anaerobes involved in reduc-
tive reactions. Drugs containing nitro-groups

. may be reduced to amines, which can be toxic.
Sulfa drugs, lactulose, and some cathartics may
be activated by these bacteria. These reactions
may be complementary to metabolism occurring
subsequently in the gut wall or liver, but they
may also be regenerative (e.g., hydrolysis of glu-
curonide, sulfate or acylamide metabolites ex-
creted in the bile).90 Diet, disease, and drugs
contribute to differences in the number, type,
and location of these bacteria. Since most are

restricted to the lower bowel, the potential for
bacterial degradation is geatest for drugs ad-
ministered rectally. Drugs that are rapidly ab-
sorbed following oral ingestion may not be ex-
posed to bacteria in the lower intestine. On the
other hand, bio-inactivation by gut flora may
further decrease the bioavailability of com-
pounds that are not efficiently absorbed in the
upper tract.89

The metabolism of a drug during transit
through the gut wall also influences bioavailabil-
ity. Drug-metabolizing enzymes are known to be
located in the endoplasmic reticulum, mitochon-
dria (monoamine oxidase), and cytosol (N—ace-
tyltransferase). Some enzymes such as phenol
and estrone sulfokinases exist throughout the
gastrointestinal tract, while others may be more
localized in the jejunal mucosa (steroid alcohol
sulfoldnase). These enzyme systems fall into
two categories: (1) those that catalyze such
preconjugation reactions as C-oxidation, hy-
droxylation, dealkylation, N- and S—oxidation,
reduction, and hydrolysis and (2) conjugative or
synthetic reactions. Since many of these reac-
tions may also occur in the liver, it is usually
difficult to quantify the relative contribution of
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either site to the overall metabolic scheme of a

drug. It can be said, however, that preconjugat-
ive reactions that depend upon cytochromes
P450 or P448 are quantitatively unimportant in
the gut wall, where synthetic reactions such as
O-sulfation are more highly developed. Al-
though the pylorus, duodenum, and jejunum
have the greatest metabolic activity, biotransfor-
mation can occur throughout the alimentary
tract from the buccal mucosa to the rectum.

Metabolism is a major source of variation in bio-
availability and therapeutic response.91'92

Physiologic changes in the gastrointestinal
tract, other drugs, diet, or disease may alter
drug-metabolizing enzyme activity in the gut
wall. Monoamine oxidase activity is affected by
thyroid activity, systemic progesterone levels,
and iron deficiency.“ At the mucosal level, in-
duction of preconjugative reactions are usually
unimportant, but drug competition for conjuga-
tion or enzyme inhibition is clinically relevant.
Sulfation depends on the systemic supply of in-
organic sulfate that can be depleted by such
drugs as salicylarnide. Interactions between
sympathomimetics, which are sulfated, and
other drugs similarly metabolized are potentially
dangerous. A classic example of enzyme inhibi-
tion involves tyramine, which is normally deam-
inated in the gut wall by monoamine oxidase.
Antidepressant monoamine oxidase inhibitors
(e.g., iproniazid, isocarboxazid, nialamide, phen—
elzine) block this metabolic pathway and thus
expose patients to severe hypertensive crisis fol—
lowing ingestion of tyrarnine—rich foods.93

Foodstuffs are known to contain several com-

pounds that may induce microsomal drug oxida—
tion in the gut wall. Some plant indoles and poly-
cyclic aromatic hydrocarbons produced in meat
cooked over charcoal have been implicated in
the enhanced metabolism of ethoxycoumarin
and phenacetin by O-deethylation.92

Although little is known about the effect of
disease on the metabolic activity of the gut wall,
celiac disease has been shown to reduce the con-

jugation of ethinyl estradiol but to increase the
sulfation of methyldopa.91

Liver

The most important site of presystemic drug
metabolism is the liver. The liver receives its

blood supply from the hepatic artery and the
hepatic portal vein. Approximately 75% of the
hepatic blood flow stems from the portal vein,
which drains all but the lowest 10 cm and the
uppermost 55 cm of the gastrointestinal tract.
Hence, drugs absorbed from the intestinal tract
and the upper portions of the rectum must pass
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through the liver before reaching the systemic
circulation. Drugs absorbed from the intestinal
tract into the lymphatic‘éystem may bypass the
liver. . , . ' I

The types of metabolic reactions encountered
in the liver are similar to those occurring in the
gut wall. Unlike the gut wall, mixed function
oxidases have a major role in preconjugative
reactions in the liver, where glucuronidation is
the most prevalent conjugative or synthetic re-
action. A drug or its metabolites may undergo
one or more of these reactions to form products
having different pharmacologic activity. The net -
effect of first-pass hepatic metabolism of a drug
is to reduce its bioavailability. Examples of drugs
that undergo significant first—pass hepatic me-
tabolism include antiar'rhythmics (e.g., lidocaine
and verapamil), ,B-blockers (e.g., propranolol and
metoprolol), centrally acting analgesics (e.g.,
propoxyphene and pentazocine), and antide-
pressants (e.g., imipramine and amitripty—
line)?4 More comprehensive review of this sub-
ject may be found in the literaturegs’g7

Lungs

Since drug absorption following most routes of
administration (oral, rectal, inhalation, intra-
muscular, buccal, transdermal, subcutaneous)
places a drug in the venous side of the systemic
circulation, the agent must pass through the
lungs before reaching the arterial portion of the
system. Drugs exposed to metabolic activity at
the site of application, during the absorption
process, or upon first pass through the liver risk
further biotransformation upon entry into the
lungs. The extensive capillxy network in the
lungs exposes the blood to an endothelial sur-
face area of roughly 70 to 125 m2. Large num-
bers of pinocytotic vesicles containing drug-me-
tabolizing enzymes are found in lung tissues.
On a mass basis, the lungs represent a smaller
organ and contain proportionately more fibrous
tissue than the liver. Blood flow to the lungs,
however, is approximately three times that to
the liver. Thus, while the intrinsic clearance of
the lungs is normally smaller than that of the
liver, total clearance by the lungs may be signifi-
cant because Of blood flow.98

The lungs have been implicated in the metab-
olism of a number of compounds. For example,
benzphetamine, aminopyrine, ethylmorphine,
and imipramine undergo demethylation, while _
ethoxycoumarin and coumarin‘ undergo O—
deethylation and aromatic hydroxylation, re-
spectively. Reductive reactions in the lungs are
not well understood, but dehydrogenation of ste-
roids has been reported. The reduction of nitro
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groups to the corresponding amines is operative
and is applicable for chloramphenicol. Hydro-
lytic enzymes are numerous in the lungs and
play an important role in the metabolism of en-
dogenous compounds. Their role in the metabo-
lism of xenobiotics, however, is not well under—
stood. The major conjugative enzyme systems
detected in the lungs are glutathione S-transfer-
ase, UDP glucuronyltransferase, sulfotransfer-
ase, and N-acetyltransferase, with glutathione
conjugation being most important.99

Other Tissues

Little is known about the presystemic metabo-
lism of drugs that are administered intramuscu-
larly, subcutaneously, nasally, or dermally; how-
ever. many of the enzymes identified in the
liver, gut Wall, or lungs may be present at these
sites of application as well and could contribute
to the presystemic elimination of agents so ad—
ministered. The metabolic potential of the skin
has been extensively evaluated.‘°°’1°1 The skin
contains many of the same enzymes found in
the liver and is capable of oxidative, reductive,
hydrolytic, and conjugative—type reactions. Most
of the enzyme activity appears to be localized in
the epidermal layer, which constitutes only
about 3% of the total skin. While enzyme activ—
ity in whole-skin homogenates is low compared
to the liver, if the enzymes are concentrated in
the epidermal layer, activities are actually close
to those of liver enzymes. Such activity may re—
sult in first-pass metabolism (during absorption)
of topically applied drugs that are intended for
systemic action.

Physiologic Factors
The physiologic conditions at the site of drug

application. the residence time of the drug at the
site, and shunting through body fluids also in-
fluence drug entry into the systemic circulation.

Site of Application

The large effective surface area of the gastro-
intestinal tract exerts a great influence on the
absorption of orally administered drugs. The
gastrointestinal mucosal surface is a mass of

folded tissue covered by projections of columnar
epithelial cells called villi and microvilli. These

structures increase the effective surface area of
the intestinal tract GOO—fold over its simple tube-
like appearance. Surface area decreases in a dis-
tal direction, suggesting that passive drug ab-
sorption is less efficient as the drug migrates
toward the colon. Active transport processes,
more prevalent in the ileum than in the upper

small intestine, may compensate for the de-
crease in passive absorption. .

The buccal cavity is richly supplied with capil—
laries. Venous return bypasses the liver. Many of
the chemical and metabolic processes encoun-
tered with oral administration are avoided when

drugs are administered by the buccal route.
The rectal cavity has a surface area of 200 to

400 cm2. In general, drugs absorbed in the lower
region of the rectum enter directly into the sys-
~temic circulation. Those absorbed in the upper
region pass through the liver first. Anastomoses

among the rectal veins complicate this pic-ture.1 2
The nasal mucosa represents a site of drug

application that has absorption characteristics
similar to those of intramuscular administration.

An ample blood supply, neutral pH, and low en—
zymatic activity contribute to these characteris-
tics.103 If other than local effects are intended,
drug potency is of prime concern since main-
taining relatively large amounts of drug at the
absorption site is difficult.

Until recently, dermal application of drugs
- was intended for local effects only. As transport

of substances through skin is better understood,
however, lipophilic drugs that are reasonably
potent are being incorporated into transdennal
dosage forms with the intent of establishing
therapeutic blood levels of drug. Since skin on
various portions of the body has been shown to
have different permeability characteristics for a
given drug, selection of a site of application is
important. The rate of penetration depends on
diffusion of drug in the vehicle to the skin sur-
face, surface pH considerations, and diffusion
through the stratum corneum and supportive
tissues. Drug may also move along hair follicles,
sweat glands, sebaceous glands, or aqueous
channelsl‘m'105

Bioavailability is usually good following intra-
muscular and subcutaneous drug administra-
tion. A large muscle mass is most often chosen
for intramuscular injection. Muscle is richly
supplied with blood, and absorption of drug is
efficient. Though usually not a problem, the po-
tential for metabolism at these injection sites
exists. On the other hand, blood flow is more
restricted in subcutaneous tissue; therefore,
absorption from a subcutaneous injection is
likely to be sustained.

Residence Time

The time for which a drug remains at its site
of absorption may affect its bioavailability. The
effect is minimal with intramuscular or subcuta-

neous injection, or with dermal application,
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since the drug is confined to the site of applica-
tion. Drug may be available for absorption from
these sites for a protracted period. Because of
leakage, swallowing, or expectoration, absorp-
tion following the intranasal and buccal admin—
istration may be more variable and less com—
plete.

Drugs taken orally enter the stomach, where
gastric emptying regulates movement into the
intestinal tract. Once drug has moved into the
small intestine, transit should proceed unim-
peded until drug reaches the colon. The mouth-
to-ce'cum transit time in healthy humans has
been shown to be as short as 1.5 to 3.5 hours.106
Hence, within 3 hours of ingestion, drug may
enter the large intestine, where absorption may
be inherently less efficient or impeded by the
presence of fecal material. Depending on the
dosage form and the presence of food, however,
the stomach and ‘smalllintestine may not be
completely clear of drug for up to 5 and 20 hours
respectively.”7 The physicochemical nature of
the drug, the type of formulation, and the sites of
absorption along the gastrointestinal tract will.
determine the effect of delayed gastric emptying
or decreased intestinal motility on drug bioavail-
ability.

With regard to rectal drug administration, res-
idence time in the rectal cavity is governed by
leakage, defecation, or upward migration of the
drug into the lower bowel. The first two factors
would reduce or terminate drug absorption,
while the latter would increase drug exposure to
first-pass metabolism in the liver.

Shunting and Recycling

The plasma concentration profile of a drug
may be altered by shunting, a process that may
occur following drug administration. Shunting
refers to the entry of a drug into a body fluid
(other than blood) before or after entry into the
systemic circulation. Depending on the route of
administration and the efficiency of the shunt-
ing process, the drug might conceivably never
appear systemically. Usually, however, the drug
is recycled, through absorption or mixing, into
the systemic circulation. One example of shunt-
ing involves secretion of the drug from blood
into the parotid or submaxillary fluids.

The liver may also secrete the drug from blood
into bile. Bile is then stored in the gallbladder,
which empties periodically, albeit irregularly,
into the small intestine. Drug may then be reab-
sorbed, and the process recurs. A notable exam—
ple of this is the drug indomethacin, for which it
has been estimated that 50 to 60% of a dose
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administered orally, rectally, or intravenously
may be recycled through the bile.108 ,

Finally, the lymphatic system is a pathway
through which the drug, having been absorbed
gastrointestinally or parenterally, may be
shunted, only to reappear later in the systemic
circulation. Nearly all tissues of the body have
lymphatic channels that drain excess fluid di-
rectly from the interstitial spaces. The lymphatic
system is a major pathway for absorption of fatty
substances from the gastrointestinal tract. About
one tenth of the fluid filtering from arterial capil-
laries enters the terminal lymphatic capillaries.
This shunt is particularly important for sub—
stances with high molecular weight because
lymphatic capillaries are much more permeable
than venous capillaries. Lymph generated in the
lower half of— the body, and in the left half of the
upper body,'event_ually re-enters the systemic
circulation at the juncture of the left internal
jugular and subclavian veins, whereas lymph
from the right half of the upper body re-enters
contralaterally. The flow of lym h is slow com-
pared to blood flow dynamics.10 Hence, the ini-
tial effect of drug shunting through the lymphat-
ics is a reduction of drug concentrations in
blood, followed later by a sustaining effect.

Product Development
Pharmacokinetic and biopharmaceutic con-

cepts and techniques are used routinely
throughout the life cycle of a drug. in the drug
discovery phase, absorption, first-pass metabo-
lism, active metabolites, and plasma half-lives
are common criteria in the selection of candi—

dates for safety assessment. in the post—market-
ing phase, pharmacokinetic bases for important
clinical drug-drug interactions may be sought,
while interchangeability among multisource
drug products may be evaluated on the basis of
their relative bioavailability. The remainder of
this chapter pertains to the application of phar-
macokinetics and biopharmaceutics in the prod-
uct development phase, with particular empha-
sis on dosage form design and evaluation.

Preclinical Information

Pharmacology and Toxicology
When a drug candidate begins to undergo

safety assessment, much is already known about
its biochemical, pharmacologic, and/or anti-in—
fective properties in vitro and in animals. Differ-
ences in potency between routes of administra—
tion provide initial clues on drug absorption and

«disposition. As a point of reference, data follow—

Page 236



Page 237

ing the intravascular administration of the drug
are preferred. Data from other parenteral routes,
however (e.g., intramuscular, subcutaneous, or
intraperitoneal), may suffice if experimental
]jmitations exist (e.g., drug solubility). Similar
EDSO values following parenteral and other
routes suggest comparable bioavailability. A
higher EDSO following oral administration may
indicate poor absorption or the presence of lumi-
nal, gut wall, or hepatic inactivation. A lower
EDSO following a nonintravascular route may
indicate the presystemic formation of active
metabolites.

Similar clues can be derived from toxicologic
studies in animals. Comparative LDSO values in
the assessment of acute toxicity may be used in
the same manner as EDSO data. Dosages needed
to induce lethality, however, may be such that
capacity limits in absorption, protein binding,
and biotransforrnation are approached or ex-
ceeded. For example, the fraction that is bio—
available may initially increase with dose be-
cause of saturation in first-pass metabolism and
may subsequently decrease because of satura—
tion in transport.

Changes in apparent potency or toxicity on
repeated administration of drug by the same
route suggest drug accumulation, enzymatic
induction, or inhibition. Support may be found
in results of studies on the effect of drug on
hexobarbitol sleeping time or specific enzymatic
systems in Vitro. Specific disposition studies can
be designed to evaluate drug or metabolite accu-
mulation.

In the course of pharmacolog'c and toxicologic
testing, the process and scale by which the com-
pound is synthesized evolves continually. These
tasks often involve different formulations as

well. Since these differences are known, signifi-
cant changes in physicochemical properties can
be directly studied for their effect on absorption.
The relative importance of process and formula-
tion variables to the bioavailability of the test
compound can be deduced from a systematic
examination of changes in indices of activity
and toxicity over time.

Biotmnsfonnatimz

Before a drug candidate is- tested in humans,
information on its disposition in several species
of laboratory animals is usually available. A thor-
ough knowledge of these preclinical data is nec-
essary for the rational design ofpharmacokinetic
and bioavailability studies in humans. Typically,
studies are performed in several species wherein
radiolabeled drug is administered both intrave-
nously and orally; urine, feces, blood, and possi-

bly expired air are sampled and assayed
radiometrically. Accountability of the adminis—
tered dose (i.e., mass balance) in the excreta is
determined, as is the profile of radioactivity in
blood or plasma. Incomplete absorption or the
presence of significant biliary excretion of the
drug may be detected.

If such studies are coupled with a sensitive
analytic method specific for unchanged drug,
valuable information may also be obtained on
oral bioavailability, first-pass metabolism, meta»
bolic profile, routes of elimination of unchanged
drug, plasma and renal drug clearances, and
half-lives. Principal metabolites may also be iso-
lated and identified. For compounds with a clear
and measurable pharmacologic endpoint (e.g.,
diuretic/saluretic agents), concomitant meas-
urements of pharmacologic responses in animal
disposition studies may reveal correlations with
drug concentration data and provide evidence
for the presence of active metabolite(s). When
metabolites contribute to the pharmacologic or
toxicologic profile of the drug, sensitive and spe—
cific analytic methods must be developed for
them prior to initiation of wide—scale clinical
studies. Multiple—dose studies in animals to as—
sess the degree of accumulation of drug and ac-
tive metabolite, as well as the possibility of enzy-
matic induction or inhibition of the bioactivation

process, may also be useful.
In general, drug disposition data in animals

cannot be directly extrapolated to man. Species
differences in metabolic pattern have been the
subject of extensive investigation.110 While
routes of drug metabolism are often similar in
laboratory animals and man, metabolic rates fre-
quently differ.“0 In some cases, these quantita-
tive differences among species can be reconciled
on the basis of their intrinsic metabolic clear—

ances.111 Hence, animal disposition data provide
the basis to design initial disposition studies in
humans.

The following examples illustrate the applica—
tion of preclinical metabolism data to product
development.

Methyldopa. Methyldopa is an antihyper-
tensive agent that is variably and incompletely
absorbed from the- gastrointestinal tract of man.
A number of methyldopa esters were tested in
the spontaneously hypertensive rat model to
identify derivatives that had improved absorp-
tion characteristics and that were readily hydro-
lyzed to methyldopa in vivo.112 Two compounds
having a longer duration of action and an appar-
ent antihypertensive potency approximately
three times that of methyldopa were selected for
further study: the pivaloyloxyethyl (POE) and
succinimidoethyl (SIE) esters of methyldopa.
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TABLE 9-5. Disposition of Radioactivity after Oral Administration of Labeled Methyldopa or its Ester
Progenitors

Radioactivity Recovered
(% Dose) % Urinary Radioactivity

Compound Conjugated
Species Given" Urine Feces Methyldopa Methyldopa

Rat SIE 77 12 51 —
POE 61 33 65 —-

Methyldopa 29 71 —— —
Human SIE 70.7 8.5 4.2 24.9

POE 69.2 8.9 22.5 18.7

“Oral doses in terms of methyldopa equivalents were 40 mg/kg in rats and ~lOO mg in man.
— Not measured.

Adapted from Vickers et all”

When radiolabeled doses of either ester were

administered orally to rats,113 improved absorp-
tion characteristics were demonstrated: more of
the label was excreted in urine and less in feces

than after a comparable dose of methyldOpa
(Table 9-5); over half of the urinary radioactivity
after either ester was due to methyldopa. A simi-
lar excretion pattern of radioactivity was ob-
served”3 when the labeled esters were adminis-
tered to humans (Table 9-5). .

Since ~40% of a labeled oral dose of methyl-
dopa is excreted in urine, and the remainder is
recovered in feces as unchanged drug,““*115
higher absorption of the esters from the gastro-
intestinal tract is indicated. Based on urinary
recoveries of methyldopa, however, the bioavail—
ability of methyldopa from the SIE ester is con—
siderably lower than that from the POE ester
(Table 9-5), or even from oral methyldopa.114 A
six-fold higher ratio of conjugated to free meth—
yldopa in urine after the SIE ester compared to
the POE ester suggests that the lower bioavaila-
bility is related to a greater first-pass conjugation
after the SIE ester.

The POE ester labeled with 3H in the methyl-
dopa moiety or 14C in the pivalic acid moiety was
given orally to rats, dogs, and rhesus monkeys at
doses of up to 300 mg/kg.“3 Profiles offl3H and
14C in the portal circulation differed, and‘negli-
gible amounts of the intact ester were present in
the portal plasma. When added to rat, dog, or
human plasma, the ester is rapidly hydro-
lyzed.113 These results indicate that the ester is
hydrolyzed in thegut wall during the absorption
process and that the active therapeutic moiety,
methyldopa, is delivered to the portal circula-
tion. Intact ester that may survive gut wall me-
tabolism is subject to rapid hydrolysis by plasma
esterases in the portal and systemic circulation.

The metabolic disposition of 3H- and 14C—la-
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beled POE ester was also studied in man at

doses equivalent to 500 mg of methyldopa.116
More than 90% of either label was recovered in

urine, indicating that absorption from the gas-
trointestinal tract was nearly complete. About
42% of the dose was excreted in urine as un—

changed methyldopa. When methyldopa itself is
given orally, ~25% of the dose is available to the
systemic circulation (i.e., is bioavailable), and
~18% of the dose is excreted unchanged in
urine.117 The higher urinary recovery of methyl-
dopa after the POE ester suggests that approxi-
mately 60% of the dose is bioavailable as methyl-
dopa.

Different profiles were observed for the 3H
and 14C labels in the systemic circulation, indi-
cating that as in the animal studies, hydrolysis
of the POE ester occurs presystemically. Plasma
was collected in the presence of an esterase in-
hibitor to quench in Vitro hydrolysis of any ester
present and was assayed specifically for the in-
tact compound.”8 No intact ester was detected,
which confirms that hydrolysis occurs presys-
temically and is essentially complete. Only the
initial 2—hour urine collection in one of four sub-
jects. contained the intact ester equivalent to
<0.001% of the dose.117 Since sampling of por-
tal blood is not feasible, the site of hydrolysis in
man cannot be ascribed exclusively to the gut
wall; it may also include esterases in the portal
blood and/or the liver.

The POE ester at doses equivalent to 500 and
1000 mg of methyldopa was compared to oral
and i.v. doses of methyldopa in a bioavailability
study in humans.119 The average value for and
range of bioavailability of methyldopa after ad-
ministration of the 500-mg equivalent doses are
compared in Table 9-6. The bioavailability of
methyldopa from the ester is ~22 times higher
and is much less variable than that from an
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TABLE 9-6.‘ Mean Systemic Availability of Methyldopa After Oral Administration of Methyldopa or Its
POE Ester Progenitor” 

Systemic Availability of Methyldopa (% Dose) After

Methyldopa POE Ester Prodmg 

 

Species ' N

Dog (beagle) 4
Rhesus monkey 3
Cynomolgus monkey 3
Man 10

'Human data from Dobrinska et 31.117
TRange.
INon-cmssover study.

equivalent dose of methyldopa itself. Also sum-
marized in Table 9-6 are results for- bioavailabil-

ity of the two Icomppunds in several species of
animals. Considerable variation exists among
species. Results. in the rhesus monkey are clos-
est to those in man.

Levodopa/Carbidopa. Parkinsonism is a
debilitating disease that is associated with a de-
ficiency of dopamine in the brain. Levodopa is
used to treat the disease because unlike dopa—
mine, it readily crosses the blood-brain barrier,
and it is decarboxylated in the brain to dopa-
mine. Effective treatment requires large oral
doses because levodopa bioavailability is limited
by extensive metabolism. Presystemic and sys-
temic decarboxylation to dopamine causes nau-
sea and vomiting, which limits further increases
in dose.

Studies in animals have established that pre-
systemic elimination of levodopa occurs in the
gastrointestinal lumen and/or gut wall rather
than in the liver. In the dog and rat,“9'120 the
AUC of levodopa in the systemic circulation is
nearly identical after intravenous and intrapor-
tal administration (Table 9-7), which indicates
that the liver does not contribute to first—pass
elimination of the drug. After oral administra-
tion of 1“C-labeled levodo a to the dog, the label
is completely absorbed,11 but the AUC for in-
tact drug is only ~40% that after an equivalent
i.v. dose (Table 9-7). Thus, the low systemic bio-

' TABLE 9-7. Influence of Route ofAdministration
on Slystemic Plasma Concentrations of Levo—
dopa 19,120 

Mean AUC (pg min/ml) of levodopa When
Equivalent Doses are Administered 

 Species Intravenously lntraportally Orally

Dog 1392 1272 584
Rat 433 419 — 

91.4 (74.6—103)T
16.8 (looses)
19.4 (14.4—33.5)
27.3 (11—59)

97.1:
69.9 (66645.1)
39.7 (30.2—50.2)
60.6 (53.3—69.7)

availability occurs because of prehepatic metab-
olism. Gastrointestinal metabolism of levodo a

has also been demonstrated in humansm' 22
and gastrointestinal side effects may be related
to the presence of metabolic products in the
stomachm

Carbidopa is a dopa decarboxylase inhibitor
that does not penetrate the blood-brain barrier.
Coadministration of levodopa with carbidopa
results in an increase in levodopa bioavailability
and permits a significant reduction in dosage
requirements; gastrointestinal side effects are
correspondingly reduced. The effect of car-
bidopa pretreatment on the plasma concentra-
tions of levodopa in humans are exemplified by ,
the data in Table 9-8. Levodopa was adminis-
tered as a single 250-mg dose alone or following
pretreatment for 48 hours with 50 mg carbidopa
three times a day. Levodopa bioavailability, ex-
pressed as the amount absorbed divided by its
volume of distribution as given in equation (48),
and the plasma t, of levodopa were compared
between treatments. In the‘ presence of car—
bidopa, A(w)N1 of levodopa is increased by a fac-
tor of 5 and t, is twice as long. The increase in
bioavailability results from inhibition of presys—
temic decarboxylation by carbidopa, whereas the

‘ prolonged t; reflects the inhibition of decarboxyl-
ation of levodopa in the general circulation. Con-
sequently, more levodopa is available for a
longer period of time for transport into the brain,
where it becomes a source of dopamine since
carbidopa itself does not pass the blood-brain
barrier.

Preformulation

Solubility

Most drugs are administered orally in solid
dosage forms. Following administration of such
dosages, the delivery of the active ingredient to
the systemic circulation requires initial trans—
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TABLE 9-8. Effects of Carbidopa on Levodopa in Humans

Treatment

Levodopa 250 mg
Levodopa 250 mg + carbidopa 50 mg t.i.d.

 

 
Leuodopa‘

A600) (tag/MW M11)1

0.44 1‘ 0.191 0.94 r 0.28
2.19 1' 1.32 2.15 11.02 

‘Total amount of levodopa absorbed divrded by volume of distribution—see equation (48).
TMean t S.D.; N = 4

port through the gastrointestinal membrane.
Solubility characteristics play an important role
in this initial process. Hydrophilicity favors drug
dissolution in the aqueous milieu of the gastro—
intestinal lumen, while lipophilicity favors sub—
sequent penetration into the lipoidal membrane.
For efficient absorption. a proper balance be-
tween these two opposing properties is required.

Because of the finite fluid volume within the

gastrointestinal lumen, the efficiency of absorp-
tion is also affected by the size of the dose. For
example, dexamethasone is only slightly soluble
in water (0.1 mg/ml), but it is highly soluble in
common organic solvents. Because of its rela—
tively low dosage (<10 mg), it is well absorbed
orally.123 On the other hand, methyldopa re—
quires a high dosage and is more soluble in
water (10 mg/ml), but its bioavailability is poor.
Partly because of its lipophobicity, methyldopa
does not penetrate the gastrointestinal mem-
brane efficiently. \

For acidic or basic compounds that are poorly
absorbed because of low solubility in both or—
ganic and aqueous media, improved absorption
can be achieved by the formation of appropriate
soluble salts. These salts in general show faster
dissolution, with their water solubility being
pH-dependent. For example, chlorpheniramine
base is an oily liquid with low water solubility.
Formation of the maleate salt, which is crystal—
line and easily handled at room temperature, al—
lows its incorporation into solid dosage forms.
lndomethacin is practically insoluble in water at
neutral or acidic pH. When incorporated into
osmotically controlled drug delivery systems,
indomethacin itself is incapable of generating
the required osmotic pressure. The formation of
the soluble sodium salt enables the drug to be
released from the dosage form at a predeter-
mined rate.124

Formation of soluble ester derivatives is an-

other approach to resolving the solubility issue.
Injectable dosage forms of dexamethasone em-
ploy a sodium phosphate salt that has enhanced
solubility. The greater solubility of the sodium
salt also allows its incorporation in inhalation as
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well as in ophthalmic preparations. Similarly, an
injectable dosage solution of methyldopa is. for—
mulated as the hydrochloride salt of its ethyl
ester in order to increase solubility and stability.
These ester derivatives are distinct chemical

entities, however, with properties different from
those of the parent compound. Competing
biotransformational and excretory pathways
may affect the quantitative in Vivo hydrolysis to
the active moieties. For example, while over
90% of the intravenously injected dexametha-
sone sodium phosphate is bioavailable as dexa-
methasone,‘25 the bioavailability of methyldopa
from injections of the ethyl ester hydrochloride
is less than 20%.126

Decreasing aqueous solubility by the forma-
tion of insoluble esters may also be desirable
under certain circumstances. A classic example
is chloramphenicol palmitate, which minimizes
the unpleasant taste of the drug in oral suspen-
sions. Excessive suppression of solubility, how-
ever, may adversely affect bioavailability.

Polymorphism

Different crystal forms of a drug may be pro-
duced in the course of chemical synthesis, isola~
tion, and purification. At a specific temperature
and pressure, only one form has the strongest
intermolecular forces and is the most thermody~
namically stable. Metastable forms melt at lower
temperatures are more soluble, and are less
dense. Differences in these variables between

polymorphs are measures of their relative stabil-
ity. Less stable forms seek to revert to the more
stable ones. Because of this tendency to revert
on storage, the thermodynamically stable form is
preferred in dosages forms. For example, there
are at least five known polymorphs of cortisone
acetate, the caking of which in aqueous suspen-

sions1gas been attributed to polymorphic rever-- sion. -

Polymorphism is not a concern if the drug is
inherently well absorbed or if the energy differ—
ences among polymorphs are small. For exam-
ple, diflunisal exists in two nonsolvated enan-
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tiotropic forms. At temperatures below 90°C, the
more stable Form 11 has a loWer aqueous solubil—
ity than Form [#0014 versus O026 mg/ml at
25°C. Since both forms are equally well ab—

. sorbed,128 Form 11rs used'1n tablet formulations.

. however, usually adds considerable bulk to an ’

For drugs that are poorly absorbed because of
solubility limitations, amorphous solids or meta-
stable crystalline forms may be considered. For
example different polymorphs of chlorampheni-
cal palmitate are known to influence its bioavail-
ability following oral administration85 If the
enhancement in bioavailability were to be repro-
ducibly maintained .by these means, however,
methods must be found to prevent spontaneous
nucleation or reversion.

Design Variables

Mode of Administration

Oral administration, which provides conven-»
ient access of drug to the systemic circulation, is ’
traditionally the preferred route of drug adminis-
tration. The appropriateness of this route of
administration for a give'n drug, however, is de-
termined by such factors as rate and extent of
gastrointestinal absorption, acid lability, first-
pass metabolism, gastrointestinal transit time,
and duration of action. Acid lability can be mini—
mized or overcome by formulation. Buffering,

oral dosage form, and enteric coating invariablydelays the onset of drug absorption.
The feasibility of optimizing drug delivery by

alternative modes of administration depends on
the physicochemical and pharmacokinetic prop—
erties of the drug, its potency, and physiologic
conditions at the alternate site of application.
Most of the potential disadvantages of oral ad-
ministration can be circumvented by controlled
intravenous administration, provided that the
drug is sufficiently soluble in a vehicle for injec-

' tion; however, chronic intravenous drug admin-
istration is rarely considered. Usually, a compro-
mise is made between patient acceptanze and
the technology that is available to deliver the
drug reliably.

Much of the convenience of oral administra-

tion is negated if the duration of a drug’s action
is such that the frequency of administration is
unacceptably high. Compounds with this char-
acteristic are candidates for controlled delivery,
which is discusSed later in this chapter. Intra-
muscular and transder'mal routes may also be
considered. Both routes involve sites‘ from which

absorption may be the slowest and therefore the
rate-limiting step. For rapidly eliminated drugs,

intramuscular injection may sustain absorption
sufficiently to permit a reduction in dosage fre-
quency. This route of administration is a practi~
cal alternative for drugs that are not used chron-
ically, such as antibiotics. Absorption through
the skin may be similarly rate-limiting and thus
suitable for chronic drug administration. The
usefulness of transdermal drug delivery may be
limited by local irritation and site variations in
skin permeability. As with oral administration,
both intramuscularly and transdermally admin-
istered drugs may be subject to degradation or
metabolism at the site of application.

Hepatic first—pass metabolism can be avoided
or minimized by directing drug input to the sys—
temic circulation away from the oral route of

administration. The buccal and sublingual
routes of administration completelycircumvent
the liver and the gastrointestinal yvall. These
routes are suitable for potent. drugs that are rap—
idly absorbed; however, if the drug1s retained at
the site of application for a protracted period of
time, part of the dose may be swallowed and
thus be subjected to presystemic hepatic metab-
olism. Rectal and intravaginal routes of adminis—
tration provide at least paiiial avoidance of the
liver'1n the first pass, and1n addition, are useful
for drugs whose unit dosage exceeds 1 g.

For drugs that are poorly absorbed by other
routes, subcutaneous injection and intranasal
instillation may be considered. Drug delivery to
the lungs may be intended for local or systemic
effects. The large surface area and rich blood
supply of the lungs provide a rate of systemic
drug availability approaching that of intrave-
nous administration Optimal drug delivery to .
the bronchi and lungs by aerosol or insufflation
techniques requires a conscientious effort by the
patient. Even so, drug losses to the alimentary
canal are inevitable.-

When drugs are administered topically for
local rather than systemic effect, selective
chemical or metabolic lability may be desirable.
For example, topical steroids should ideally be
rapidly biotransformed before reaching the sys—
temic circulation; highly reactive an-
tineoplastics may be injected into the arterial
supply of a tumor; intraocular delivery of the
prodrug dipivalyl epinephrine favors corneal
penetration and redUces drug loss through the
nasolacrimal duct, maximizing the local availa—
bility of the active agent epinephrine. In each
case, the goal is to effect a greater separation of
local activity in the target tissue from systemic
side effects.

Finally, parenteral. routes such as intra—articu—
lar, intrathecal, and intracardiac administration
are available for selected drugs, but restricted to
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critical situations in which immediate access to

a specific site is required.

Dosage Regimen

The goal in the design of dosage regimens is to
achieve and maintain drug concentrations in
plasma or at the site of action that are both safe
and effective. Maximum safe concentration and

minimum therapeutic concentration are sche-
matically illustrated in Figure 9-27. Toxicity
would result if doses were administered too fre-
quently, whereas, effectiveness would wane if
the dosage rate were too infrequent. The optimal
regimens are combinations of dose and dosage
frequency that would result in steady-state con-
centrations within the chosen limits.

Acceptable plasma concentration profiles at
steady state can be devised with the aid of phar—
macokinetic parameters derived from single—
dose experiments. The important parameters
are plasma clearance, half-life, and bioavailabil-
ity. Suppose_that the desired mean plasma con-
centration, CE”), for a drug is 2 ag/ml, and its
plasma clearance is 125 ml/min. According to
equations (58), or (73), the dosage rate by the
intravenous route should be 250 rig/min, or
360 mg/day. The target concentration can be at—
tained by either a constant infusion or interrnit—
tent boluses (see Fig. 9-14). The dose and dos—
age intervals need not be equally divided; a
steady state may be obtained as long as the dos-
ing pattern recurs in regular cycles (see Fig.
9—15). If the same drug is to be given by a
nonintravascular route with a bioavailability of
50%, the same target concentration can be
achieved with a dosage rate of 720 mg/day.

  

 
Munmum Safe Canceni ya I Ion

DrugConcentrationinBlood
Time

FIG. 9-27. Effect on plasma concentration of too frequent
(A), proper (B), and inadequate (C) frequencies of drugadministration.
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The peak and trough concentrations within a
dosage cycle as well as the rate of approach to
steady state depend on the half-life, The shorter
the half-life is, the more the daily dose must be
subdivided to maintain peak and trough concen—
trations within the chosen limits. Furthermore,
approximately 7 half-lives in time must elapse to
achieve a steady state. To hasten the approach to
steady state, a loading dose of the drug may be
given. An appropriate loading dose can be calcu-
lated based on the mode of administration by
using the following equations.

For a continuous intravenous infusion, an ini—
tial loading bolus dose D‘ is administered:

D“ = CiSV1 (103)

This initial dose followed immediately by an in-
fusion at a dosage rate prescribed by equation
(58) results in the immediate attainment C? for
a drug whose disposition is described by a one-
compartment pharmacokinetic model (see Fig.
9-1). For drugs whose plasma concentration
decays polyexponentially (see Fig, 9-9), a similar
approach causes plasma concentrations to fall
for a period of time before returning to Cis. To
compensate for this initial fall in Cis, a loading
bolus dose D“ equal to or greater than that given
by equation (104) may be considered:

: crcr(l)
 

D“ (104)

where w is the eigenvalue associated with the
terminal slope. This dose is followed immedi»
ately by a continuous infusion at a rate pre—
scribed by equation (58); however, this strategy
results in initial plasma concentrations higher
than C? and may be inappropriate for drugs
having a narrow margin of safety.

For intermittent dosage at regular intervals, a
loading dose (D*) could be chosen such that the
mean plasma concentration following the first
dosage_interval, C(11), would equal that at steady
state, CS“). Combining equations (73) and (76)
yields:

Teaser
D= F (105)

where F represents the bioavailability ,of' the
drug. Administration of D” followed by the
maintenance dose given every 1' hours immedi-
ately establishes steady state plasma concentra-
tions.

Special consideration must be given to the
design of dosage regimens when the disease
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state of the patient might affect drug disposition.
In patients with less than normal cardiovascular
function, tissue perfusion is decreased. If he—
patic or renal function is compromised, drug
elimination is decreased because of a decrease

in metabolic or renal clearance, respectively. In
each case, plasma clearance decreases and half-
life is prolonged. These altered parameters
should be used in equations (58‘, (73), (103),
(104), and (105) to calculate the doses and dos-
age rates needed to achieve the desired is in
patients.

Controlled Delive7y

The goals of controlled drug delivery are to
conserve dose, maintain effective drug concen-
trations, eliminate nighttime dosage, improve
compliance, and decrease side effects, thus opti—
mizing drug therapy. Pharmacokinetic informa-
tion is essential in determining the feasibility
and design of a controlled delivery dosage form.
Drugs with plasma half-lives of 6 hours or less,
inactive metabolites, well-defined minimum
therapeutic blood levels, and rapid absorption
are the most likely candidates for controlled de—
livery. Dosages for drugs with longer half-lives
can be calculated conventionally so that thera—
peutic blood levels are established and then self—
sustajned, allowing for twice-daily dosage or
less. A narrow margin of safety complicates this
approach, as does the fact that well-defined min-
imum therapeutic drug levels are difficult to es-
tablish even in the absence of active metabo-
lites.107

A common approach has been to combine a
rapid-release dose fraction with a fraction hav-
ing pseudo-first-order release characteristics.
When absorption is not rate-limiting, the ideal
approach to this situation is zero-order delivery
of drug to the absorption site. The amount of
drug reaching the absorption site changes with
time for first-order drug delivery, thus preclud—
ing the desired constant blood level profile. Fol—
lowing administration of a zero-order—input de-
livery system, steady-state blood levels (C?) of
the drug are obtained:

k0cs5 :
l Vrkro

(106)

where k0 is the zero-order input rate. The dose D
is a function of k0, the dosage interval 1-, and the
bioavailability:

kO-r = FD (107)

As indicated in equation (106), the C? at—

tained with a zero-order input delivery system is
a function of both the input rate and the CL of
the drug. The time required to reach C? after
the dose is administered, however, is governed
primarily by the plasma half-life of the drug.
Approximately 7 half-lives are required to ap-
proach Cfis. If more rapid attainment of the
steady-state level is desired, then an immediate
release drug fraction (loading dose) can be ad-
ministered with the zero—order delivery system.
Design strategies accompanying this approach,
including the effects following multiple—dose
administration, have been reviewed.129

While advantages of controlled'delivery dos—
age forms are readily apparent, limitations must
also be addressed prior to and throughout the
development process. A convenient once—a—day
dosage form is precluded, for instance, for a drug
that is bulky or where daily dosage requirements
are high. The length of time that an oral con—
trolled—delivery dosage unit remains functional
within the gastrointestinal tract must be consid-
ered—functional in terms of transit time as well
as the release of drug at the site of absorption.
Certain drugs manifest “absorption windows”
whereby absorption is limited to a specific region
of the gastrointestinal tract. Others may be ab—
sorbed, albeit nonuniformly, along the entire in—
testinal length. Once the dosage unit is embed-

ded in fecal matter, drug diffusion to the gut wall
may become difficult.1 0

Controlled drug delivery systems for routes of
administration other than 0rd are becoming in—
creasingly popular. Topical dosage forms such as
ophthalmic delivery devices (e.g., Ocusert) and
dermal drug delivery patches are usually in-
tended for local drug effects. Drugs with lipo—
philic characteristics may also be delivered
transdermally for their systemic effect. Once the
skin becomes saturated, the drug should enter
the systemic circulation at a constant rate as
long as drug activity at the skin surface remains
at unity. The rate of drug entry into the systemic
circulation is governed by the inherent flux of
drug through the skin or by the combined effect
of a rate-controlling membrane on the patch it—
self and the skin flux. With the further advan—

tage of being able to keep a transderrnal device
in contact with the skin for days, this method
may be an ideal approach to the goals of con-
trolled drug delivery. Hence, complete pharma-
cokinetic characterization of the drug and the
delivery device becomes even more critical.

Combinations] 31

Rational combination therapy may be divided
into three general categories: (1) those combina-
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tionswhereby the individual components are
independently required in the treatment of a
specific illness or symptom complex (e.g., an
analgesic may be combined with an antipyretic
or an antihistamine to alleviate the symptoms of
influenza or allergy, while a B——blocke1 may be
combined with a diuretic to control hyperten-
sion); (‘2) therapy whereby. a second agent is
needed to ameliorate an unwanted pharmacody—
namic effect of the primary agent (e.g., anticho-’
linergic/narcotic antidiarrheals reduce potential
for narcotic abuse, while some diuretic combina-
tions minimize potassium loss); and (3) combi-
nations designed to effect an improvement in
phannacokinetic properties, (e.g., the coadmin-
istration of levodopa and a decarboxylase inhibi—
tor greatly reduces dopamine formation in the
gastrointestinal lumen and outside the'central
nervous system, the net result being a reduction
in the dose and the dosing frequency of levodopa
and in side effects associated with peripheral
dopamine)

Fixed combinations are dosage forms de-
signed to effect a planned interaction between
the components or to provide convenience to the
patient. Since each component is required for
rational therapy, fixed combinations ensure
compliance. Where the components interact, by
design or otherwise, fixed combinations define
the intensity and the duration of the net effect.
In any event, clinical proof of safety and efficacy
is needed to support the usefulness of a pro—
posed combination.

For convenience dosage forms, the primary
biopharmaceutic concern is to ensure that the
bioavailability of' each component in the fixed

_ combination is equivalent to that followinglthe
concomitant administration of the single entities
at the same dose by the same route. As long as
there is proof of safety and efficacy, incidental
pharmacokinetic interactions between the com-
ponents should not be a concern, but may in fact
be a strong argument for the fixed combination.

With planned pharmacokinetic interactions,
biopharrnaceutic considerations are to optimize
the dose of the individual components, their
ratio, and the dosage regimen of the combina-
tion. More often than not, the desired therapeu-
tic activity resides with one of the components
whose absorption or disposition characteristics
are improved by a second agent. For example,
carbidopa, a dopa decarboxylase inhibitor, is
given in combination to maximize the availabil-
ity of L-dopa for transport to the central nervous
system and to minimize dopamine formation in
the periphery. In designing this particular com—
bination, it became evident that there is a mini—
mum daily dose of carbidopa above which pe—
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ripheral dopa decarboxylase activity is
maximally inhibited..Above this threshold, a rel-
atively large range in the ratio of L—dopa to car-
bidopa can be accommodated. Finally, the inhib-
itory effect of carbidopa requires one or two days
of intermittent dosing to be fully manifested.
The requirement is not a concern, however, -
since the combination is intended for chronic
therapy.

In contrast, there are physical and pharmaco-
kinetic arguments against fixed - combination
dosage forms of a B-lactam antibiotic and pro—
benecid. Like carbidopa, a threshold dose of pro-
benecid is required for maximal blockade of the
renal secretory component of antibiotic elimina-
tion, and mainly because probenecid is usually
given orally, some time must elapse before its
effect is fully manifested. Since the optimal
route for the antibiotic is often parenteral, how-
ever, and the effective dose of the components
often exceeds 500 mg each, their combination in
a single dosage form is not usually conSidered.
Secondarily, pharmacokinetic considerations
suggest pretreatment with probenecid to ensure
maximal conservation of the antibiotic. This pre-
treatment is particularly relevant when only a

single dose of the antibiotic is indicated, such as
in the treatment of gonorrhea

Divergent pharmacokinetic properties among .
individual components in fixed combinations of
convenience are unimportant, even if incidental
interactions exist. With planned interactions, on
the other hand, the adjuvant (e.g., carbidopa
and probenecid) should ideally be long-lived rel-'
ative to the therapeutic moiety. This ensures a
stable platform on which the pharmacokinetic
behavior of the therapeutic moiety can be repro-
duced from one dose to the next. Without this
stable platform, the kinetic behavior of the com-

pound of primary interest may be difficult to as—sess. 1

Dosage Fomr} Evaluation
The foregoing discussion pertains to factors

that contribute to the evolution of pharmaceuti-
cal products. The final step is to design appropri—
ate studies for evaluating the res‘ultant dosage
forms in viVO. The following discussion applies

equally to verter'inary and human health prod-ucts.

Studies for evaluation of dosage forms111 vivo
are conducted in human subjects in a random-
ized complete-block design to minimize inter-
subject variations. The size of the study panel
should be sufficient to produce statistically
meaningful results, Determination of sample
size is often based on pilot studies conducted in
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smaller test panels. Washout periods between
treatments are incorporated into the study plan
to avoid carryover effects from the previous
treatment. The analytic method must be specific
for the drug and validated with respect to sensi—
tivity, reproducibility, and linearity.

Dose Dependence
‘ To make reliable inferences based on blood

and/or urine drug concentration data, some
basic pharmacokinetic properties of the drug
must be known. At the minimum, it is necessary
to determine whether absorption and disposition
kinetics are linear. Nonlinearity is indicated if
absorption or disposition kinetics depend on the

'dose of drug administered. Proportionate in-
crease in AUC and similarity of a following gra-
dated oral doses imply linearity in both absorp-
tion and disposition kinetics. Changes in t, or
disproportionate increase in AUC with in-
creased doses may be manifestations of nonline-
arity in absorption or disposition. Intravenous -
administration of the drug avoids the influence
of absorption, and any nonlinearity observed
with gradated intravenous doses is attributable
to disposition.

Bioavailability
Bioavailability is defined as the extent and the

rate at which the active ingredient is delivered to
the general circulation from the dosage form.
Thus, by definition, intravenously administered
drugs are completely bioavailable. The bioavaila-
bility F following a nonintravenous dose‘ Dx is
given by equation (46), which can also be ex-
pressed as:

, CL x_Uz.;
FD=CLIU fr

Estimation of the product FD" requires knowl-
edge of CL (or f,), pwhich is obtained in a sepa-
rate treatment following an intravenous ‘dose of
the drug (1. e., F = 1). When intravenous use of
the drug is precluded, an oral solution of the
drug may serve as the reference standard for a
solid oral dosage form. In principle, the bioavail-
ability of the drug from an oral solution is the

 

(108)

. maximum to be expected from a solid oral dos-
age form. Ideally, a solid dosage form is com-
pared to both an intravenous and an oral solu-
tion dose of the drug. In this manner, the effect
of formulation as well as the abSolute bioavaila-
bility can be determined. If bioavailability from
the solid dosage form is lower than that from an
oral solution, then the performance of the dos-

je~rrv ,

_ age form may be improved by reformulation.
Low bioavailability from the oral solution, on the
other hand, indicates that the drug is intrinsi—
cally poorly absorbed or is subject to significant
first--pass metabolism and is not likely to be im-
proved by formulation

In all cases, bioavailability of a test dosage
form x is obtained by comparison to a reference
standard s, which may be an intravenous or oral
solution or in bioequivalence studies another
formulation of the same drug. Based on equation
(46), the bidavailability of dosage form x relative
to that of s is defined as:

g = D5 CLx Auc;
Fs Dx CLS AUG:

D5 CLx CL: of,
Dx CLS CLif US,

   

(109)

If the standard is an intravenous dose, then
FS = 1 and the absolute bioavailability of x is ,
determined; otherwise, a relative bioavailability
is obtained. In any event, an assumption must
be made regarding body clearances between
treatments before bioavailability can be as—
sessed. Depending on the assumption, different
procedures may be employed.

If the assumption of CLx = CLs is adopted and
substituted into equation (109), the relative bio-
availability is given by the dose—corrected ratio of
AUC values:

2 AUG:
“F = D" AUG;

 
(110)

This method requires data defining the entire
area under the plasma concentration time curve
for both treatments.

On the other hand, for drugs excreted un-
changed in the urine, bioavailability may be ob-
tained assuming that the renal to plasma clear-
ance ratio remains constant between
treatments. Equation (109) is reduced to:

D5 U3;
D" U:

  
Fx/Fs = (111)

Thus, the bioavailability ratio equals the ratio of
dose-corrected total urinary recoveries of the
unchanged drug.

If both urine and AUC data are available, a
third method may be employedlaz133 This
method assumes that the change in plasma
clearance between two treatments is caused by
that of the renal clearance only, and that the
no'nrenal Clearance remains unchanged. The
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ratio of the two plasma clearances becomes:

+ FSDS - U; )/< FEDS \AUC; AUCi/

(112)

   

CL" :( u:CLS AUG:

Substitution of equation (112) into equation
(109) yields:

  

  

x ,_ D5 Auc;
F/F ‘ D" AUG:

1 ’ x _ ,AUCt)+ FSDXlU” UtAUC: (“3)

Equation (113) differs from equation (110) in
that it incorporates, in addition to the dose—cor—
rected AUC ratio, a correction term to account
for the assumed change in plasma clearance.
When s is an intravenous dose, F5 = l and equa—
tion (113) reduces to:

AUCi‘c
DX

 

F" = (CLS — CL: + CH) (114)

Thus, CL" is calculated from the sum of CL? and
the nonrenal clearance observed in the i.v. treat—

ment, that is, CLs — CL: If the bioavailability of
the reference standard is unknown, an approxi—
mate solution to equation (113) may be obtained
by setting FEDx in the second term equal to D".
The nature of this approximation has been de-
fined, and an optimal solution suggested.133

A unique approach that obviates the need for
assumptions concerning CL between treatments
is to administer simultaneously an iv. dose of
the drug labeled with a stable radioisotope and
the oral dose of the unlabeled drug.134’135

The foregoing methods of estimating the ex-
tent of bioavailability apply only to drugs that
obey linear pharmacokinetics. For drugs follow-
ing nonlinear phannacokinetics, methodology
should be developed on a case—by-case basis. For
example, in the absence of first-pass metabo-
lism, total urinary recovery is a measure of bioa-
vailability if the unchanged drug and its metabo-
lites are quantitatively excreted in the urine.

After a nonintravenous dose of the drug is
administered, the time to reach the maximum
plasma concentration, tmax, may be regarded as
a qualitau've measure of the rate of absorption,
with the recognition that tmx is a function of not
only absorption but also elimination of the drug.
The preferred method is to use an intravenous
dose as a reference standard and to isolate the

absorption profile for the nonintravenous formu—
lation by the use of deconvolution or model—
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dependent means such as the Wagner-Nelson or
Loo-Riegelman methods given in equations (48)
through (56).

Example
Test for Linearity. Simulated results for a

subject in a typical dose-dependence pharmaco-
kinetic study are used to illustrate the applica-
tion of the methods described. The subject re-
ceived single 250-, 500-, and IOOO-mg i.v.
boluses of the drug on separate occasions in a
randomized, three-way crossover study. Serial
plasma samples were collected over 12 hours,
and total urine was collected in intervals

through 48 hours after drug administration.
Analytic results for the unchanged drug are
given in Table 9-9.

Plasma drug concentration-time profiles,
when plotted on semilogarithmic paper (Fig.
9-28), show a rapid initial decline and then be-
come linear after ~6 hours. Upon curve-strip-
ping, as given in equations (28) and (29), it is
clear that the data are best described by biexpo-
nential functions. Estimates of A, B, a, and B
can be obtained by curve-stripping, linear re-
gression techniquesfs‘a'137 or nonlinear regres-

'IOO

 ConcentrationofDruginPlasma(pg/ml) 
'o 2 4 s e' to 12

Time (h)

FIG. 9-28. Typical plasma drug concentration profiles of
drug in plasma following single intravenous doses.
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TABLE 9-9. Analytic Results for a Subject in a Typical Dose-Dependence Pharmacokinetic Study of a
Drug Given by Bolus Intravenous Injection at Doses of 250, 500, and 1000 mg 

Plasma Drug Concentration (pg/ml) Urinary Drug Excretion (mg)

 Timeflz) 250 mg 500 mg 1000 mg Timeflz) 250 mg 500 mg 1000 mg

0(predrug) 0 0 0 —2 to 0 0 0 0
(predrug)

0.1 10.8 21.0 40.9 0—2 80.2 179.2 293.7
0.25 9.2 18.1 35.2 24 28.8 59.0 112.1

0.50 7.3 14.3 27.9 4—6 18.7 36.4 74.5
0.75 5.8 11.5 22.6 6—8 13.2 25.6 53.2
1.0 4.8 9.4 18.7 8-12 16.1 30.1 65.7
1.5 3.4 6.7 13.7 12-24 14.4 27.0 60.6
2.0 2.7 5.1 10.9 24736 1.90 2.90 8.4
3.0 1.9 3.5 8.1 36—48 0 0.4 1.2
4.0 1.6 2.7 6.5
6.0 1.1 1.8 4.6 Total 173.3 360.6 669.4
8.0 0.77 1.3 3.3

10.0 0.55 0.91 2.4
12.0 0.39 0.64 1.7 

sion methods.‘38’139 Parameters given in Table
9—1 0 were used to generate the solid lines in Fig—
ure 9—28. These parameters are then used to cal-
culate pharmacokinetic parameters for the drug;
methods and results are also summarized in
Table 9-10.

Half-lives, rate constants. and volume of dis—
tribution are similar among the three doses. As
shown in Figure 9—29, AUCm increases in pro~
portion to dose, indicating; that the drug obeys
linear (first—order) disposition kinetics over the
range of doses studied. Since AUCm = Div/CL»

according to equation (18), this finding also in-
dicates that CL should be constant and indepen—
dent of the dose. Some variation in CL is ob-

served (Table 9—10) but there is no consistent
trend as close increases. _

As indicated in Table 9—10, rend clearance of
the drug is the major component of CL; about
70% of the dose is excreted unchanged in urine
(f,). The average CLr differs somewhat between
treatments, but as with CL, there is no consist-
ent trend as the dose increases.

Bioavailability. Suppose the same drug is to

TABLE 9-10. Pharmacokinetic Parameters Derived from Data in Table 9-9.

Parameter Units 250 mg

A [Lg/1111 9.01
B ug/ml 3.00
a h‘1 1.39

,8 b“ 0.170

AUG... ag - h/rnl 24.1

(in, h 0.50
[be h 4.08
km h” 0.498
km h‘l 0.476
km ‘1 0.589
V1 L 20.8
CL ml/min 1 73
Ch ml/min 120
CLmr ml/min 53
fr . % dose 69.3

0.1] Equation in Text or
L Calculation

500 mg 1000 mg Method

18.0 33.1 28
5.28 12.3 28
1.28 1.39 28
0.178 0.164 28

A B
43.7 98.8 A + m

a B
0.54 0.50 0.693/a

3.89 4 .23 0.6934;
0.531 0.460 41
0.428 0.496 42
0.497 0.596 43

21.5 22.0 40
190 169 44
137 113 12 or 14
53 56 20
72.1 66.9 7————_‘———.——_—_

.91.. , ..__.__, 2‘ ,
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FIG. 9-29. Relationship between AUC.,. and dosage.

be marketed in tablet formulations containing -
250-, 500-, and 1000-mg of the drug. The bioa-
vajlability of the drug and therefore whether the
amount of drug absorbed is proportional to the
administered dose (dose-preportionaljty) need to
be determined. Since it is already established
that the drug obeys linear disposition kinetics,
both‘ objectives can be met by comparing the
three formulations with a single i.v. reference
dose of the drug in a single-dose, randomized,
.four-way crossover study. A SOC-mgintravenous
dose is selected for the study since'this is in the
middle of the oral dose range.

. Simulated results for drug assay in plasma
and urine after the 250—, 5007, and 1000-mg oral

PlasmaDrugConcentration(pg/ml) N

lbbib—a 
O 2 4 '6 B 10 la

Time (h)

FIG. 9-30. Typical plasma concentration profiles after
oral administration of single doses ofa drug.

dose treatments are given in Table 9-1]. For
convenienceksuppose that the 500-mg i.v. dose
data are identical to those used in the previous
example (Table 9-9). As before, the i.v. data are
analyzed, and the resulting pharmacokinetic
parameters for the 500-mg dose are as given in
Table 9—10. PlaSma drug profiles after the oral
doses are compared in Figure 9-30. The drug is
apparently rapidly absorbed, peak plasma con-
centrations are observed within an hour of each

TABLE 9-1 1. Analytic Results for a Subject in a Typical Bioavailability Study Comparing Single 250-,
500-, and 1000-mg Oral Tablet [Bases of a Drug

Plasma Drug concentration (pg/ml)

Time(h) 250 mg 500 mg 1000 mg

0 0 0 0

0.25 4.0 7.9 14.7
0.5 ' 5.4 10.7 . 20.8
1.0 5.4 10.1 21.7
1.5 4.2 7.8 17.9
2.0 3.2 5.9 14.1
3.0 . 2.1 3.7 9.1
4.0 ' 1.5 2.7 6.7
6.0 1.0 1.8 4.4

8.0 0.71 1.2 3.1
10.0 0.51 0.87 7 2.2
12.0 0.36 0.61 1.6

238 - The Theory and Practice of Industrial Pharmacy

Urinary Drug Excretion (mg) .

Time(h) 250 mg 500 mg 1000 mg

-2 to 0 0 0 0

(predmg) ‘
0—2 66.2 136.3 256.1
2—4 ' 32.7 63.2 137.3
4—6 18.5 35.5 77.6
6—8 12.7 24.1 53.4
B~12 15.5 28.8 ' 65.4
12—24 13.8 24.7 ” 59.7
24_—36 1.8 3.0 8.1
36—48 . 0.27 0.30 1.1

Total 161.5. _ 315.9 658.7
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. don half-life

. or by other suitable methods of interpolation.

TABLE 9-12. Summary of Results for a Subject in a Dose—Proportionalz’ty/Bioavailability Study Com-
paring 250—, 500—, and JOOO-mg Oral Tablet Formulations With a SOO-mg Intravenous Dose as the 

 

 

Standard

DP" Dm
, Source or Method

Parameter Units 250 mg 500 mg 1000 mg 500 mg of Calculation

Cmax _ rig/ml 5.4 10.7 21.7 — Table 9-11
tmax h 0.5 0.5 1.0 — Table 9—11
g h 4.08 3.88 ~ 4.10 — 0.693/temiinal slope

. 3.89 Table 9-10

CL, nil/min 125 135 120 Equation (12): t1 = Olt2 = 12
. ' 137 Table 9-10.

AUC... ,ug -hlm1 21.5 39.0 91.5 . Equation (14): Uta/CLr
43.7 Table 9-10

U5, % Dose 64.6 63.2 65.9 Table 9-11
72.1 Table 9—10

F % Dose ' 98.4 89.2 105 Equation (110)
89.6 87.7 91.4 Equation (111)
91.8 88.0 ' 95.0 Equation (114)

dose and increase in proportion to the adminis-
tered dose. After ~6 hours, plasma concentra— '
tions decline log-linearly with a terminal disposi-

that is similar among all
treatments, including the i.v. dose (Table 9-12).

The renal clearance of the drug is calculated
by equation (12) where t1 and t2 are times corre-
sponding to the beginning and the end of a urine
collection interval; the area under the plasma
concentration curve over the same time interval,

IEfCIdt, .is evaluated by the trapezoidal methog
The average CLr observed in each oral dose
treatment Ge, 0 to 12 hours) is given in Table
9—12. Note that by design, urine collections are
segmented into five discrete intervals over the
time plasma is being sampled (Table 9-11), and
plasma samples are included at the beginning
and end of each urine collection period. Equa-
tion (12) can then be used to calculate CLr for
Each of these intervals to compare these “incre-
mental” values of CLr‘with the average value. _In

_, the present example, CL,‘ is constant within a
treatment (calculations not shown) and thereby
is also independent of the plasma concentration
of the drug. Typically, there is some variation in
mean CLr between treatments (Table 9-11).

Since CL?" is constant within a treatment, the
total area under the curve, AUCEB, can be ob-
tained from the ratio of total urinary recovery,
UEJ’ and CLE", as given in equation (14). This
method is model-independent and does not re-
quire extrapolation based on g of the plasma pro—
file after the last data point (12 hours) to obtain

the total area under the curve. Dose-proportion-
ality is observed with the three oral formulations
because AUCED" approximately doubles when the
administered dose is doubled (Table 9-12).

Bioavailability estimates of the drug calcu-
lated under the three alternative assumptions

, expressed in equations (110), (111), and (114),
regarding CL between treatments, are given in
Table 9-12. Without evidence to the contrary,
estimates based on equation (114) may be pre-
ferred on the basis that plasma clearance in the
oral dose treatments is adjusted only for that
portion that is experimentally observable, the
renal clearance. The bioavailability of the drug,
F, is independent of the dose, and the drug is
nearly quantitatively absorbed over the 250- to
IOOO-mg dosage range. ‘

To obtain the rate of absorption, the intrave-
nous dose data (see Table 9-10) are used as the
reference, standard to define the disposition of
the drug, and the absorption profile is con-
structed based on the Loo-Riegelman method, as
given in equations (49) through (56). The ab-
sorption profiles for the oral dose treatments are
given in Table 9-13. For this calculation, AUC§°
values were estimated by the trapezoidal
method, and CL was adjusted for the observed
change in CLr between the iv. and po. routes of
administration consistent with the estimate of F.

Absorption of the drug is rapid and is nearly over
by 6 hours after the dose has been administered;
by 12 hours, the total amount absorbed is nearly
identical to that calculated by the model-inde-
pendent methods (Table 9-12).
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TABLE 9-13. Absorption Profiles for Drug After Single Oral Doses of 250, 500, and 1000 mg

Cumulative Amount of Drug Absorbed, A(t) 

 

 

250 mg 500 mg 1000 mgTime

(l1) mg ‘70 Dose mg % Dose mg 96 Dose

0 0 0 0 0 O O
0.25 96.5 38.6 191.2 38.2 354.1 35.4
0.5 150.6 60.2 300.2 60.0 574.5 57.4
1.0 202.2 80.9 389.6 77.9 794.4 79.4
1.5 217.4 87.0 418.8 83.8 881.0 88.1
2.0 222.8 89.1 429.2 85.8 917.0 91.7
3.0 228.6 91.4 436.3 87.3 941.2 94.1
4.0 228.5 91.4 437.5 87.5 947.7 94.8
6.0 229.3 91.7 440.4 88.1 952.8 95.3
8.0 229.5 91.8 438.8 87.8 952.1 95.2

10.0 229.7 91.9 439.1 87.8 950.8 95.1
12.0 229.7 91.9 439.2 87.8 951.2 95.1
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 10

Statistical Applications in
the Pharmaceutical Sciences

SANFORD BOLTON‘

Statisticians have become familiar faces in the

research laboratories of industrial pharmaceuti—
cal companies. Part of this recent upsurge‘ has
been due to the recognition by research scien—
tists that therapplication of statistics can be a
useful tool in the design, analysis, and interpre-
tation of experiments. Also, governmental agen-
cies, principally the Food and Drug Administra—
tion (FDA) have promulgated rules and
regulations that virtually necessitate the appli-
cation of statistical techniques to fulfill the law
or its recommendations.

The “Good Manufacturing Practices” (GMPs)
and the “Good Laboratory Practices” (GLPs) are
more reCent examples of FDA regulations that
recommend statistical usage, formally or im-
plied, as part of the routine ofcareful implemen-
tation and record—keeping of research and man—
ufacturing operations. For example, in
section 211.166 of the GMPs, the following
statement appears with regard to stability test-
ing and expiration dating of pharmaceuticals:

. . sample size and test intervals based on sta—
tistical criteria for each attribute examined to

assure valid estimates of stability." In .sec-
tion 58.120 of the GLPs regarding the protocol
for nonclinical laboratory studies, ,the following
statement implies both a prior statistical input
and the ultimate statistical analysis of the' exper-
imental results: “A statement of the proposed
statistical methods to be used [is to. be included
in all protocols]. '. .

Statistical input in sampling and testing for
quality control, stability testing, process valida—
tion, design of preclinical protocols, including
statistical methods and appropriate statistical
analysis of the resulting data, are applications
routinely applied by the pharmaceutical indus—
try .to satisfy both internal requirements and
FDA recommendations. Both statistical treat-
ment and interpretation of clinical data are re-

quirements of all FDA submissions on new
drugs or new dosage forms. .

‘ Applications of statistical techniques to phar-
maceutical research are beginning to be more
appreciated. Some statisticians and pharmaceu-
tical researchers, alone or in collaboration, have
had the foresight to recognize applications in
this area, and recent publications in the areas of

optimization and experimental design“indicate
the activity in formulation research. 23

_ Since this book deals with pharmaceutical
technology, a chapter on statistics cannot be
expected to be in any way complete. Statisticians
should be consulted for all but the simplest prob-
lems. Data from real experiments almost always
have unexpected wrinkles that need special con:
sideration. The interaction should allow both the

statistician and the pharmaceutical scientist to
learn and grow.

There will always be more than one 'way to
examine, analyze, and interpret data. Statistics
is not an exact science; given a set 'of data, two
statisticians may analyze and present the results
differently. Data that comes from a well—de-
signed experiment, however, should lead the
experimenter to the same conclusion, indepen—
dent of the analyses. In fact, if this is notthe
case, something is amiss, and the data and/or
analysis should be carefully re-examined.

Computations in the statistical analysis of
. data are not difficult, but can be complicated,
especially for the novice. Statistical packages are
readily available, and if the data are compatible
with software programs, they should be used.
Often, however, the analysis that should be used

-is not obvious except to the expert, and fre—
quently, there are situations in which only, a
custom—made program can fit the data. In addi-
tion, the statistician must sometimes improvise,
using creativity and ingenuity for a situation for
which an analysis has yet to be devised. Never-
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theless, anyone who uses statistics should prac-
tice some of the computations. This allows a
“hands-on” appreciation of what is involved,
helping the user to learn more about what he is
doing.

. introductory Statistical Concepts
Statistics encompasses many areas of human

endeavor, and within each area is a scientific
field in itself. The statistical techniques most
applicable to pharmaceutical experimentation
can be categorized broadly as follows: ”

1. Descriptive statistics: Presentation of data
including tabular and graphic representation

2. Hypothesis testing
3. Estimation

4. Experimental design

1. Although this chapter is mainly concerned
“with the latter three categories, descriptive sta-
tistics are important. Professional statisticians
have expertise in this area, and collaboration
between pharmaceutical scientist and statisti-
cian should be complementary, using to full ad-
vantage the knowledge and experience of both
parties. One should carefully consider various
alternatives, presenting “pictures” of the data in
the most convincing manner.

2. The possible overuse of hypothesis testing
in statistics has been debated, but at present it is
certainly a popular standard statistical approach
to decision making. Government agencies, the
FDA in particular, rely on significance levels
(5%) for drug-related claims.

3. Estimation of unknown parameters such
as a population mean or the slope of a line is
often the objective of a statistical investigation.
This concept is illustrated and discussed in
some detail in this chapter.

4. Statistical experimental design pervades all
areas, and some designs commonly used in
pharmaceutical experiments are presented. Poor
or inadequate design can invalidate an other-
wise carefully conducted experiment.

Statistical analysis does not yield unequivocal
answers, nor can the analysis redeem a poor
experiment. Good experimental design is essen-
tial. The statistics presented here are concerned
with probability. Observations by their very na-
ture are variable. By “variable," we mean that if
an observation (an experiment) is repeated, the
new outcome cannot be exactly predicted. Varia-
bility and unpredictability characterize most of
our experience; here, the uncertainty is har-
nessed and put to work.
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Choosing Samples

When 100 tablets are inspected for defects, or
when 20 tablets are assayed for potency, only a
small proportion of the potentially available data
is being tested. Much of the work in statistics
involves examining relatively small samples and
then making inferences about the population
from which the sample came. There are many
reasons why the totality of data cannot always be
observed or tested. For instance, 100% sampling
may be precluded because of practical time and
cost considerations. Situations in which 100%

sampling cannot be accomplished practically are
(1) destructive assays that may occur in analyti—
cal procedures and (2) cases in which the popu—
lation definition precludes 100% sampling, as
occurs in clinical studies in which the popula—
tion may include all patients with a particular
disease.

The proper selection of samples is an essential
part of a good experiment and is a consequence
of the experimental design. A random sample is
one in which each of all possible experimental
units have an equal chance of being included in
the experiment or sample. Data derived from
random samples yield fair, unbiased estimates of
population parameters such as the mean. To
sample tablets randomly from a batch for visual
inspection or assay, each tablet should have an
equal chance of being chosen. The method of
“random sampling” clearly must be modified to
apply to many real-life experimental situations.
For example, if the experiment entails stratifica-
tion, the random sampling is done within each
stratum. To obtain a random sample, a number
can be conceptually assigned to each potential
candidate, and then a table of random numbers
can be used to select those units or individuals

to be included in the experiment or to be as—
signed to a particular treatment group. Altema—
tively, all possible experimental units can be
thoroughly mixed (literally or figuratively), and
samples can be chosen at random as in a lottery.

One must be aware that bias can easily be in-
troduced into the selection of samples if care is
not taken in randomization. Often, one must
compromise between theory and practice. In a
multicenter clinical trial where there is a choice

of large numbers of patients from perhaps thou-
sands of clinical sites, the sample chosen may be
based more on convenience than randomness. If

an effort is made, however, to choose sites based
on relevant factors such as' geographic location,
for example, one might practically consider this
a random sample. Certainly, choosing tablets for
inspection cannot be done both conveniently
and strictly at random. How would one identify
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the 1,565,387th tablet if it was to be included in
the sample? An alternative is to select samples
stratified over various time periods during the
production run. Ingenuity can often be used to
devise a “pseudorandom” sampling procedure
that can be satisfactory in difficult situations.

Systematic sampling is often used as an im—
provement over random sampling. Every nth
sample is chosen for inspection, testing, or anal-
ysis, which ensures a regular sampling through—
out a process such as the manufacture of tablets
If the process is cyclic or periodic in nature, and
if by chance the sampling corresponds to the
period, this method of sampling can lead to erro—
neous conclusions.

Sampling for quality control should be care-
fully implemented to ensure that the samples
selected are representative. A representative
sample can be regarded as one that is carefully
chosen, and perhaps subsequently treated or
modified (e.g., by compositing in the case of
bulk powders) so that the sample has the same
characteristics as the bulk material (powder) if it
were homogeneous. For example, sampling
from the top of a large container might not be
representative and can result in samples that are
different from those that might have been ob-
tained from the main bulk of material. It is not

easy to define exactly (statistically) a representa-
tive sampling scheme for testing bulk materials.
The amount of material to be inspected, as well
as the number and kind of samples to be chosen,
is often based on experience and empirical rules.
One method of sampling bulk raw materials
from drums, for example, is to sample VN con-
tainers (add one container if there is a remain-
der) where N is the number of containers. The
material may then be taken from different parts
of the container using a thief, a sampling device
that is basically a long hollow tube inserted into
the powdered material. After collection, the vari-
ous samples are often thoroughly mixed, and
samples for assay are taken from this homogene—
ous mixture. Ifcarefully implemented, such pro—
cedures for finished dosage forms or powdered
raw materials and intermediates should result in

representative samples for analysis.

Independence and Bias
Many analyses and interpretation of data as—

sume that the sample data points are indepen-
dent of one another, i.e., that the result of one
observation does not influence the result of an-

other concurrent, future, or past observation.
Examples of dependent or correlated observa-
tions are (1) blood pressure of the same individ-
ual taken on two or more occasions, (2) assays

from the same small portion of material repeated
over time, and (3) responses to a flavor prefer—
ence from the same individual on multiple occa-
sions In these cases, the same experimental
unit being used for more than one observation is
responsible for the dependence, i.e.,-each obser—
vation has a common component as part of its
variability. Note that in (2) the nature of the data
is different if the assay is performed on different
portions of material rather than on a single ho—
mogeneous portion.

The same data may be treated as independent
in one situation and correlated in another. For

example, to assess the stability of a product, a
single bottle from a batch is assayed over time
with duplicate assays at each time period, Are
the duplicates assayed at a given time period
independent? If they are analyzed concurrently,
the duplicates are probably not independent be—
cause of the common conditions existing at the
time of the assay. These common conditions
could include, for example, the same analyst,
the same reagents, and the same instrument
standardized with the same stande material.

Duplicates performed at two different laborato-
ries by two different analysts or assays done at
different points in time are probably indepen-
dent if proper care is taken. Since the tablets
come fiom a single bottle in which the material
is more homogeneous than the batch as a whole,
can any of the assays be considered indepen-
dent? These are rhetorical questions and serve
to illustrate the complexity of a seemingly sim-
ple concept. If observations are correlated, spe-
cial analyses may be necessary to account for the
correlation.

Bias is another term common to statistics. If

samples are not carefully chosen, bias, which
may not be obvious, can easily be introduced.
Human beings cannot always be objective, and
if some controls are not imposed, what is ob-
served is often what one wishes to observe. Try
to make up a series of “random” numbers from O
to 9 or letters of the alphabet quickly, without too
much thinking, and you will observe your own
bias. Randomization and blinding are ways to
overcome bias. In blinded experiments, the per-
son observing and recording experimental re-
sults is not aware of the source of the data. This

procedure is especially important in experi-
ments with subjective evaluations. Some exam-
ples of how bias may enter an experiment may
seem obvious to an objective outsider, but may
often not be obvious to the scientist closely in—
volved with his experiment. In an open (not
blinded) clinical trial, the more severely affected
patients may be selected for the treatment that
the investigator feels (perhaps erroneously) is
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the better one. During duplicate assays, a knowl-
edge of the results of the first assay may serve as
a criterion for accepting or rejecting the second
assay. Data used in curve fitting, e.g., as a func-
tion of time, may be rejected because the fit is
not as good as expected.

Probability Distributions
Observations can be categorized as discrete or

continuous. A discrete observation is one of a

countable finite number, such as (1) a tablet cat-
egorized as either out of limits or within limits or
(2) the nUmber of tablets in a bottle whose label
indicates 100 tablets. A continuous observation
is one that can be measured more and more pre—
cisely according to the sensitivity of the measur-
ing instrument. Weights of tablets and blood
pressure are continuous measurements. Most of
the statistical problems in pharmaceutical re-

search can be dealt with using the binominal
(discrete) and the normal (continuous) probabil-
ity distributions. The data that at least approxi-
mate these distributions are not mysterious as
suggested by the foregoing examples. These are
the ordinary data that are observed in real-life
experiments: weight, blood pressure, intact‘drug
in a formulation, dissolution, blood level of a
drug, proportion of tablets out of specification,
tablet weights, or number of defective bottles. By
defining distributions of hypothetical data, infer-
ences can be made about samples of real data
that are observed in the laboratory, the produc-
tion area, or the clinic.

A probability distribution can be visualized as
a frequency distribution constructed from a
large number of observations. For example, the
weights of- 200 tablets can be summarized in a

- frequency distribution, as shown in Table 10—1.
The number of tablets that fall into a given inter—
val is the frequency for that interval. The fre—
quency distribution for the 200 tablets approxi—
mates the true distribution. The weights of an
entire batch of 1,000,000 tablets can be thought
of as the universe, or true underlying distribu—
tion, from which the 200 tablets were selected.
In Table 10-1, the tablets are placed in a discrete
number (12) of class intervals. If the intervals
were made small enough, resulting in a large
number of intervals of equal width, a plot of the
proportion of tablets in the batch falling into
each interval (as in a histogram) would result in
a smooth curve as the distinction between inter-

vals disappears. Such a curve might look like
one of the normal curves shown in Figures 10—1or 10-2.
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TABLE 10-1. Frequency Distribution of Weights
of 200 Tablets

Frequency Proportion of Tablets
lnterval’ (Number of Tablets) in interval

176-180 3 0.015
180—184 B 0.03
184— 188 12 0.06
188—192 17 0.085
192— 196 26 0. 13
196—200 33 0.165
200—204 36 018
204—208 23 0.115
208—21 2 22 0.1 1
212—216 11 ' 0.055
216—220 7 0.035
220—224 4 0.02

TOTAL 200. 1.000

”Tablets included from the lower weight in interval up to, but
not including, the higher weight in interval.

Normal Distribution—A Continuous Dis-

tribution. Examples of two normal distribu-
tions are shown in Figure 10—1. The reader may
find it helpful to visualize these distributions as
frequency distributions of tablet weights, as has
just been desciibed. The two distributions in
Figure 10—1 have certain similarities and difier-
ences. Both curves are symmetric about a cen-
tral value designated 'as u, the mean, and both
are bell-shaped. This shape indicates that most
of the values in the distribution are near the
mean, and as values are further from the mean,
they are less prevalent. Although theoretically
the data comprising a normal distribution can
take on values between —00 and +00, values suf-
ficiently far from the mean have little chance of
being observed. For example, if the mean weight
of a batch of tablets were 200 mg, the chances of

' FIG. 10-]. Examples of two normal curoes with different
means and variances. The curve on the right has‘a smaller
variance and a larger mean. '
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FIG. 10—2. Distribution of tablet weights with mean =
200, and standard deviation = 10. The small shaded areas
in the tails each represent a probability of approximately
0.025.

having a 100— or BOO-mg tablet in a typical batch
would be small.

In addition to normal curves being distin-
guished by the mean or central value, they differ
in their “spread.” The curve on the left-hand
side of Figure 10-1 is more spread out than the
one on the right, a consequence of its larger
standard deviation (0'). Normal curves are ex-
actly defined by two parameters: the mean, a
measure of location, and the standard deviation,
a measure of spread.

The Greek letters It and 0' refer to the mean
and standard deviation of the universe or popu-
lation. The population is the totality of data from
which sample data are derived. In the example
of 200 tablet weights, the 200 tablets are sam-
ples taken from a population of a batch of tablets
that may consist of 1,000,000 tablets or more. In
general, It and a are unlmown and are estimated
from the data derived frgm the sample. The
sample mean, or average, X, is an unbiased esti-
mate of the true population mean It. That is, al-
though the average obtained from any single
experiment cannot be expected to equal pt, if an
igperiment is repeated many times, and all the
X’s are averaged, this overall average would
equal u. The average is calculated as EXJN,
where 2 X1 is the sum of N data points. The av-
erage of the tablet weights in Table 10.1 is
200.32 mg. The average weight of the entire
batch of tablets is probably got equal to
200.32 mg. The sample mean, X, however, is
the best estimate of the population mean. It. The
standard deviation S, is calculated as
VE(Xl — X)2/(N — 1). The sum of the squared

 

 

deviations of each value from the mean divided

by (N - 1) is called the variance (SE). The
square root of the variance is the standard devia-
tion. The number of observations minus one

(N - 1), is known as the degrees of freedom.
Many statistical calculations involve 2(X, -— X)2,
and this expression appears often in this chap-
ter, with examples of the calculations"

As a simple illustration of the calculation of
the standard deviation, consider three data
points with values 2, 4, and (j. The mean is
12/3 = 4. The value for 2(X — X)2 is calculated
as follows:

X X (X—X) (X‘XY

2 4 , —2 4
4 4 0 o
6 4 2 4

2(X—)—()2=8

The standard deviation of the numbers 2, 4, and
6 is V8/2 = 2. The variance S2 is the s uare of
the standard deviation and is equal to 2 = 4 in
this example. The sample variance 82 is an un-
biased estimate of the population variance (:2.
The use of (N — 1) in the denominator of the
expression for 82 ensures that the estimate is
unbiased. A shortcut and_more accurate com-
puting formula for 2(X — X)2 is E X2 — (XXV/N
equal to 22+ 42 + 62 — 1532 = 8 in the above
example.

Another property of the normal distribution is
that the area under the normal curve as shown

in Figure 10-1, for example, is exactly one (1)
irrespective of the values p. and a. The area be-
tween any two points (Figure 10-2), e.g., 190 and
210, rmresents the probability of observing a
value between 190 and 210. Because the theo-

retic normal curve comprises an infinite number
of values, the probability of observing any single
value is zero. However, in many statistical pro-
cedures, there is a need to compute the probabil-
ity of observing values in some interval. For ex-
ample. suppose that the distribution of tablet
weights approximates a normal distribution as
shown in Figure 10-2. The mean weight, it, of
this batch of tablets is 200 mg, and the standard
deviation, 0, is 10. The proporn‘on of tablets
weighing between 190 and 210 mg can be con-
sidered a measure of homogeneity of the batch
and is equivalent to the probability of choosing a
tablet at random that weighs between 190 and
210 mg. Probability can be conveniently thought

’Future use of summation notation in this chapter does
not include the subscript 1, although its use is implied.
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of as the proportion of times a value or range of
values is observed after many observations.

This problem can be solved by referring to a
table of “areas under the standard normal
curve.” Table 10-2 is a short version of such a

table that gives the area between ~00 and Z,
where Z is a transformation that changes all nor—
mal curves into the standard normal curve,
which has a mean of 0 and a standard deviation
of 1. This transformation allows the use of a sin-

gle table, which can be used to calculate the area
between any two points for any normal curve.
The transformation is:

Z=(X—#)/U

To calculate the area between 700 and X, com—
pute Z and find the area in Table 10-2. The
reader may find it convenient to refer to Fig-
ures 10-2 and 10-3 in the following discussion,
which describes the calculation for finding the
area between 190 and 210.

1. Area between —oo and 210: Z:

(X — p.)/a'= (210 - 200)/10 = 1. Area be-
tween —00 and 210 = 0.84 from Table 10-2.

2., Area between -00 and 190: Z=
(190 —— 200)/10 = —1. Area between —00 and
190 = 0.16 from Table 10-2.

TABLE 10-2. Short Table of Cumulative Areas
Under the Standard Normal Curve

Z = (X — ”/0 Area From —°° to Z

—2.576‘ 0.005
—2.326 0.01
—1.96“ 0,025
-1.645‘ 0.05
— 1.58 0.057
- 1.28 0.10
71.00 0.16
-0.50 0.31

0 0.50
0.50 0.69
1.00 0.84
1.28 0.90
1.58 0.943
1.645‘ 0.95
1.96“ 0.975
2.326 0.99
2.576‘ 0.995

‘2 = 12.576, : 1.96,~a.nd : 1.645 are the cutofl‘points used for
a two-sided test at the 1%, 5%, and 10% levels respectively.

Z = 1.645 is the cumfi point for a one-sided test at the 5% level
where H0 is #5110 and HA is #> [1.0.

Z = —1.645 is the cutoff point at the 5% level for a one-sided
test where H041. 2 I10 and HA: [1. < [.10.
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Area
= 0.84

190 200 210

190 200 210

FIG. 10-3. A to C, Calculation of areas under a normal
curve with p. = 200 and 0' = 10 from table of areas under
the standard normal curve (see Table 10—2).

Z = (X — p.)/a.

3. Area between 190 and 210 = (Area between
—00 and 210) — (Area between ~00 and
190) = 0.84 — 0.16 = 0.68.

This computation is illustrated in Figure 10-3.
These calculations may also be made based on

the symmetry of the normal curve; the portion of
the curve below the mean is the mirror image of
that above the mean, and therefore the, area
above and below the mean each equal 0.5 by def-
inition. In this case, the area between 210 and
200 (,u.) is 0.84 — 0.5 = 0.34; Therefore, the
area between 190 and 210 is 2 X 0.34 = 0.68

(see Fig. 10-3C). Thus, 68% of the tablets weigh
between 190 and 210 mg, or equivalently, the
probability of choosing a single tablet at random
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that weighs between 190 and 210 mg is 0.68.
(Chances are 68/100 that a tablet randomly
taken from the batch will weigh between 190
and 210 mg.)

What are the chances of finding a tablet cho-
sen at random that weighs 10% more or less
than the mean weight? This question is equiva-
lent to asking, “What is the probability that a
tablet will weigh less than 180 mg or more than
220 mg?” As before, calculate Z for X = 220
and Z for X = 180. Z220 = (220 — 200)/10 = 2;
the area is approximately 0.975. 2180:
(180 — 200)/ 10 = —2; the area is approximately
0.025. The area between 180 and 220 is
0.975 - 0.025 = 0.95. Therefore, 5% of the tab-

lets will weigh above 220 or less than 180 mg.
By using the area betWeen 180 and —00 (0.025),
and the symmetric properties of the normal
curve, the same result is obtained (see Fig.
10-2).

Another, slightly different question is also ger-
mane: “What is the probability that the mean of
10 randomly chosen tablets is between 195 and
205 mg?” An important result in statistical the-
ory that relates to the distribution of means, the
central limit theorem, must be considered before
this question can be answered. This theorem
states that for any probability distribution (with
finite variance), the distribution of means of N
randomly selected samples will tend to be nor-
mal as N becomes large. Thus, if a new distribu-
tion is formed, based not on the original data but
on means of size N drawn from the original data,
the distribution of means will tend to be normal.

This consequence of the central limit theorem
allows a comfortable application of normal curve
theory when dealing with means. A natural
question is, “What is meant by large N?” If the
original data are normal, then means of any size
N will be normal. The sample sizes needed to
make means from non-normal distributions

close to being normally distributed vary depend-
ing to a great extent on how aberrant the distri-
bution of the original data is from a normal dis-
tribution. A good guess is that the means of
sample sizes of 30 or more for the kind of data

. that are usually encountered will closely approx-
imate a normal distribution.

The distribution of means of N observations

will have the same mean as the original distribu—
tion, but the variance will be smaller, equal to
(IQ/N where 02 is the variance of the original dis-
tribution. ‘The means of many samples of size
10, for example, will tend to cluster more closely
together than the individual data because ex-
treme values will be compensated for by the
other sample values composing the mean.
Therefore, the mean of samples of size 10 from

the batch of tablets will have a normal distribu—

tion With a mean weight, ,u, of 200 mg and a
standard deviation, 0', equal to Vrcr—g/N =
x/m = 3.16. The value 07 (or s? =
S/VN, the sample estimate) is commonly
known as the standard error of the mean.
Figure 10-4 shows how the distribution of
means (N = 10) compares with the original dis-
tribution.

‘To answer the foregoing question, the proba-
bility of the mean being less than 195 is calcu-
lated, as before, with ,u = 200 and with
0' = 3.16. Thus,Z = (195 — 200)/3.1§ = —1.58.
From Table 10-2, the probability of X being be-
tween —00 and 195 is 0.057. Using the symmetry
of the normal curve, the probability of an aver-
age weight of 10 tablets being above 205 is also
0057, and the probability of X being below 195
or more than 205 is 0.057 + 0.057 = 0.114.

Therefore, the probability that the mean of ten
tablets will be between 195 and 205 mg is
(1 — 0.114) = 0.886.

The distribution of tablet weights cannot be
identically equivalent to a normal distribution
because there is some upper limit on tablet
weight, and the lower limit must be greater than
zero. Usually, real-life data does not conform
exactly to theoretic distributions, and an exact
analogy of the normal curve does not exist in
real examples. This does not mean that we can-
not make practical use of this well—known bell-
shaped symmetric distribution. Much of the'raw‘

 
FIG. 10-4. Normal distribution of single observations
(N = 1) and means of size 10 (N = 10).
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FIG. 10-5. Histogram of assays of a sample of 1 00 tablets.

or transformed data encountered in pharmaceu-
tical sciences are close enough to normal distri—
butions to allow adequate treatment, as if such
data were normal. Usually, insufficient data are
available to define the probability distribution
exactly since only a sample, a small part of the
totality of data, is available. There are quantita-
tive methods of assessing if a sample of data is
likely to belong to some known distribution, e.g.,
the normal distribution;5 however, in this pres-
entation, the true distribution underlying the
relative small data sets that are often subjected
to analysis will be assumed to be known, as a
result of experience or other available informa—
tion.

Data plotted in various ways, pictures of the
data, are revealing, not only to help visualization
of the possible underlying distribution from
which the data are drawn, but also to obtain
some insight into the meaning and interpreta-
tion of the data. A histogram, or bar graph, is a
useful way of displaying data. Figure 10—5 shows
an example of a histogram of assays of a sample
of 100 tablets from a pilot batch. The number of
tablets per mg interval is plotted such that the
area of each bar is proportional to the number of
tablets in the interval. Although the disuibution
of these tablets is slightly skewed to the right, to
say that the distribution of tablets in this batch
is approximately normal would not be unrea-
sonable.

Measures of Centrality and

Spread
The arithmetic average, or mean, is the most

common measure of the “center” of a distribu-

tion and is equal to 2 X/N, as previously noted.
Another often used measure of centrality is the
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median. The median, also known as the 50th
percentile, is the value that splits the data in
half, i.e., half of the observations are greater and
half are less than the median value. With an
even number of observations, the median may
be considered to be the average of the two obser-
vations in the middle of the data set, the num-
bers having been ordered from lowest to highest.
For example, if N = 10, the median is the aver-
age of the fifth and sixth values. If a distribution
of data is perfectly symmetric (as in the normal
curve), the median equals the mean. The me-
dian is often used to describe asymmetric distri-
butions, e.g., the median income.

The spread, or dispersion of data, is commonly
expressed as the standard deviation, S =

Vac: — 392/01 — 1). The larger the value of
S, the greater is the spread of the data. Another
common way of expressing the spread is the
range, which is equal to the difference between
the highest and lowest values in the data set.
The coefficient of variation (C.V.) is a measure
of relative variation and is equal to the standard
deviation divided by the mean, u/a, or SIX, the
sample estimate.

Statistical Inference and

Estimation

1: Distribution

Practical examples of experiments in which
data are derived from populations with a normal
distribution are commonplace. The examples in
which probabilities have been calculated thus
far assume a prior knowledge of the parameters
of the distribution, that is, the mean and vari-
ance are known. In the great majority of cases,
population parameters are unknown. In fact,
often the purpose of the statistical analysis is to
estimate these unknown parameters based on
the sam_ple statistics. The sample mean and var—
iance, X and 52, are unbiased estimates of these
parameters, and if the underlying distribution
(or population) is normal, probabilities of events
based on these estimates can be obtained from
the t distribution in a manner similar to that de-

scribed previously for the normal distribution.
The ratio t = (X - MKS/VI?) has a student’s

t distribution with N — 1 degrees of freed_om
(df), where N is the sample size. The value X is
the mean of the N samples selected; [.L is the
mean of the underlying population distribu-
tion from which the samples were selected;
and S is the sample standard deviation,

V2(x — i—(Y/(N — 1). This formula for t is the
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FIG. 10-6. Illustration of “t” distn'b'ution with 5 degrees
of freedom. The area in each of the shaded portions at t =
32.571} 0.025.

same as that_for Z for the normal distribution,
where Z = (X — rifle/W), except that for t,
the sample standard deviation, S, is used in the
denominator.

The t distribution is similar in shape to the
normal distribution (Fig. 10—6), but is more
spread out with more area in the tails, the ex-
tremities of the curve comprising the smaller
and larger values. There are any number of t dis-
tributions, each defined by the degrees of free-
dom. The mean of the t distribution is zero and

the spread depends on the degrees of freedom.
With 1 (if (N = 2), the curve is spread out, but
as the degrees of freedom increase, the t distri-
bution becomes tighter, with less spread, ap—
proximating more closely the standard normal
distribution. When df= 00 (i.e., the standard
deviation is known), the t distribution is identi-
cal to the standard normal distribution. The t

distribution is used to calculate probabilities
when the standard deviation is unknown and

estimated from the sample. The use of the t dis-
tribution is illustrated below in the testing of
hypotheses involving continuous data derived
from a normal distribution.

Hypothesis Testing (For

Statistical Significance)
Testing of hypotheses is a traditional use of

statistical methodology. Because many people
have been trained to understand the meaning of
these tests, hypothesis testing serves to commu-
nicate clearly certain experimental conclusions
from a statistical point of View. This statistical
procedure is important for assessing differences
in treatment effects for government submissions
involved with new drugs and dosage forms, in-
cluding results from clinical trials and bioavaila—
bility studies.

The process involves a hypothesis about one
or more parameters of a statistical model. An
example of a hypothesis is that the mean, ,u, of a
population, e.g., abatch of tablets, is some value,
no, perhaps 200 mg. A sample is chosen, and the
estimate of the parameter X is calculated. If the
sample estimate is Close to the hypothesized
value, the hypothesis is accepted. If the sample
estimate or statistic is sufficiently far from the
hypothesized value, the hypothesis is rejected.
Rejection implies that the sample estimate of
the parameter is evidence that the population
parameter is different from that hypothesized.
The conclusion in this case is that a statistically
sigrificant difference exists between the by
pothesized parameter and the true parameter
estimated from the sample.

To illustrate this concept, suppose that a hy-
pothesis states that the average 90% dissolution
time of a tablet batch is 30 min or less. A dissolu-

tion test using 12 tablets from a new batch
shows an average result of 33 min. Can one con-
clude that the average dissolution time of the
batch is yeater than 30 min? If the average re-
sult of the 12 tablets were 50 min, the conclu-
sion might be reached more easily. Depending
on the individual tablet results, the decision
would be more or less equivocal. Such decisions
as whether to accept or reject the hypothesis,
based on the sample data, can be made using
probabilities derived from the t distribution. The
procedure followed in making such decisions, as
well as sample computations, are given here for
some simpler problems, and the reader is en-
couraged to try as many computations as possi-
ble to gain insight into the statistical process.

The procedure of hypothesis testing is exem-
plified by a simple test that compares a sample
mean with a hypothesized mean.

1. Initially, the hypothetical mean against
which the mean of the sample data points is to
be compared is defined. This is the null hypothe—
sis. Statistically, the question being asked is,
“Does the mean being estimated from the sam—
ple come from a distribution described by the
hypothetical mean?” The null hypothesis is tra—
ditionally written as:

Ho? ,u = #0

where #0 is the hypothetical mean. Some exam—
ples of hypotheses follow. (a) The target weight
of a batch of tablets is 325 mg (the specification
weight). (H0: a = 325 mg.) (b) An antihyperten-
sive agent is hypothesized to lower the blood
pressure by 10 mm Hg on the average.
(H0: A = 10 mm Hg, where A is the blood pres-
sure reduction.) (c) The specification for disinte—
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gration time of tablets is not more than 15 min.
(HO: p. S 15 min.)

2. The alternative to the null hypothesis
should be stated, i.e., the domain of answers if
H0 is not true. This may be written as HA: ,u #
no. In the previous example (a), the alternative
could be written as HA: nae 325 mg, i.e., the
mean weight of the batch is either less than or
greater than 325 mg. This is a two-sided alterna-
tive. A one-sided alternative, HA: p. < 325 mg.
suggests that if the true mean weight is not
325 mg (H0), only values of the mean less than
325 mg are relevant or possible.

3. Having defined the hypothesis and alterna—
tive, a level of significance (the a, or Type I,
error) is chosen, the probability of erroneous re—
jection of the null hypothesis. The statement
that a' result is statistically significant, e.g.,
P < 0.05 or “significant at the 5% level," refers
to the a error. A hypothesis tested at the 5%
level means that if the test shows significance
(H0 is rejected), there is a 5% chance that the
decision to reject H0 is incorrect. In quality con-
trol plans, the a error can be thought of as the
manufacturer’s or producer’s risk. For example,
at a = 0.05, a good batch of material is errone—
ously rejected 5% of the time.

4. An appropriate sample is chosen, and the
mean and standard deviation are calculated.

This is a simple concept, yet more complex than
it seems at first glance. What is an appropriate
sample? How many observations should one
make? (How many times should the experiment
be replicated?) How are samples chosen? Are
the observations independent? If a sample of 20
tablets is chosen from a batch, the mean weight
represents the mean of the entire batch, perhaps
a million or more tablets. A large burden is
placed on these 20 tablets. In this situation, in—
dependence means that the selection and/or
weighing of any one tablet is not influenced by
or will not influence the weighing of the other
tablets. Tablets should be selected at random or

in a known “designed" way so that the statistical
analysis will have a valid interpretation. One
method of sampling might be to take the 20 tab—
lets at regular intervals during the run. (Are
there situations in which this method could lead

to bias?) Selection of twenty consecutive tablets
from any one part of a run would not be a good
procedure. Why should 20 tablets be sampled
rather than 10 or 30, for exampie? The sample
size may be dictated by an official method, or by
cost, or to obtain sufficient power. In the case of
tablet weights, “power” might refer to the ability
of the statistical test to correctly find a signifi-
cant difference if the tablets are truly out of
specification.

252 - The Theory and Practice of Industrial Pharmacy

TABLE 10-3. Short Table of Absolute Values of t
Corresponding to Various Probability Levels in a
Two—Sided Test“

Degrees of
Freedom (DF) P = 0.01 P = 0.02 P = 0.05 P = 0.10

1 63.66 31.82 12.71 6.31
2 9.93 6.97 4.30 2.92
3 5.84 4.54 3.18 2.35
4 4.60 3.75 2.78 2.13
5 4.03 3.37 2.57 2.02
7 3.50 3.00 2.36 1.89

10 3.17 2.76 2.23 1.81
11 3.11 2.72 2.20 1.80
12 3.06 2.68 2.18 1.78
13 3.01 2.65 2.16 1.77
15 2.95 2.60 2.13 1.75
19 2.86 2.54 2.09 1.73
25 2.79 2.49 2.06 1.71
40 2.70 2.42 2.02 1.68
w 2.58 2.33 1.96 1.65 

‘For a one-sided test, use P12. For example, at the 5% level,
look in the column labeled P = 0.10.

5. The next step in the hypothesis testing pro-
cedure is to compute the t statistic, which leads
to a decision of whether to accept or reject the
null hypothesis.‘

t = |x — ul/(S/VN)

The value of t determines whether or not the

null hypothesis will be rejected, rejection lead-
ing to a declaration of significance. If t is small,
the hypothesis is accepted. If t is large, that is, if
I); — ,ul is large compared to the standard error of
X (SA/N), then X is said to be significantly dif-
ferent from a. To make this decision, the com-
puted value oft is compared to the value in a “t"
table under N — 1 d.f. at the stated a level, usu-
ally 5% (Table 10-3). If the absolute value oft is
greater than the tabled value, the difference
(X — y.) is statistically significant. Significance
means that if the null hypothesis is true, the
chances of observing a t value equal to or greater
than that observed is less than a, or 5% in thiscase.

The following example illustrates the hypoth-
esis testing procedure just described. Table 10-4
shows the weights of 20 randomly selected tab-
lets arranged in ascending order. The null hy-
pothesis is H0: H = 325 mg, and the alternative

"This is a two—sided test. There is no reason to believe
that the tablets will be either higher or lower in weight
than the target value; hence, the absolute value is thenumerator.
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TABLE 10-4. Tablet Weights (mg) of 20 Run-
domly Selected Tablets

300 321
306 321
310 322
315 323
316 325
316 325
317 325
319 327
320 331
320 336 

hypothesis is HA: it 75 325 mg. Since the sample
size is 20, the degrees of freedom are 19
(20 — 1). Calculations of the mean, standard
deviation, and t statistic follow. The shortcut for—
mula for the variance or standard deviation, pre-
viously illustrated, should always be used for
speed and accuracy. Also, when computing by
hand, it is important to retain as many decimal
places as possible.

Ho: (.1. = 325 mg; HA: p. aé 325 mg

)2 = (300 + 306 + . . .336)/2O

= 319.75 mg

82 = 2(X — XY/(N — 1)

= [(300 ~ 319.75)2 + (336 —.319.75)2]/19

= 67.2

Shortcut formula for S2

= [M2 X2) - (2 X)2]/[N(N — 1)]

= [20(3002 + 3062 + . . .3362)

— (300 + 306 + . . .336)2]/(20)(19)

= [20(2045079) — (6395)2]/380 = 67.2

s = V? = VH2 = 3i

5, = 1)? — til/(SM?)

= |319.75 — 3251/(820/m) = 2.86

From Table 10-3, for significance at a = 0.05,
tlg must be greater than or equal to 2.09. Since
the observed t is 2.86, the decision is to reject

H0. Large values of t lead to rejection of the null
hypothesis; the test results in a decision of “sig-
nificance.”

Interpretation. The conclusion based on this
sample of 20 tablets is that the average batch
weight is approximately 319.75 mg, which is
sufficiently far from the target weight of 325 mg
to declare a significant difference. In such an
experiment, one can never be certain that this
conclusion is correct. The statement that the dif-

ference is significant at the 5% level means that
if, in fact, the batch mean were 325 mg, the
probability would be small (P < 0.05, or less
than 1 chance in 20) that a result as small as
319.75 or less (or greater than 330.25) would be
observed. The decision that the batch mean is

not 325 mg may be incorrect, but the chance
that this error will occur is 5% or less.

No matter how small or large the sample size
is. a declaration of significanCe rings true. There
is a small, but known, probability of erring in
coming to the conclusion that a difference
exists. On the other hand, a verdict of nonsig—
nificance is not conclusive. A decision of nonsig-
nificance can be virtually ensured by choosing a
sufficiently small sample size, resulting in weak
power, i.e., a weak ability to obtain a statistically
significant difference. One should also be aware
of the distinction between statistical and practi-
cal significance. Just as a small sample size can
result in a large difference being “§tatisu'cally
nonsignificant, a large sample size can result in
a small difference being statistically significant.
because the large sample size effectively re-
duces the variance (S; = SZ/N). In this exam—
ple, the difference of 5.25 mg (325 —
319.75 mg) from the target weight is sta-
tistically significant. The important question is,
“Is the difference apt to cause a problem from a
therapeutic or regulatory point of view?” If the
difference is not sufficiently large to reject the
batch, the next or other future batches should be
closely monitored. The use of the 5% signifi-
cance level has no basis other than tradition and
the fact that the risk associated with the 5%

level seems reasonable; one time in twenty the
null hypothesis will be erroneously rejected.

The assumptions implicit in the t test, both in
this and in other examples, are (1) that the data
comes from a normal distribution, (2) that the
observations are independent, and (3) that the
variance of the observations is equal (weighing
error in this case). In general, independence and
equality of variance are more stringent assump-
tions than normality. The central limit theorem
helps to overcome non-normality of data when
using averages.
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Comparison of Means of Two Independ-
ent Samples. An important class of problems
in statistics is the comparison of the effects of
two treatments or conditions on experimental
outcomes. Examples of such experiments are
(1) the comparison of the effects of two thera-
peutic treatments on blood pressure, (2) the
comparis0n of two disintegrants on drug dissolu—
tion of tablets, and (3) the comparison of two
analytical methods. In these problems, the vari-
ance is usually unknown and is estimated from
the data. If the experimental units are not re-
lated, i.e., are independent. the statistical test is
known as an independent two-sample t test.

In the case of a clinical trial in which two

drugs are being compared, this statistical test
would be applicable if all of the patients taking
the two drugs are difi'erent. The null hypothesis
and alternative hypothesis are:

Ho: #1 = #2 HA1 #1 5‘ #2

The population means of the two treatments are
assumed to be equal, and the null hypothesis is
rejected only if the observed sample means are
sufficiently difl'erent, based on the magnitude of
the t statistic, which is computed as follows:

t = pi, — Sig/{KSle/Nl + 1/N2)

where 51 and N2_are the sample sizes associated
with X, and K; respectively, and t has
(N1 + N2 — 2) degrees of freedom. The hypoth-
esis of equal means is tested by comparing the
value of the calculated t to tabled t values with

appropriate df at the stated a level (Table 10—3).
To estimate 02, the common variance of the

two groups, the variance of each sample is calcu-
lated, and the results are pooled, with the as-
sumption that the true variances of the two
groups are equal. (If the variances of the two
groups are different, other statistical techniques
are available.6 In general, to obtain an unbiased
estimate of a when independent estimates of
the common variance are available, a weighted
average of the variance estimates is calculated
with df (N — 1) as the weights. In the case of
two samples, the weighted average is:

2 = (N1_ 1)Sl+(N2 — USE
p (NI—1)+(N2_1)

which equals:

S

(N1+ N2 - 2)
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where the subscripts 1 and 2 refer to treatments
1 and 2 respectively. Note the following:

(N — 082 = (N — 1)[2<x — it/(N — 1)]

= xx — $02

The following example illustrates the inde—
pendent two-sample t test. Two batches of tab-
lets were prepared using disintegrating agents A
or B. Dissolution was determined on randomly
selected tablets with the following results: Disin-
tegrant A: 45, 50, 47, 43. 41, 49, 35; X = 44.29
and S2 = 2§.9. Disintegrant B: 38, 47, 42, 39,
32, 36, 41; X = 39.29 and S2 = 22.57. The vari-
ances are similar and are pooled to obtain an es-
timate of the common variance.

sf, = [6(26.90) + 6(22.57)]/12 = 24.74

t = 144.29 — 39.291/V24.74(1/7 + 1/7) = 1.88

The tabulated t at the 5% level with 12 df

(N1 + N2 — 2 = 12) is 2.18 (Table 10-3). There-
fore, the difl'erence is not significant at the 5%
level. One may conclude that although the data
are insufficient to prove an effect due to disinte-
grants, the results are equivocal (P < 0.10), i.e.,
if the observed difference can be considered of

practical significance, further testing is iridi-
cated. (Note that the tabulated tfor significance
at the 10% level with 19 df is 1.73.)

The sample sizes of the two groups need not
be equaliin this design, although maximum effi-
ciency for discriminating two means is obtained
by use of equal sample sizes, given a fixed total
number of observations. Thus, (l/Nl + 1/N2) is
minimized, and the value of t is thereby maxi-
mized.

Comparison of Means of Paired Samples.
Observations from two groups to be compared
canoften be paired in some natural way. The
more alike the pairs are, the more precise the
test is, and such pairing can be considered an
example of a choice of experimental design.
Rather than different experimental units being
chosen at random for the two groups, pairs are
chosen to be as alike as possible. Examples of
pairing are (1) using the same individual for
more than one treatment, (2) using twins or lit-
ter-mates for two or more treatments, and
(3) providing similar samples of granulation for.
comparison of assay methods. If a difference
between two groups exists and the. pairs are cho-
sen judiciously, the difference will be detected
more readily than if distinct individuals are ran—
domly chosen for both treatments (given the
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same number of observations). Calculations for
the statistical test comparing means of paired
data consist of first taking differences of the
pairs and then performing a one-sample t test on
the differences. The null hypothesis is:

Ho?#1=l142 01' #1—F-2=A:0

A comparison of two analytic methods was made
using five batches of material, and analysis was
performed on each batch by each method. As

‘shown in Table 10-5, the differences between
methods for each batch is first computed, and
the standard deviation of the differences is cal-

culated, equal to 1.42. N is equal to 5 (there are
5 pairs). The calculated value of t is:

t = |0.50 — O|/(1.42V1/5) = 0.79

Since the tabulated value of t with 4 df at the 5%
level is 2.78, the difference is not significant at
the 0.05 level.

One-Sided Tests. The tests described thus
far have been two-sided tests. Values of the ob-
served mean, or difference of means, that are
either too small or too large lead to rejection of
the null hypothesis. One-sided tests are used
when the null hypothesis is rejected only for
unidirectional differences of the observed

mean(s). Care should be taken in using one-
sided tests since this choice implies that the al-
ternative (values either too high or too low) is
not important or is of no interest. For example,
in testing a new drug, Ho might be rejected only
if a positive effect is observed; however, if a neg-

» ative response (opposite of the expected effect)
is possible and of interest, a two—sided test might
be more appropriate.

TABLE 10-5. Comparison of Two Analytic Meth-
ods

METHOD

mg active/g

A

Batch A B 11—13

1 9 100.8 100.1 0.7
2 101.9 99.3 2.6
3 98.7 100.0 ~13
4 101.3 101.4 -0.1
5 102.5 101.9 0.6

AVERAGE 101.04 100.54 0.50
S 1.46 1.07 1.42

Confidence Intervals
A confidence interval can be formed for a

mean, ,u, or the difference between two means,
with confidence, 1 — a, as follows:

D "—' (ta.f.,a)(Ss)

where D is a mean value or mean difference;

tam is the tabulated t value with appropriate
degrees of freedom (Table 10-3) at the a level of
significance; and $5 is the standard error of the
mean or mean difference.

This procedure is related to hypothesis testing
in that if the confidence interval covers zero, the
test of significance of the difference between
two means is not significant at the a level (two-
sided test). In the previous example, a 95% con-
fidence interval for the mean difference between

the two analytical methods is 0.50 x 2.78 (1.42)
(V 1/5) or — 1.26 to 2.26. A confidence interval of
1 — a (e.g., 95% if, a = 0.05) means that the
probability is 95% that such intervals cover the
true mean value, or difference of means. There
is no guarantee that in any single experiment the
true value will be covered; however, on the aver-
age, the true value will be included in the con-
fidence interval of 19 out of every 20 such ex-
periments. A lower degree of confidence is asso-
ciated with a smaller interval. The smaller the
interval is, the less is the confidence that the
true value is contained within the interval. The

confidence interval is a useful way of defining .
the region that contains the true mean or differ—
ence; it is a statement having a probability asso-
ciated with it.

In another example, a paired t test was used to
analyze the data from a bioavailability study in
which 12 volunteers were used to compare two
dosage forms. The average areas under the time
versus blood level curves were as follows: For-
mula A = 524; Formula B = 486. The variance
computed from the 12 differences (A — B) was
94. A 95% confidence interval is calculated

using the value 2.20 for t (see Table 10-3):

(524— 486) : tum, (SVW)

= 38 1 moo/WE = 31.8 to 44.2

A 90% interval is 38 : rm, (SVW)

= 38 : Leon/m = 33.0 to 43.0

Some statisticians feel that in certain situa-

tions, such as bioavailability studies, confidence
intervals are a better way of expressing results

STATISTICAL APPLICATIONS IN THE PHARMACEUTICAL SCIENCES - 255

Page 265

       
 

 



Page 266

than stating only that one formula is or is not
significantly different from the other. By provid—
ing upper and lower limits for the comparison,
the confidence interval allows the user or pre-
scriber of a product to make a judgment about
the practical equivalency of two products.

Comparison of Variances
In some experimental situations, a test of the

eguality of two independent variance estimates,
S] and 8%, is of interest. In a one-sided test

where 0-? is hygpothesized to be egual to or less
than 0'? (Ho: 0'1 5 0%; HA: 0'? > 0'2), the statisti-
cal test consists of forming the ratio S?/S§. If S?
is smaller than SE, H0 is accepted as true. If S? is
larger than S2, a test of significance is performed
using’ the F distribution. The ratio S?/S§ is com-
pared to tabulated values of the F distribution
with D] and 122 degrees of freedom, where

v1=N1—1 and V2=N2—1(N1811d Ngare
the sample sizes associated with S? and S2, re-
spectively). If the ratio exceeds the tabulated
value at the specified a level, (T? is considered to
be significantly greater than 0%. The F distribu-
tion is a probability distribution that is com-
pletely described by degrees of freedom in the
numerator and denominator of the F ratio

(Fig. 10-7). The values tabulated in Table 10-6
are the upper cutoff points and are appropriate

. for a one-sided test (H0: 0-? s 0-3; HA: tr? > 0%).
For a two-sided test (Ho: er? = 0%; HA: 0'? aé

022), form the ratio S?/S§ if S? is greater than S;
if S? is the larger variance, form the ratio 83/8].
That is, the ratio is formed with the larger vari-
ance in the numerator and is always greater

 
FIG. 10-7. Illustration of “F” distribution with 4 and 10
degrees of freedom. The shaded portion represents values
from 3.48 to 00 and equals 5% of the area

than 1. The significance level using the cutoff
points in Table 10-6 is 10% in this test because
the ratio has been deliberately constructed with
the larger variance in the numerator. In a two-
sided test, if the ratio S?/S? is formed whether or
not S? is greater than 82, tables with the lower
cutoff points in addition to the upper points are
necessary. When the ratio is intentionally
formed with the larger variance in the numera-
tor, the F tables used to assess significance are
simplified .

An example follows to clarify the test proce-
dure. The variances obtained from a formulation

mixed in two different mixers will be compared.
Five samples were analyzed from Mixer A with a

TABLE 10-6. Short Table of Upper Points of the F Distribution at 5% Level of Significance 

Degrees of
Freedom

in
Denominator 1 2

3 10.10 9.55
4 7.71 6.94
5 6.61 5.79
7 5.59 4.74
8 5.32 4.46

10 4.96 4.10
13 4.67 3.81
20 4.35 3.49
40 4.08 3.23

120 3.92 3.07
m 3.84 3.00
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Degrees of Freedom in Numerator

3 4 6 7 10

9.28 9.12 8.94 8.89 8.79
6.59 6.39 6.16 6.09 5.96
5.41 5.19 4.95 4.88 4.74
4.35 4.12 3,87 3.79 3.64

4.07 3.84 3.58 3.50 3.35
3.71 3.48 3.22 3.14 2.98
3.41 3.18 2.92 2.83 2.67

3.10 2.87 2.60 ' 2.51 2.352.84 ‘ 2.61 2.34 2.25 2.08
2.68 2.45 2.18 2.09 1.91
2.60 2.37 2.10 2,01 1.83

Page 266

 



Page 267

variance of 2; eight samples from Mixer B had a
variance of 13. Does the use of the two mixers

result in formulations of different homogeneity?
This is a two-sided test, because a priori, it is not
known which mixer will result in more variabil—

ity, if a difference in variability exists.

H0: 0% = 0%
HA: 0% 9'3 0%

at = 0.10

In a two-sided test, F = SEJS2 = 6.5 (where 8% is
the larger variance estimate). Since 6.5 is
greater than the tabulated value
(F7,4905 = 6.09), reject H0 at the 10% level. If
the variance from Mixer B is known a priori to
be no less than that in Mixer A (HA: 0% > 0%), a
one—sided test would be appropriate, and the dif-
ference would be significant at the 5% level.

Detection of Outliers
Although many rules have been proposed to

detect aberrant values, or outliers, considerable

judgment should be exercised before discarding
suspect data. For example, if replicate Values
from an analysis were 5.10, 5.11, 5.09, and 5.30,
the last value would immediately be suspected
with or without a statistical test. When doubt

arises, Table 10-7, “Dixon criteria for Testing an
Extreme Mean,” can be used to decide if an ex-
treme value belongs with the rest of the data.5
The data are first ordered numerically from low
to high. X1, X2, . . .Xk, where there are k values.
For‘ example, if k is between 3 and 7, and Xk is
the extreme value, form the ratio
(X;< — Xk_1)/(Xk — X1). If this ratio is greater
than the tabulated value, the extreme value is
considered aberrant (Table 10-7).

In the foregoing example, 5.30 appears to be
an outlier. Since k = 4, form the ratio
(5.30 — 5.11)/(5.30 — 5.09) : 0.9. Table 10-7
shows that at the 5% level with k = 4, a value of
0.765 or greater is significant. The value 5.30 is
deemed to be an outlier and is rejected.

An intelligent discussion dealing with outliers
and various recommended procedures is pre—
sented in ASTM, ENS-75.7

TABLE 10-7. Dixon Criteria for Testing an Extreme Mean

Significance Level
h 5 percent

3 r10 = (X2 — X1)/(Xk - X1) if smallest value 0.941 r
4 is suspected; 0.765
5 = (Xk ~ Xk_,)I(Xk - XQ if largest value 0.642
6 is suspected. 0.560
7 0.507

8 r11 = (X2 — X1)/(Xk_1) if smallest value 0.554
9 is suspected; 0.512

10 = (Xk — Xk_1)/(Xk - X2) if largest value 0.477
is suspected.

11 r21 = (X3| — X1)/(Xk_1 — X1) if smallest value ' 0.576
12 is suspected; 0.546
13 = (Xk — Xk_2)/(Xk — X2) if largest value 0.521

is suspected.

14 r22 = (X3 — X1)/(Xk_2 — X1) if smallest value 0.546
15 is suspected; 0.525
16 .. = (Xk — Xk_2)/(Xk ~ X3) if largest value 0.507
17 7 ~ is suspected. 0.490
18 0.475
19 0.462
20 0.450
21 0.440
22 0.430
23 0.421
24 0.413
25 0.406

From Dixon, WJ.: Processing datafor outliers. Biometrics, 9:74—86, 1953. With permission from The Biometric Society.
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Binomial Distribution

The normal distribution is an example of a
continuous probability distribution. Although
never exactly fitting this distribution, experi-
mental data often approximate normality, and
inferences based on this assumption are reason-
ably accurate. Often, however, data are clearly
not continuous, and other distributions must be
found to accommodate these situations. The

binomial distribution is an example of a discrete
probability distribution that can be used to de-
scribe the outcome of experiments common in
the pharmaceutical sciences. It consists of di-
chotomous data, data that can have one of two
possible outcomes. Examples of experiments
with a binomial outcome are (1) preference for
one of two formulations, (2) life or death (used to
compute the LDSO), (3) acceptance or rejection
of dosage units in quality control, and (4) im-
provement or worsening after treatment with a
drug.

The binomial is a two-parameter distribution:
(1) p, the probability of one of the two possible
outcomes and (2) N, the number of trials or ob-
servations. If 100 tablets sampled from a batch
have 5 rejects, p, the probability of rejection, is
estimated as 0.05, and N = 100. Note that in
this example, probability is equated with the»
proportion of rejects; the best estimate of the
unknown probability is the sample proportion. If
the entire batch were inspected, the true proba-
bility of a reject would equal the proportion of
rejects in the batch.

An example of a binomial probability distribu-
tion for N = 18 and p = 0.3 is shown in Figure
10-8 and Table 10-8. The probability of observ—
ing exactly 5 successes in 18 trials, for example,
is 0.202. A “success” is one of the two possible
outcomes of a single binomial trial with probabil-

0.2

PnalAlluTvtx)
0 r z s 4 5 6 1 a 9 no u I:

[(Nuuaen or succissEsl

FIG. 10-8. Binomial distribution with N = 18 and p =
0.3.
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TABLE 10-8. Binomial Probabilities For N = 18
and p = 0.3

Number of Successes Probability

0 0.002
1 0.013
2 0.046
3 0.105
4 0.168
5 0.202
6 0.187
7 0. 138
8 0.081
9 0.039

10 0.015
11 0.005
12 0.001

ity p, and a “failure” is the other outcome (prob-
ability of a failure = 1 — p = q). In this exam-
ple, p = 0.3 and q = 0.7. The sum of the
probabilities of all N + 1 possible results from N
binomial trials is one. There is a discrete num-

ber of possible results, (N + 1) in N trials. In 18
trials, 0, 1, 2 . . , or 18 successes are possible,
but the probability of more than 10 successes is
extremely small if p = 0.3. If a batch of tablets
were assumed to have 30% defects (p = 0.3),
the probability of observing 10 or more defective
tablets (successes) in a random sample of 18 (N)
tablets would be so small that such an observa—

tion would probably lead to the conclusion that
the batch really had more than 30% defects. The
distribution shown in Figure 10-8 looks some-
what symmetric. In fact, if Np and N
(1 — p) = Nq are both greater than or equal to 5,
the distribution is close enough to normal to
allow use of normal curve probabilities to ap-
proximate the probability of binomial results.

As is the case for the normal distribution, the
binomial can be parsirnoniously presented in
terms of its mean and standard deviation. The

mean corresponds to the true probability of suc-
cess; p, and the standard deviation (3 function of
p and N) is o: qu N, where q = (1 ~ p). To
compute probabilities of events using the bino-
mial, one can refer to binomial tables,8 using the
normal approximation when appropriate (see
next section, “Normal Approximation to the. Bi-
nomial Distribution"), or calculate probabilities
using the binomial formula. The binomial for-
mula gives the probability of X successes in N
trials.

Poo = Q)?" q” (1)
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where P(X) is the probability of observing X suc-

cesses in N trials and (g) = N!/(N - X)!(X!).
As an example of the use of the binomial for—‘

mula, consider the following. According to the
USP weight variation test for tablets weighing
less than 130 mg, no single tablet out of 20 tab-
lets weighed should differ by more than 120%
from the average weight. For a batch of 100 mg
tablets, suppose 3% weigh less than 80 mg or
more than 120 mg. What is the probability of
finding at least one aberrant tablet in a random
sample of 20 tablets? If the average weight is
100 mg, the probability of finding one or more
bad tablets equals (1 — probability of finding 0
bad tablets out of 20). This probability equals:

[1 — (23)(0.03)° (097)20] = 0.46

Note that (23) =20!/20!0!=1 because 0!
equals 1 by definition.) Thus, there is a 46%
chance that one would find at least one bad tab-
let in this test if 3% of the batch were outside the
limits.

Normal Approximation to the Binomial
Distribution. If Np and Nq are both equal to or
greater than 5, cumulative binomial probabili-
ties can be closely approximated by areas under
the standard normal curve. The following exam-
ple illustrates this concept. It is known from past
experience that the incidence of a specific ma-
lignant tumor is 10% during the lifetime of a
certain strain of normal rats. A drug is adminis-
tered to 50 rats, and the tumor occurs in 9 (18%)
of the animals. Is this an unlikely event if the
drug is not carcinogenic? The probability of ob-
serving 9 or more afflicted animals can be com—
puted if indeed the normal rate of 10% has not
changed (H0: p0 = 0.10, where p0 is the hypoth-
esized proportion). The normal approximation
can be used since both Np and Nq are equal to or
greater than 5 (N = 50, p = 0.10, q = 0.90).
Note that p0, the hypothetical population value
of p, is used for this calculation. The probability
is‘ computed usin a normal curve with mean
0.10 and 0' = V(0.1)(0.9)/50, calculating the
area for_values greater than 0.18.

Z = (X - 10hr: = (p - po)/V poqo‘lN (where
p is the observed proportion) =
(0.18 — 0.10)/V(0.10)(0.90)/50 = 1.89.

The interpretation depends on whether a one-
or two-sided test is used. The one-sided test

would be appropriate if the drug cannot truly
decrease the proportion of cancerous events
below 10%; that is, an observation of a tumor

 

incidence of less than 10% in the 50 rats would
only be due to chance. A two-sided (two-tailed)
test allows for the possibility of results both
greater and smaller than 10%, suggesting that
the drug might improve the carcinogenic profile.
Since the value of Z is 1.89, less than 1.96, a
two-sided test would fail to reach significance at
the 5% level (see Table 10—2). Since 2 is greater
than 1.65, a one-sided test would be significant
at the 5% level; the drug increases the tumor
incidence. This example shows clearly that the
choice of either one— or two-sided tests should be

seriously considered and justified a priori.
The calculation of Z as described above ap-

proximates cumulative binomial probabilities,
estimating the probability of 90r more events in
50 animals if p = 0.10. A “continuity” correction
suggested by Yates6 improves the normal ap-
proximation resulting in less significance. The
correction consists of subtracting 1/2N from the
absolute difference of the numerator of 2. For a

two-sided test, Conover describes an improved
correction.6 If the fractional part of [Np — Npol is.
greater than 0.5 but less than 1.0, the fractional
part is replaced by 0.5. If the fractional part is
greater than 0 but less than or equal to 0.5, the
fractional part is deleted. If the value is an inte-
ger (i.e., the fractional part is 0), the value is
reduced by 0.5. which is equivalent to the Yates
correction. The adjusted value of |Np — Npol is
divided by N for the numerator of the Z ratio.

In the example, |Np — Np0| is equal to
]0.18 X 50 H 0.10 X 50] = 4.00. According to
the foregoing rule, the value is decreased by
0.50: 4.00 minus 0.50 = 3.50. The numerator of
Z is 3.50/50 = 0.07.

Z = 0.07/Vp0q0/N

= 0.07/V(0.1)(0.9)/50

= 1.65

Now, a one-sided test is just significant at the
0.05 level.

Confidence Limits in the Binomial Case.
Confidence limits can be constructed for bino-
mial data in a manner similar to that for the nor-
mal distribution, as follows:

p i Zqu/N

The value of Z (see Table 10-2) depends on the
degree of confidence. Suppose that of 1000 tab-
lets inspected, 25 were found to be defective.
The proportion of good tablets in the sample is
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0.975 (975/1000). A 99% confidence interval for
the true proportion of good tablets is:“

0.975 : 2.58\/(0.025)(0.975)/10()—O

= 0975 i 0.013

The width of the confidence interval is depend-
ent on p and N, the number of observations, and
is independent of the size of the batch, provided
the number of observations is small relative to

the batch size. A proportion (or any parameter
for that matter) can be estimated with any de-
sired precision by appropriately increasing the

' sample size. Realistically, time, expense, and
accuracy of observations are limiting factors.

Statistical Tests of Binomial Data
Tests of hypotheses in the binomial case have

a form similar to normal distribution tests, as
can be seen in the following examples.

Comparison of a Sample Proportion to a
Known Proportion. Quality control (QC) data
gathered from many batches showed that 4% of
tablets manufactured with a target weightaof
200 mg weighed more than 220 mg or less than
180 mg, the upper and lower QC limits. Exami—
nation of a new batch shows that 32 of 500 tab-

lets (6.4%) are out of specifications. Is this result
unexpected based on the previous history of the
batch (4%, or 20 tablets, are expected to be out of
limits)? As in the t test, the null hypothesis and
the alternative hypothesis are stated. A “Z” ratio
is then formed, using the continuity correction
to compare the observed and hypothetical pro-
portions:

H0: p0 = 0.04 HA: p0 # 004

Z = lllp — pol - 1/(2N)i/Vpqu/N

z = (10.064 — 0.0401 — 1/1000)

+ Val—040W

= 2.62

The new batch has significantly more tablets out
of limits than are normally observed (Table 10-2,
P < 0.01). A 95% confidence interval on the
true proportion of out-of—limit tablets in this
batch is:

0.064 : 1.96V(0.064)(0.936)/500

= 0064 i 0.021

‘For 95% confidence limits, substitute 1.96 for 2.58.
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Comparison of Two Proportions. When
comparing the proportion of successes in tw0
groups, the data are often presented in the form
of a “fourfold” table as shown in Table 10-9. Dis—
eased animals were treated with either placebo

(control) or drug. Sixty—one of 75 of the control
animals survived, whereas 69 of 75 animals
given the drug survived. Is the drug more effec-
tive than the control in preventing death? The
null and alternate hypotheses are stated as fol-
lows.

H0: Pdrug = Pplacebol HA5 Pdrug aé Pplacebo

where Pdmg is the probability that an animal will
survive the drug treatment, and Pplacebo is the
probability that an animal will survive placebotreatment.

This is the binomial analog of the indepen—
dent groups two—sample t test. In the t test, the
variances were pooled under the assumption of
equal variability in the two groups. Here, all the
data are pooled to estimate a common p, the best
estimate of the true probability under the null
hypothesis, which states that the two popula-
tions have the same proportion of survivors. The
pooled p = p0 = 130/150 = 0.867. (130 of 150 ,
animals survived and the overall proportion of
survivors is 0.867.) When the sample size (N) is
equal in the two groups, the continuity correc-
tion in the test of significance consists of sub-
tracting l/N from the absolute value of the nu-
merator. The Z ratio is computed as follows:

2 = Hp, — pa ~ UNI/W

z = “0.92 7 0.813] — 1/75]

+W

= 1.68

where N; = N2 = N. As in the t test, the Z ratio
is a “difference” divided by the variability of the
difference, expressed as the standard deviation.
In this case, the difference is significant at the
10% level, not significant at the usual 5% level.

TABLE 10-9. Fourfold Table Showing Number of
Animals Alive and Dead After Three Months

Alive Dead Total

CONTROL 61 14 75

DRUG 69 6 75

TOTAL 130 20 150
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Does this mean that the drug and control do not
differ? In all statistical tests, a nonsignificant
difference does not imply sameness, The experi-
ment may not have had sufficient sensitivity to
pick up a difference that may have occurred
with a larger sample size. A significant differ—
ence, no matter how small or large the experi-
ment, means that a real difference probably
exists (With odds of 19—1 at the 5% level). The
practical meaning of any difference must be in-
terpreted in context, with an understanding of
the implications of decisions based on experi—
mental results. In this example, if increase in
survival due to the drug is small. compared to
comparable marketed drugs, there might be lit-
tle interest no matter what the degree of signifi—
cance. But if there is no drug on the market ef-
fective in this disease, these results might be a
stimulus for further work.

Chi-Square Tests of Significance
Another way of testing for significance of the

difference of two proportions is by means of the
X2 (chi-square) distribution. An example of this
test is illustrated by a preclinical study per-
formed to determine the carcinogenic potential
of a new drug in which 100 control animals were
compared to a group of 100 animals given the
drug. At the end of the experiment, the animals
were examined for tumors. Ten animals in the

control group and eight in the drug group died of
nondrug related causes before the experiment
was completed, and these animals were not in-
cluded in the final count. The results are sum—
marized in Table 10-10.

The first step in the statistical analysis is to
compute the numbers of animals that would be
expected to be observed in each of the four
“cells” of the table if the null hypothesis were
true (i.e., if the treatments were the same). This
is accomplished by multiplying the marginal to-
tals for each cell and dividing by the grand total.
For example, in the upper left cell (animals on
drug with tumors) the expected number is
(32 X 92)/182 = 16.18. Theoretically, this
means that if the treatments were identical and

no‘ variation occurred, “16.18" of 92 animals
would develop tumors in the drug group. For the
fourfold table, only one calculation is needed to
obtain the expected values for each cell, since
the cell totals must sum to the marginal totals as
shown in Table 10—10. The expected numbers in
row 1 must add to 92; therefore, the value in the
second column must be 75.82. Similarly, the
value in the second row, first column, must be
15.82 to ensure that the column total is 32, and
so forth.

TABLE 10-10. Actual and Expected“ Number of
Animals with Tumors After Drug Treatment and
Placebo

 

Number with Number without
Tumors Tumors Total

DRUG 18 (16.18) 74 (75.82) 92

PLACEBO Ill (15.82) 76 (74.18) 90

TOTAL 32 150 182

‘Values in parentheses are expected values.

The chi-square statistic, which is used to as-
sess significance, is calculated as 2(0 - E)2/(E),
where O is the observed count and E is the ex-

pected count. In this example, chi-square is cal—
culated as follows:

(1.82)2/16.18 + (1.82)2/75.82 + (1.82)2/15.82

+ (1.82)2/74.18

= 0.50

The chi-square distribution is a probability
distribution defined by a single parameter, de-
grees of freedom. The chi-square test can also be
used for experiments other than that described
by the 2 X 2 table. If three drugs are being com—
pared rather than two, a 3 X 2 table would de-
scribe the results for a dichotomous response. In
an R x C (rows x columns) table, degrees of
freedom equal (R — 1) x (C — 1). For the 2 X 2
table illustrated here, df = 1. The cutoff point
for significance for chi—square with one df is
equal to Z2, where Z is the standard normal de-
viate previously discussed (See Table 10-2). At
the 5% level, for example, X? must exceed
(1.96)2 = 3.84 for significance, since 1.96 is the
cutoff point for a two-sided test at the 5% level.
Therefore, in the previous example, the differ-
ence between drug and placebo is not signifi-
cant. (Cutoff points for X2 tests with more than
one d.f. can be found in most standard textss)
As is the case for the normal approximation to
the binomial, the chi-square test is also approxi-
mate. The expected count (E) in each cell
should be equal to or greater than 5 for the ap-
proximation to be valid. In this example, all four
expected values are considerably greater than 5,
as can be seen in Table 10-10.

As in the previously described binomial tests,
a continuity correction can be used to improve
the approximation. If the fractional portion of
IO — El is greater than 0 but less than or equal to
0.5, delete the fractional portion (e.g., if
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IO — E] = 5.3, replace 5.3 by 5.0). If the frac-
tional portion is greater than 0.5 but less than
1.00, replace the fractional portion by 0.5 (e.g., if
|O — E = 6.98, replace 6.98 by 6.5). If the dif-
ference l0 — El is an integer, decrease the value
by 0.5. In the above example, |O — El is 1.82.
Therefore, use 1.5 as the value of IO — El, rather
than 1.82. The recalculated value of X2 is 0.34.

In this experiment, a comparison of the total
number of tumors found in the two groups may
also be of interest when tumors may be found in
different organs, i.e., when a single animal may
have more than one tumor. The analyses dis-
cussed here, however, would be inappropriate
because of the lack of independence. Suppose in
the above experiment that 18 animals on drug
had at least one tumor with a total of 33 tumors,
and that 14 animals on placebo had at least one
tumor with a total of 16 tumors. Clearly, one
would have to look carefully at both statistics:
(1) the proportion of animals with tumors and
(2) the total number, type, and location of tu-
mors. However, the comparison of the total
number of tumors, 16 versus 33, in the two
groups must somehow take into account the
number of animals with and without tumors.

The Sign Test
The Sign test is a popular nonparametric test

used to assess the significance of differences of
paired data. The underlying distribution that
represents the data need not be precisely de-
fined, as opposed, for example, to the assump-
tion of normality necessary for the t test. The
sign test, however, has less power to differenti-
ate the two treatments than a test in which the
actual distribution of data is taken into account.

This means that for a given set of data, the sign
test may not result in a significant difference,

 

whereas an appropriate parametric test (such as
the t test) might show significance. The sign test
has the advantage of using simple binomial cal-
culations, and it is useful for a quick assessment
of the results of an experiment. The procedure
for performing the sign test follows:

1. The differences of each of the paired sam-
ples are tabulated, indicating only whether one
treatment or factor has a higher or lower value
than the other. For example, a positive differ-
ence means that the second treatment gives
higher results, and a negative difference means
that the first treatment gives higher results. In
case of a tie, the difference is ignored. With con-
tinuous data, there should be no ties, but ties do
occur because of limitations of measuring tech-
niques and/or because the data are not really
continuous.

2. After tabulation, the proportion of "wins”
(positive differences, for example) is calculated.
The observed proportion of “wins” is compared
to that expected under the null hypothesis of
equality of treatments (Ho: p0 = 0.5), using a
one—sample binomial test.

In the following example (Table 10-11), tab-
lets were taken from two different punches of a
tablet press at various times during a run be-
cause a difference in weight had been sus-
pected. In 18 of 24 cases, the tablet from the left
side had a higher weight than that on the right
side (a positive difference for the left side minus
right side). There is one tie (7:00), which is dis-
regarded for the purposes of the statistical test.
The observed proportion p is 18/24 = 0.75, and
the hypothetical proportion p0 is 0.5.

2 = 00.75 — o.5| — 1/48)/V(0.5)(0.5)/24 = 2.25

Since Z is greater than 1.96, the difference is
significant at the 5% level. The tablets from the

TABLE 10-11. Weight Differences of Tablets Taken From Right and Left Sides of Tablet Press

Time Right Left A

1:00 PM 220 221 +1
1:15 221 220 - 1
1:30 219 223 +4
1:45 218 221 +3
2:00 223 218 e5
2: 15 217 213 —4
2:30 221 225 + 4
2:45 218 220 +2
3:00 226 224 —2
3: 15 220 223 +3
3:30 217 219 +2
3:45 224 223 —1
4:00 222 225 +3 -
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'I‘ime Right Lefl A

4:15 218 219 - + 1
4:30 222 223 + 1
4:45 226 228 +2
5:00 217 227 + 10
5:15 219 220 + 1
5:30 215 218 +3
5:45 220 224 '+4
6:00 219 220 +1
6:15 223 , 221 —2
6:30 216 220 +4
6:45 222 226 +4
7:00 221 221 O
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left side tend to have higher weights than those
from the right side, suggesting that an adjust—
ment on the tablet press should be made.

Sampling for Attributes and

Operating Characteristic Curves
The binomial distribution can be used to con

struct acceptance/rejection sampling plans in
quality control. MIL STD 105D is an excellent
document describing sampling plans for attri-
butes.9 These plans recommend the number of
items to be inspected, and the number of rejects
that are observed determine whether or not the

lot will be accepted. The plans are more or less
stringent depending on the seriousness of a de-
fect and the risk of making a wrong decision. A
wrong decision is either (1) to pass a poor lot or
(2) reject a good lot.

As an example, Plan N from Mil Std 105D is
devised such that if there are 0.25% defects in a

lot, there is a good chance of passing the lot.9
This corresponds to an acceptable quality limit
(AQL) of 0.25. In this plan, 500 samples are
taken at random, and if 3 or fewer defects are
found, the lot passes; otherwise, the lot is re-
jected. If 0.25% of the lot is defective, the proba-
bility of the lot passing this inspection is equal to
the probability of finding either 0, 1, 2, or 3 de-
fects in the 500 samples inspected, since any
one of these observations will result in a decision

to pass the lot. This probability can be calculated
using the binomial formula given in equa-
tion (1):

X533 a) pqu‘X = P(O) + P(]) + p(2) + p(3)X=0

'where P(0), P(1), P(2), and P(3) are the prob—
abilities of finding 0, 1, 2, and 3 defects, re-
spectively. The sum of these four probabili—

ties is (58°)(0.0025)° (0.9975)500 + . . . (530)
(0.0025)3 (09975)497 = 0.29 + 0.36 + 0.22 +
0.09 = 0.96. Therefore, the probability of pass-
ing the lot is at least 0.96 if there are 0.25% or
less rejects in the batch. Conversely, the proba—
bility of rejecting such a lot is 0.04 (1 — 0.96).
Four percent (0.04) is equivalent to the a error
in hypothesis testing, if 0.25% or less defects
characterize an acceptable lot.

What about the probability of accepting lots of
bad quality? This is an important aspect of a
sampling plan and is described by an operating
characteristic (OC) curve as shown in Fig-
ure 10-9. The OC curve shows the probability of

1.0

0.5

0.6

0.4PROBABILI‘I‘V0rACCEPTANCE
(L:

0.5 1.0 1.5 2.0
l REJECTS IN LOT

FIG. 10-9. Operating characteristic curve (0C) for Plan
N, AQL = 0.25. (MIL STD 105D.9)

accepting a lot for a specified plan, given the
true percentage of defects in the lot. Note that
the probability of rejecting a lot of specified qual—
ity is simply (1 — probability of acceptance of
that lot). To construct the OC curve, it is suffi-
cient to calculate the probabilities of acceptance
at various “percent defective” values (as was
done for 0.25%) and draw a smooth curve
through these points. For example, if there are
1% rejects in the lot, the probability of accept-
ance can be calculated from equation (1).

x53 (500)(0.01)x (0.99)N-x = 0.26x=o 0

Note that p = 0.01 (probability of observing a
reject), and that q = 0.99 (1 — p). Since 0.26 is
the probability of accepting such a lot using
Plan N, the probability of rejecting the lot is
(1 — 0.26) = 0.74. The interpretation is that a
lot with 1% chipped tablets, for example, will be
rejected about 3/4 of the time and will pass the
test '1/4 of the time using this plan.

Sample Size
“What size sample do I need?” and “How

many patients should I recruit?” are common
questions that arise during planning of experi-
ments. Estimatidn of the sample size needed to
show a statistically significant difference (if at
least some predetermined true difference exists)
is an important problem in pharmaceutical and
clinical studies. When testing means, the difier-
ence to be detected (d) under HA, the a and B
errors, and the sample size, N, are closely re-

lated. Given three of these values, the fourth is
fixed. To calculate the sample size, one must
specify (T) the variance; (2) a, the risk of errone—
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ously declaring significance and rejection of the
null hypothesis; (3) B, the risk of erroneously
accepting the null hypothesis given an alterna-
tive, and (4) the “difference to be detected.” As
the experienced researcher knows, these risks
and the meaningful differences are not easy to

assess and are often a matter of good judgment.
If the sample size is large or if a is known

the computation of a sample size N for a single
(or paired) sample experiment 15:.

N = 02[(Za + 2pm]2 (2)

where d is the difference to be detected, and Zn

and 2;; are the appropriate normal deviates for
the a level and B level, respectively. For a two-
sided test, Z. is the value of Z above which a/2%
of the area is found in the normal curve (see
Table 10—2). These are the same values used for
hypothesis testing e. g., 1. 96 at the 5% level of
significance, and 2.58 at the 1% level ZB is the
value of Z above which B of the area is found'in
the upper tail. For example for B: 0.2
Z = 0.842; for B = 01, Z = 1.28; and for
B = 0.05, Z : 1.645. Although this may appear
complicated, the examples that follow should
clarify the use of this equation.

For example, a question regarding sample size
may be posed as follows. It is important to detect
a mean tablet weight that is 3 mg or more differ—
ent from the target weight. If such a difference
exists, there should be a 90% chance that a sta-
tistical test will show significance (B = 0.10;
power = 1 — B = 0.90). The chance of conclud-
ing that a difference of 3mg or more exists
when in fact the batch is on target should be
small, e.g., 5% (a = 5%). The difference, 3 mg,
and the a and B risks described previously are
not preordained. These values are a result of
careful thought and experience, and are usually
“ball-park” figures, unless legal or official re-
quirements dictate exact limits and risks. If the
standard deviation is 10, N is calculated from
equation (2):

N = 102K196 + 1.28)/3]2 = 117

This means that 117 tablets should be sampled
to determine the mean weight. A statistical test
comparing the observed mean weight versus the
target weight would then have a and B risks of
0.05 and 0.10, respectively. The values of 1.96
and 1.28 in the calculation of N refer to the stan-

dard normal deviate for a = 0.05 and B = 0.10.
A variation of equation (2) gives the approxi-

mate sample size for binomial data replacing 02
appropriately with pq.6

For small sample sizes and unknown 0, the

264 - le Them-y and Practice of Industrial Pharmacy

problem is more difficult because the value of t
changes considerably with changes in sample
size (appropriate t values must be used in the
above formula, replacing Z). If an arbitrary value
of t is chosen based on a preliminary guess of (if,
and the calculated N is substantially different

from the preliminary guess, the estimate of the
sample size Will be incorrect. Guenther has

shown that increasing the sample size as calcu-
lated from equation (2) by 0.5 Z3 1gives a nearly
correct value for the sample size0Davies pro-

vides tables for the sample size needed for t tests
given a B, and d/a.11

As an example of this calculation consider a
bioequivalency study in which the areas under
the blood level versus time curves (AUC) for two
formulations are to be compared. What sample
size would be needed to detect a difference in

the AUCs of i 20 hour . mcg/ml with a power of
90% at the 5% level in a situation in which the

average area is expected to be about 100 and the
standard deviation is estimated to be 25? Bioe-

quivalency tests are usually designed so that
each subject receives each formulation on sepa-
rate occasions (a paired design). According to
equation (2), the sample size needed is:

N = (25)2[(1.96 + 1.28)/20]2 = 16.4

Since 02 is unknown, add 0.5 Z: to 16.4:

(0.5) - (1.96)2 + 16.4 = 18.3

Nineteen subjects will satisfy the requirements
for this study.

The above calculations are for a single-sample
or paired-sample test. The calculations for a two-
sample test are slightly different. The sample
size for the two—sample case, where
N = N2: N, (N and N2 are the sample sizes
for the groups to be compared), is calculated as
fo]lows:

N = 2021(1: + Zia/d]? (3)

If 02 is unknown, add 0.25 Z: to N.10
For example, time to dissolution (50%) is to be

compared for two formulations of the same drug.
How many tablets of each formulation should be
used if a true difference of 15 min or more is to

be detected with a power of 80% at the 10% level
of significance (two-sided test)? The standard
deviation is approximately 10. In comparison
with the previous example, the experimenter is
willing to take greater risks of making errors of
the first and second kinds (:1 and B are 0.1 and
0.2, respectively). When the risks of making
these errors are larger, the sample size needed to
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meet these criteria is smaller. Using equa-
tion (3), the sample size is:

N = 2(10)2[(1.645 + 0.842)/15]2 = 5.5

Adding 0.25 ZZ(0.25 x 1.652 = 0.7) to N results
in 6.2. Seven tablets from each formulation

should be sufficient to satisfy the above condi-tions.

For one-sided tests, the same formulas are
used, but 2,, has a% of the area in the upper tail
(e.g., at the 5% level, 2,, = 1.645, and at the
10% level, 2,, = 1.28). In the previous example,
if a one-sided test were appropriate, using equa-
tion (3) results in the following calculation of N:

N = 2(10)2[(1.282 + 0342/1512

+ 0.25(1.282)2

: 4.4

Five tablets of each formulation would be ade-
quate.

Power

The power of a test is its ability to detect a
difference if such a difference truly exists. The
power can be calculated solving for Z5 from
equations (2) or (3), specifying values for N, a,
and “d”. In the one-sample (or paired-sample)
test, for example, from equation (2):

2,, = d - VN/a2 — z, (4)

If N is small, substitute appropriate values oft
for Z, or make the inverse adjustment for N as
discussed previously, i.e., make the computa-
tions using Z, but subtract 0.5 Z: from N.

Consider a bioavailability study in which the
average of the ratios of AUC of a tablet formula—
tion and solution of the same drug is to be as—
sessed. If the bioavailabilities of the tablet and
solution are the same, the ratios of the areas
should be equal to 1, on the average. Therefore,
the null hypothesis is Ho: Ratio 2 1. The two-
sided alternative is HA: Ratio eé 1. The FDA is
interested in knowing the power of such tests
because small sample sizes that result in nonsig—
nificant differences may have little power. What
is the power of the test with a sample size of 12
in which protection is to be provided against er—
roneous acceptance of altemau'ves for which the
true ratio differs from 1 by 0.2 (20%) or more?
The test is performed at the 5% level, and the
s.d. is approximately 0.25. Since N is small,
subtract 0.5 Z3 from N (2,, = 1.96;
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12 — 0.5 2,3 ~ 10), and use this value in equa-
tion (4). (This is the inverse of the procedure
used previously in calculating the sample size.)
The calculation using equation (4) follows:

Z6 = 0.2V10/0.255 — 1.96 = 0.57

(3 = 0.285 and the power is 71.5% as deter-
mined from Table 10—2.

In a two-sample test, the following is used:

2,. = dVN/2a’5 — z, (5)

Suppose, in a two—sample, two-sided test,
N,:N2=10, a=0.05, d=2, and a2=3.
Again, subtracting 0.25 - 2?, from N as before
(10 — 1 = 9), and using equation (5):

2,3 = 2V9/(2)(3) — 1.96 = 0.49

ZB is 0.49 and the power is approximately 69%
(Table 10-2). This means that if a statistical test
(t test) is performed comparing the means of the
two groups at the 5% level with 10 experimental
units in each group, if the true difference (d)
between the group means is 2 or more, the sta-
tistical test will show a significant result with a
probability of at least 69%. The calculation of
power is discussed more fully in Pharmaceutical
Statistics by Bolton (see General References).

Consumer Acceptance Testing
Before a product is introduced to the market,

it may be advisable to assess patient or con-
sumer acceptability of one or more formulation
attributes, such as taste, color, packaging, and
physical characteristics (e.g. viscosity of a liquid
suspension or thickness of an ointment). The
formulation section is often involved in imple-
menting and evaluating these tests, and a famil—
iarity with common designs such as monadic
tests, paired comparisons, and triangle tests is
important.

Monadic or Single-Product Test
In this test, the attributes of two or more prod—

ucts are compared, and each individual evalu-
ates only a single product. To analyze the result-
ing data, some quantitative measurement must
be associated with the test since such tests are

often qualitative in nature. A number or score
may be assigned to a descriptive term related to
the attribute being assessed. For example,
“excellent” = 1; “good" = 2; “fair” : 3; and
“poor” = 4; or “I would buy this product" = 3, “I
might buy this product” = 2; and “I would not
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buy this product” = 1. The scoring systems are
often arbitrary, but research on the development
of such scoring schemes considers the follow—
ing; (1) How many choices should be given to
the test panelist? (2) How should the evaluation
statements be expressed? (3) Are the intervals
between adjacent statements equal? For exam-
ple, is the difference between “poor” and “fair"
the same as the difference between “fair” and

“good”? Usually, an arbitrary equi-interval lin-
ear scale is used despite its theoretical short—
comings.

Use of six or seven reasonably spaced evalua-
tion statements with a sufficiently large panel
(30 or more) results in data that can be reliably
analyzed. Snedecor and Cochran discuss such
scaled data and conclude that the ordinary t test
is applicable (with a small continuity correction)
provided a reasonable sample size is used.6 The
test for two products can be analyzed using a
two-sample t test. For more than two products,
analysis of variance is used. The design, analy—
sis, and interpretation of such experiments are
the same as for other similar tests described in

this chapter, e.g., comparison of two drugs in
independent groups. Consider the following ex-
ample.

An antacid product is reformulated with a new
less expensive flavoring agent. Fifty subjects,
users of this product, were randomly divided
into two groups of 25 each, with each subject
evaluating either the new or old formula. A
“thermometer” scale (Fig. 10-10) was used, and
the results are shown in Table 10—12. Testing
the hypothesis of equality of means,
H0: a1 = on, use the t test for two independent
groups at the 5% level. The procedure and cal-
culations have been described in the section

“Hypothesis Testing for Statistical Significance”
for the case of the independent two-sample ttest.

Ln = IX] - X2 , ol/(spVT/N1 + 1/N_2)

s
p = v 240.94)2 + 23(1.90)2]/47 = 1.917

:47 = |7.44 — 6.88l/[L917V1/25 + 1/241 = 1.02

Although the old product received a higher rat-
ing, the two formulations are not significantly
different. The t value needed for significance is
2.01 (see Table 10-3).

The action based on these results depends on
many factors, including common sense. In this
situation, the new product might be marketed
because of the “nonsignificant” difference and
the decreased production costs. Alternatively,
the marketing group might feel that the existing
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superb

excellent

very good

good

fairly good

fair

fairly poor

poor

very poor

terrible 
FIG. 10-10. Typical thermometer scale for evaluating
consumer products.

TABLE 10-12. Comparison of Flavor Using Ther-
mometer Scale

Old Product New Product

NUMBER OF SUBJECTS 25 l 24*
AVERAGE SCORE 7.44 6.88
STANDARD DEVIATION 1.94 1.90

'One subject was ill and could not evaluate the product.
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' franchise is so good that any product that is con-
ceivably not as good (as in the case here), or dif—
ferent in any way for that matter, would not be a
viable substitute. In the latter case, an experi-
ment designed to test if products are distin—
guishable might be preferred.

The independent two-sample t test described
in dris section, sometimes known as a “mo—
nadic” test, may lack sensitivity because of large
intersubject variability. Nevertheless, this test is
often preferred, depending on product type as
well as on cost and time restraints. Such tests

can be completed more quickly than paired tests
in which each subject evaluates two products.
Also, the procedure used in this test may be
more realistic when related to how products are
actually used in the marketplace.

Paired Tests

A paired test in which each subject compares
two or more products is often desirable because
of convenience and the improved sensitivity re—
sulting from the intrasubject comparison. Prod-
ucts may be evaluated by (1) preference
whereby the subject notes which product is pre-
ferred, (2) a ranking procedure, or (3) a scoring
or rating system as discussed under “monadic”
tests. If more than one product is to be com-
pared, “round robin” tests can be used, whereby
each subject tests each and every possible pair of
products. A variation is the incomplete block
design, in which a balanced subset of the prod-
ucts are tested by each individual.”12 In repeat ,
tests, products are evaluated sequentially, and
sufficient, time should be allowed between as-
sessments for the subject to return to his normal
state. For example, in taste or smell tests, the
sensory organs can be overstimulated and a re-
covery period should be part of the experimental
design. Order effects occur often in such tests
because of unconscious bias as well as sensory
fatigue, and principles of good design including
blinding and randomization are particularly
important. Testing using a response scale (e.g.,
1 to 10) can be analyzed by paired t test proce-

__ \ dures or by a two-way analysis of variance.
' - If the number of subjects is small and the ex-

perimenter feels that assumptions such as nor-
mality that underly the statistical analysis are
not valid, suitable nonparametric techniques
(such as ranking tests) can be used (these tests
are described at the end of this chapter). As an
example consider a test in which 60 subjects
were asked to use two variations of a formula, A
and B. Preference was indicated based on the
formula’s “feel” in the mouth, and the results

were the following:

Prefer Prefer No
Formula A Formula B Preference

32 l 6 l 2

The question of what to do with “no prefer—
ence" decisions is controversial. Should subjects
be forced to state a preference? Although there
is no definitive answer, it appears best to allow
subjects to give a “no preference” decision, but
not to include this data in the statistical analysis.
Certainly, the “no preference” data should not
be ignored when the recommended action is fi-
nally made. It would certainly make a differ—
ence, for example, whether either 90% or 10%
of the subjects made a “no preference” decision,
regardless of statistical significance.

These data can be analyzed by chi—square or
equivalent binomial techniques. The hypothesis
to be tested is that among the subjects who ex—
press a preference, there is equal preference for
the two formulas.

H0: p = 0.5 HA: p 5* 0.5

Percentage preferring A = 32/48 = 66.7%

Z = [IPA - O~5| - 1/(2N)]/\/pq—/N

= (0.667 — 0.5 — ween/W

= 2.17

There is a significant preference (P < 0.05) for
Formula A among those who express a prefer-
ence. As just explained, when the results of
such an experiment are reported, the number of
consumers who had no preference should be
acknowledged. In this example, the conclusion
is that of 48 subjects who expressed a prefer—
ence, 2/3 preferred Formula A (P < 0.05), and
there were 12 subjects who had no preference.

Triangle Tests
Preference tests are primarily designed to pre-

dict the proportion of the consumer population
that will prefer one preparation to another. How-
ever, consumers may perceive two formulas as
being very different, but they could be seg-
mented into two equal groups, each of which
prefers the alternate product. Thus, equality of
preferences does not distinguish between two
possible situations: ( 1) the existence of two dis-
tinct but equal groups, each of which prefers one
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or the other product and (2) one homogeneous
group that simply cannot differentiate the prod—ucts.

The triangle test is designed to assess if prod-
ucts are in fact distinguishable. Three samples,
similar in appearance, are submitted for testing,
two of one product and one of another. The con-
sumer is asked to choose the product that is dif—
ferent from the other two (optionally, a prefer-
ence can also be requested). If there is a
“significant” number of correct guesses, the
products are considered distinguishable, and
preference data, if requested, may be analyzed to
determine the preferred product.

Order effects are important in such a test, and
the order of presentation should be randomized
or balanced. There are six possible ways of pre-
senting three products of which two are identi-
cal. If the products are called A and B, they can
be presented in the following orders. (The prod-
ucts should be labeled in some random manner,
and the six orders should be randomized.)

Subject ist 2nd 3rd

1 A B B
2 A A B
3 B B A
4 B A A
5 B A B
6 A B A

If order effects are present (e.g., the choice by
the panelist of the odd, or different, product
tends to be the second product tested), the bal—
anced design protects against bias.

Carry over effects cause a problem. For exam-
ple, in a taste test, if one or more products has so
strong a taste as to numb the taste buds, this
would influence the evaluation of the subse-

quent products. Sufficient recovery time in be-
«.tween assessments would be an important part
of the design. On the other hand, too long a time
interval between tastes could involve a “mem—

ory” factor, thus introducing excess variation.
One could, however, reason that this situation is
more realistic in that consumers do not normally
compare products side by side. These are all
valid arguments to be individually assessed for
each product and marketing situation.

Suppose that a variation of the base of a mar-
keted ointment is made to improve its kines-
thetic properties and that 30 panelists are to
compare the “feel” of the old and new products
using a triangle test design. After proper ran—
domization of the products, 15 of the 30 panel-
ists make the correct choice, i.e., choose the cor-
rect “different" product.
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The statistical analysis is based on a test of the
following hypothesis:

H0: p = 1/3
HA: p > 1/3

This means that if there is no difference, the
correct product will be chosen one third of the
time by chance. This is a good example of a one-
sided test, i.e., a difference can be tested for sig-
nificance only if correct choices are made by
more than one third of the panelists. If less dian
one third choose the odd product, this result can
be due only to chance. If the experiment results
in significantly less than one-third correct
choices, the experimental procedure should be
questioned. The test of hypothesis uses the bi-
nomial distribution with p = 1/3 and N = 30.
The test statistic is:

z = “pubs — 1/3| — 1/(2N)]/\/(1/3)(2/3)/N

where pubs is the observed proportion of correct
choices, and N is the number of responses. For
this example:

pobs : 15/30 = 0,50

and

Z = (ll/2 — l/3| — l/60)/V(2/9)/3O = 1.74

At the 5% level (one-sided test), a value of Z
equal to or greater than 1.65 is significant (see
Table 10-2). In this example, the conclusion is
that the products are distinguishable at the 5%
level.

Other Tests

Other designs used in consumer testing in-
clude round-robin, sequential, and repeat paired
preference tests.13 The round—robin used for
more than two products compares all prepara-
tions in all possible pairs. The sequential design
is based on the idea that results can be analyzed
sequentially after each preference, so that if
large enough differences exist, a smaller sized
panel can be used to come to a decision more
quickly than if a fixed sample size is chosen in
advance. The advantage of this design depends
on many factors, including anticipated differ--
ences, the nature of the products, and the set-
ting of the test. Repeat paired comparison tests
consist of a paired preference test repeated on a
second occasion. The analysis can result in a
segmenting of the population into two groups
preferring each product as well as a group who
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cannot distinguish the products. This test may
be physically difficult to implement, however,
and the data are sensitive to deviations from the
model.

Analysis of Variance and

Experimental Design
Analysis of variance (ANOVA) is inextricably

connected to experimental design. Experiments
that are conceived to compare, estimate, and test
such effects as drug treatments, formulation dif—
ferences, and analytical methods can be de-
signed to yield an optimal return for effort ex—
pended. The experimental results may then be
analyzed by ANOVA techniques. A good experi-
ment speaks for itself; the conclusions are often
obvious without complicated mathematical
treatment. With sophisticated calculators and
computers readily available, however, most ex-
periments, if designed properly, can be easily
analyzed. In a poorly designed experiment, on
the other hand, more than one factor may con-
tribute to an experimental result with no way of
untangling the effects of the factors. (This is
called “confounding.”) Examples of obvious con-
founding are (1) a clinical study in which pa—
tients are allowed to take various concomitant

drugs other than the test drug that affect the
condition being treated; and (2) a comparison of
a new tablet formulation to the former formula-

tion for dissolution, with the tablets prepared on
two different tablet presses, one formulation on
each press. Differences in the performance of
the presses (pressure, for example) can contrib-
ute to differences in dissolution in addition to

differences due to formulation changes.
Analysis of variance separates the total varia-

tion in the data into parts, each of which repre-
sents variation caused by factors imposed on the
experiment. A properly designed experiment al-
lows a clear unconfounded estimate of such var—

iation or, at least, can identify the confounding
factors, if present. Consider an experiment to

‘ assess the effects of lubricating agent and disin—
tegrating agent on the dissolution of a tablet.
The final analysis of variance would separate the

\ (effects of these factors by computing that part of
the total variation attributable to the lubricating
and disintegration agents isolated from that vari—
ation due to experimental error. This separa—
tion serves as a basis for testing statistical hy-
potheses.

One-Way Analysis of Variance
One—way ANOVA can be considered an exten-

sion of the independent two-sample t test to

more than two groups. In the t test, the following
statistic compares the difference of two sample
means to the standard deviation of the differ-
ence (the denominator of the t statistic):

(x, — xzy spa/N1 + 1/N2)

The pooled variance, Si, depends on the varia-
bility within each of the two groups. If the two
means come from the same normal distribution,
the difference between these means (suitably
weighted) should also be a measure of the varia-
bility of the data. Since the variance of a mean,
82, is equal to S2/N, then S2 is equal to N(S§). A
comparison of the the estimate of 52 from the
difference of the two (or more) means to the
within group variability (S2 pooled) is a measure
of the difference between means. If these two

estimates of variation are similar, one may con—
clude that the means of the groups do not differ,
i.e., that the difference between the means can
be accounted for by ordinary variability. If the
variability due to the difference between means
is “significantly” larger than that within groups,
one can conclude that the means of the groups
differ,

A large variability of the means is associated
with large differences between the means. Since
as noted previously, the variance of a mean is
OZ/N (where N is the sample size), the sample
variance of the mean is weighted by N to obtain
an estimate of 02. Thus, a statistic that can be
used to test treatment (group) differences is
formed by the following ratio:

_ — 2

2 N,(X, X53 /(G 1) = F

where the numerator is the variability (variance
estimate) due to the different means, and the
denominator is the pooled Within groyp vari-
ance. X, is the mean of the ith group, X0 is the
overall mean of all the groups, and G is the num-
ber of groups.

The distribution of this F ratio under the hy-
pothesis that the group means are equal is the
same F probability distribution previously men-
tioned when testing for the equality of two vari—
ances. The F distribution has :21 and v2 degrees
of freedom, where 111 is the degrees of freedom
associated with the numerator (G — 1), and 1/2 is
the degrees of freedom associated with the de-
nominator equal to 2(Ni) — G. For two groups,
analysis of variance results in exactly the same
probability. level as the two—sample t test. (The F
statistic with ] df in the numerator, which is the
case for two groups, is the square of the t statistic
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with degrees of freedom equal to that in the de-
nominator of the F ratio.) The following example
should clarify some of the foregoing concepts
and computations.

In a preclinical study, animals were treated
with two antihypertensive experimental drugs
and a control drug, with 12 animals randomly
assigned to the three groups, four per group.
One animal died from a nondrug related cause
and was lost to the experiment. The results
(change in blood pressure from baseline) are
shown in Table 10-13. Are the treatment means

different, or do the observed differences merely
reflect the inherent variation of the animals’ re-

sponse to such treatments? Under the assump-
tions that the variances within each group are
equal, and that the data are independent and
normally distributed, a test for equality of means
can be performed using analysis of variance.
The reader should refer to Table 10-13 as an aid

in following the calculations needed for the
ANOVA. .

The overall mean is:

X, = 156/11 = 14.18

The Between Treatment Mean Square (EMS) is:

mic—(i — ROY/(G — 1)

= [4(1425 — 14.18)2

+ 4(1025 — 14.18)2

+ 3(1933 — 14.18)2]/2

= 70.74

The Within Treatment Mean Square (WMS)
is the variance pooled from within each group.

[3(8?) + 3(Sg) + 2(S§)]/(Nt — 3) = 102.167/8

= 12.77

where Nt = EN, = 11.
The F ratio with 2 and 8 df, a test of differ—

ences among treatment means, is BMS/WMS.

Fm = 70.74/1277 = 5.54

If the hypothesis that all three means are the
same is true, the ratio BMS/WMS should be

equal to 1, on the average. If the computed F
ratio is less than 1, the means are not signifi-
cantly different. If the F ratio is greater than 1,
an F table should be used to determine if the
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TABLE 10-13. Change Of Blood Pressure in Pre-
clinical Study Comparing Two Drugs and Con-
trol

Drug 1 Drug 2 Control

15 8
12 14 16
19 13 20
11 6 , 22

SUM ‘ 57 41 58
MEAN (X) 14.25 10.25 19.33

S 3.59 3.86 3.06

ratio is sufficiently large to declare significance.
The cutoff point for significance at the 5% level
for Fla is 4.46 (see Table 10-6). Since the calcu-
lated F(5.54) is larger than 4.46, the conclusion
is that at least two of the means differ from each
other at the 5% level.

Computations for ANOVA, when done by
hand, routinely use shortcut formulas, and the
results are presented in an analysis of variance
table. For the above example, the calculations
can be simplified as shown below (refer to
Table 10-13 to help in following the calcula-
tions). »

Total Sum (2X) = 156

(EX)2/Nt = Correction Term (C. F.)

= 1562/11

= 2212.36

2X2 = 2456

Total Sum of Squares = TSS

= 2X2 — CT.

= 2456 — 2212.36

= 243.64

Between Treatment Sum of Squares

= BSS

= 2 Tfi/Ni — CT.

57‘2 412 582

— T+T+ 3 2212.36

= 141.47
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ANALYSIS OF VARIANCE (ANOVA) TABLE

 

SOURCE DF SUM OF SQUARES (SS) MEAN SQUARE (MS)

Between Groups 2 (G — 1) 141.47 7074 F25 = 5.54
Within Groups 8 (N — 3) 102.17 12.77

Total 10 (N — 1) 243.64

where T, is the total sum of data in ith treatment Total Sum3Qf Squares = 2X2 — C.T.
group.

= 1408 - 1280
Within Treatment Sum of Squares

= 128
= WSS = TSS — BSS

= 102.17

The analysis is typically presented in an “anal-
ysis of variance (ANOVA) table_.”

The total variation is 2(X — X)2 and is sepa-
rated into two parts, that due to differences of
the means of the groups, and that due to the
pooled variation within the groups. If the groups
are not different, the variation among different
groups should be no greater than that due to var-
iation among individuals within groups, the
“within” variation.

In general, there are “G" groups with replicate
measurements in at least one of the groups. Al-
though calculations are simplified and efficiency
is usually optimal when comparing means if the
number of observations in each group is equal,
this is not a necessary condition for this analy-
sis. In many experiments, especially in those
involving humans, the original plan usually pro-
vides for equal numbers in each group, but life
circumstances intervene, resulting in dropouts
and lack of a symmetric design. The imbalance
presents no problem, however, in the analysis of
this one-way design.

Consider another example of this design in
which an analytical method is tested by sending
the same (blinded) sample to each of seven labo-
ratories from the same company, located at dif-
ferent sites. Each of laboratories 1 through 6 has
three analysts perform the analysis. Laboratory
7 reports only two results because only two ana-
lysts are available. In this experiment, a problem
would result if one of the two analysts in labora-
tory 7 does a third analysis to present three re-
sults, since then the data for that laboratory
would not be independent. Independence, in
this example, refers to the fact that within each
laboratory, analysts perform their analyses inde-
pendently. The results are shown in Table 10-
14. The computation is identical to that de-
scribed in the previous example.

Between Labs Sum of Squares

= (Sum Column 1)2 (Sum Column 2)2
3 3

2

. + (Sum Column 7) _ CT.2

2 2 2

=%’—+%...+%—1zso
=102

Within Labs Sum of Squares

= Total SS — Between SS

= 128 — 102

= 26

Table 10—6 shows 176,13 = 2.9 at the 5% l/evel.
Therefore, the ratio 8.5 is significant, and at
least two of the laboratories are considered to be

different (P < 0.05).
Confidence limits on the overall average can

be constructed t_o give a range for the true mean
of the analysis: X0 : (Syn). For 95% confidence

TABLE 10-14. Assay Results for Seven Laborato-
ries

LABORATORY
1 2 3 4 5 6 7

9 11 6 10 5 7 12
8 9 9 10 3 7 10
7 13 9 7 4 7 —

AVERAGE 8 ll 7 9 4 7 11
OVERALL AVERAGE = 8.0
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ANOVA

Source DF
Between Labs 6
Within Labs 13

Total 19

33 MS

102 17 F6,13 = 8.5
26 2

 

limits, the value of t is 2.16 and S7): = 2/20.
(From the ANOVA Table, df = 13 and s2 = 2;
the total number of observations is 20.) The 95%
confidencelizmitsareS I 2.16V2/20 = 8 I 0.7.
Note that the variance estimate for the computa—
tion is the within error, or variance. This is the
correct error term because all of the laboratories

of interest were included in the experiment (a
fixed model). If the laboratories were only a sam-
ple of many possible laboratories, then the cor—
rect error term would be the between mean

square with (C — 1) degrees of freedom. (This is
known as a random model.) In general, the be-
tween mean square is larger and has less de
grees of freedom than the within mean square,
and confidence limits are wider in this case.

This less precise estimate is to be expected, be—
cause in the random case, not all members of
the population have been sampled. The overall
mean is estimated from a small sample of the
possible laboratories. In the fixed model, each of
all of the possible laboratories (7) have been
sampled with replicate determinations (ana-
lysts) obtained from each laboratory. If the num-
ber of observations in each group is not equal in
the random model, construction of a confidence
interval for the overall mean is difficult.

Multiple Comparisons
With more than two treatments, if the F test is

significant in the analysis of variance, one must
determine which of the treatments differ. If a

separate test is done comparing each pair of
treatments, the chances of finding significance
when the treatments are really identical are
greater than that indicated by the a level. If the
a level is 0.05, by definition, one time in twenty
a difference will be found to be significant when
the treatments are truly identical. If more than
one pair of treatments are tested for significance
in the same experiment, significant differences
are found in more than 5% of such experiments,
if treatments are truly identical. This concept
may be better understood if one thinks of a large
experiment in which 20 independent compari-
sons are to be made at the 5% level. On the aver-

age, one significant difference would be ex-
pected in each experiment of this kind, if the
hypothesis of equal treatment means is true.
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The problem of multiple comparisons is com-
plex, and many solutions have been proposed.

The simplest method of dealing with multiple
comparisons gives more significant results than
would be expected from the ANOVA a level. A t
test is constructed for differences between

means using the degrees of freedom and mean
square error from the ANOVA. If the sample
sizes are the same in each group, a single least
significant difference (LSD) can be constructed:

LSD = tdfyaVSR‘Z/N)

where t is the tabled value of t with appropriate
df at the a level of significance. Any difference
exceeding the LSD can be considered to be sig-
nificant. The LSD test should be used only if the
F test from the ANOVA is significant.

In the above example of seven laboratories,
comparisons of laboratories with three observa-
tions (Laboratories 1 throu h 6) would result in
an LSD equal to 2.18 2(2/3) = 2.49, where
2.16 is the value of t with 13 df at the 0.05 level,
and 2 is the within mean square. Laboratories 1
and 2 are significantly different from each other,
the difference of their means (11 — 8 = 3) ex—
ceeding the LSD (2.49). Laboratories 1 and 3,
for example, are not significantly different. In
comparing any of laboratories I through 6 to lab-
oratory 7, an ordinary two-sample t test is used.
For example, the comparison of laboratories 1
and 7 is performed as follows:

t = (11 — 8)/V2(1/3 + 1/2 = 2.32

Since the calculated t (2.32) is greater than the
tabulated t at the 5% level with 13 df(2. 16), the
difference is significant.

Other tests take into account the multiplicity
of comparisons and impose a penalty so that dif-
ferences greater than that calculated for the t
test are required for significance. One com-
monly used method is Tukey’s multiple range
method:

Compute |Difference|/ V SE/N = q ' (6)

Table A15 in the text by Snedecor and Cochran
shows significant values of q depending on the
number of treatments, df and a level.6
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From equation (6) the minimum difference
for significance for any pair of treatments is
qV SQ/N. Strictly Speaking, when using this for-
mula, N should be the same for each treatment.
In the laboratory example, laboratory 7 has two
observations, compared to three observations in
the other 6 laboratories. A slight adjustment for
N would be necessary in this example,6 but for
purposes of illustration, assume that there are
three observations for all laboratories (N = 3).

For this example at the 5% level, q equals
4.88, and the minimum difference needed for
significance is:

4.88V2/3 = 3.98

This difference is larger than that computed by
the LSD procedure. Laboratories 1 and 2 are not
significantly different using this method. Labo-
ratory 5 is significantly different from all the
other laboratories except for laboratories 3 and 6.
Significant difference in laboratory results may
require an action to determine and correct the
cause; or, perhaps, it might be important just to
know that differences exist.

Another commonly used method is Duncan’s
multiple range test, which is considered to have
excellent properties.”

Two-Way Analysis of Variance

(Randomized Blocks)
The two-way model is an extension of the

paired t test in which more than two groups or
treatments are compared. As in the paired t test,
each individual (often referred to as a “block”) is
subjected to every treatment Sometimes this
model is described as a design in which each
individual acts as his own “control.”

In general, the order in which treatments are
assigned to individuals is randomized unless a
special design such as a crossover is used, which
is discussed in a subsequent section of this
chapter. A table of random numbers can be used
to randomize the order of treatments to be tested

on each individual or experimental unit.
The analysis of the two-way design is similar

to the one—way ANOVA except that an additional
source of variation is present, that due to the dif-
ferences among the blocks. For example, if three
assay methods are to be compared on six batches
of granular material, the variation due to blocks
(the batches) is associated with the differences
in concentration of active material in the six
batches.

The following example should clarify the de-
sign and data analysis. The time to 10% decom-
position at accelerated conditions was compared
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TABLE 10-15. Stability of Five Batches of Tablets
Using Three Kinds of Packaging Material 

Packaging Material

Batches A B C Mean

1 96 101 89 95.33
2 89 99 80 89.33
3 82 88 83 84,33
4 94 94 90 92.67
5 93 90 89 90.67

Mean 90.8 94 ,4 862

for five batches of tablets using three different
kinds of packaging material, with the results
shown in Table 10-15. The computations for the
ANOVA are shown below on page 274. Note that
the computation of the between batch and be-
tween packages sum of squares is performed in
the same way as the one-way analysis of vari-
ance. The difference between the total sum of
squares and the sum of the between packages and
between batches sum of squares is the error sum
of squares.

In this design, the error sum of squares is less
than that which would be computed from the
same data without the “blocking” factor of
batches. If the batches sum of squares werenot
included in the analysis, the error sum of
squares would be increased by that amount. The
inclusion of the batch, or blocking factor, usually
results in a smaller mean square for error, and
thus a more precise experiment.

Total ss

= 2X2 — C.T.

=962+1012+...+892

_ (96+101+...+89)2
15

123,259 — 122,763.27

2 495.73

Between Package SS

= and)? — or.

= 5030.82 + 94.42 + 86.22)

— 122,763.27

168.93
Ii
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where R is the number of rows (batches), and C,
is the column (packages) means.

Between Batch SS

= 0202,)? — or.

= 3(95.332 + 89.332 + . . . + 90.672)

— 122,763.27

= 202.40

where C is the number of columns (packages),
and R,- is the row (batch) means.

Error SS = Total SS — Package SS — Batch SS
495.73 - 168.93 - 202.40
124.40IIII

As in the case of the one-way ANOVA, F ratios
are referred to in F Table (see Table 10-6) with
appropriate degrees of freedom ‘for tests of sig-
nificance. The F ratio for packages, with 2 and 8
df, is 5.43 (Between Packages MS/Error MS),
which is significant at the 5% level. Therefore,
at least twoof the packages differ. The least sig-

nificant difference (LSD) is tVSE(2/N) =

2.31V15.55(2/5 = 5.76. In this case, packages
B and C are significantly different, with package
B resulting in the least degradation.

The Question of a Fixed or
Mixed Model

The F ratio for batches, with 4 and 8 df, is
3.25, which is significant at the 10% level but
not at the 5% level (see Table 10-6). A relevant
question is, “Is the fact that these batches may
differ from each other with regard to their stabil-
ity an important consideration, or are the five
batches being used merely as a means of obtain—
ing replication for the assessment of the three
packages?” If the batches were somehow spe-
cial, perhaps prepared so that they differed in
some known way, it would be of interest to know
if the stability of these batches were different. In
these cases, “batches” is considered a fixed ef-

 

fect, i.e., there is a concern in the results of only
these five special batches,(or the method by
which each was prepared), and all the batches of
interest have been tested. Inferences about fu-

ture batches made under unknown conditions
are not of current interest.

If the batches are chosen randomly merely to
provide replication, however, then the batch dif-
ferences per se are not of primary concern. In
this case, the ANOVA is referred to as a mixed
model: the batches are random and the packages
are fixed, i.e., in this experiment, possible differ-
ences among the three packages are of interest,
and inferences about other yet untested pack-
ages are of no concern. If batches are random,
the F test for batches described previously may
be incorrect in the presence of batch X package
interaction. Interaction, in this example, would
be evident if package differences depended on
which batch was being tested. A more correct
error term (the denominator of the F ratio) for
batch differences would come from replicate
determinations within each batch, e.g., a repeat
determination obtained by assaying a duplicate
separate package. In any event, if batches are
random, serving only as replicates for assessing
package differences, there is usually little inter-
est in whether or not batches differ. In fact,
batch differences are known to exist, and that is
why each package is tested on the different
batches.

The two—way design is used in preclinical and
clinical studies in which two or more drugs and/
or placebos are to be compared. In these cases,
animals or humans represent the rows or blocks
that are considered to be random, i.e., the sub-
jects are chosen as a means of replication to esti-
mate the error in the experiment. The question
of mixed and fixed effects models is an impor-
tant consideration in the analysis of multicenter
clinical trials. Suppose a clinical study compar-
ing the effect of an antihypertensive drug to pla-
cebo included 20 patients (10 on drug and 10 on
placebo) at each of eight clinical sites, with re
sults shown in Table 10-16. The difference be—
tween treatments is not quite significant at the
5% level as indicated by the (Treatment)/
(Sites X Treatment) ratio of 4.68. An F ratio of
5.59 with 1,7 (if is needed for significance.

ANOVA

Source DF SS MS

Between Batches (Rows) R —- l = 4 202.40 50.6 F43 = 3.25
Between Packages (Columns) C - l = 2 168.93 84.5 F23 = 5.43
En'or (Row X Column) (R - 1)(C — 1) = 8 124.40 15.55

Total 14 495.73
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TABLE 10-16. Multicenter Trial Of An Antihy-
pertensive Drug and Analysis of Variance

Average Blood Pressure Change
(mm Hg)

Site Placebo Active

1 72.6 -9.3
2 0.8 ~6.4
3 -5.9 -5.4
4 73.2 —3.4
5 2.5 —1.2
6 —8.2 —4;2
7 —0.9 —6.8
8 — 10.0 — 10.4

—3.44 —6.51

In this example, there is replication in each
cell of the'two»way design. (A cell is defined as
the intersection of a row and column, e.g., site 3
and placebo in the 8 X 2 table, Table 10-16.)
Each cell consists of ten patients. There are now
two error terms in the analysis of variance, the
interaction term and the within error term, the
variability estimate from replicate determina-
tions within each cell. The variation due to repli-
cates (within mean square) can be estimated by
pooling the variance between patients within
each treatment group at each center (N = 10).
This estimate has 144 df, 9 dfwithin each treat-
ment and 18df from each of the eight centers.

If interaction is present, the “interaction” var-
iance is a composite of the “within” variance and
the interaction of sites and drug treatments, and
thus is greater than the “within” error.‘ The in-
teraction represents the degree to which the
sites differ in their ability to differentiate the
drugs. Interaction is great if some sites favor
drug and others favor placebo. If a sites >< treat-
ment interaction exists, “within” error is the
correct error term for treatments if sites are
considered to be fixed; that is, the correct F
ratio for treatments in the fixed model is

‘Sampling variation can result in occasionally larger
“within” error estimates.

37.82/5.49 = 6.89. This F has 1 and 144 dfand
is significant at the 1% level. Which, then, is the
correct F test? Is the drug significantly better
than the placebo or not? With the assumption
that the interaction variance is not zero, (that is,
interaction is present), the answer depends on
whether clinical sites are fixed or random, If
fixed, the result is highly significant; if random,
the result misses significance at the 5% level, an
important significance level for governmental
acceptance of data for a drug submission

Practically speaking, the sites are not ran-
domly selected; on the other hand, they may not
be considered fixed. A “fixed” effect means that
all members of. the population have been sam-
pled. In the present case, is not the purpose of
the experiment to make inferences to other clin-
ical sites? Although rhetorical, this dilemma is
real, and two points should be carefully c0nsid-
ered and understood: (1) An assumption of a
fixed model makes it easier to obtain a signifi-
cant difierence between drug and placebo. and
(2) If the mixed model shows no significance
and the fixed model shows significance, the pos—
sibility exists that a significant interaction is
present. A significant interaction means that
clinical sites do not differentiate treatments

equally, an important consideration if some clin—
ical sites favor one treatment, and others favor
the other treatment (as opposed to interaction in
which one treatment is consistently favored, and
only the degree of difference is different). The
implication of interaction in this context is that
the effect of the treatment is not consistent but

depends on the clinic, patient population, and so
forth.

Missing Values
Although data may be inadvertently lost from

any experiment, human clinical trials are partic—
ularly susceptible to data loss. Even the most
well-designed, well-intentioned study cannot
enforce exact adherence to the plan, owing to
the usual vagaries of life. Patient dropouts due to
noncompliance, adverse effects, and missed vis-
its due to illness or forgetfulness are part of al—
 

ANOVA

SOURCE DF SS MS F
Sites 7 137.05 19.58
Treatments 1 37.82 37.82 F1] = 4.68
Sites X'Treatments

(interaction) 7 56.52 ' 8.07 F1144 = 1.47
Within Sites' 144 780.56 5.49' 

‘Between subject variance (see text). within sites and treatments, is adjusted to be comparable to other terms in the ANOVA.
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most every clinical study. In cross-classified de-
signs—eg, two-way, factorial—the usual
analysis is not valid when pieces of data are
missing. Various options for the analysis exist
depending on the design, the quantity of miss—
ing data, and the nature of the data. Alternatives
include estimation of the missing data, curve fit-
ting, and the use of special complex computer
programs, which make adjustments for the un—
balanced design. The analyses are usually not
simple and often are difficult to interpret.
Herein lies much of the art of statistics, and an
experienced statistician should be consulted in
such matters.

Bioavailability and Crossover

Designs
Evaluation and analysis of bioavailability and

pharmacokinetic parameters are important con-
siderations for the pharmaceutical scientist.
Usually, a finished dosage form is compared to
some preliminary formulation or marketed for-
mulation regarding relative absorption. The
usual method of comparison consists of a clini-
cal study in normal volunteers in which single
doses of the experimental and comparative for-
mulations are taken in a crossover design. In
this design, half of the subjects are randomly
chosen to take either one or the other of two for-

mulations on the first experimental occasion
(also known as period, leg, or Visit), and the re—
maining formulation on the second occasion. A
sufficient period of time should intervene be-
tween the two periods so that “all” of the drug is
eliminated before the second dose is adminis-

tered. It is important that power considerations
be taken into account when determining sample
size; the FDA recommends that the experiment
be of sufficient sensitivity to have 80% power to
detect a difference of 20% or more between for-
mulations at the 5% level. Usually, 12 to 24 sub-
jects satisfy these conditions using a crossover
design.

Various parameters can be considered in the
comparison of formulas for bioavailability, in-
cluding (1) total amount of drug absorbed (from
area under the blood level versus time curve, for
example), (2) peak blood level, and (3) time to
peak. Analysis of the results at each plasma (or
urine) sampling time should be discouraged
because the multiplicity of tests and correlation
of data at proximal time points lead to confusion
regarding the true significance level of such
tests.15 Also, interpretation is difficult. Other
analyses for bioavailability data have been pro-
posed that may be more relevant depending on
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the drug under consideration.16 Although these
alternative analyses have much merit, bioavaila-
bility data are usually reduced at present to the
comparison of the three parameters just men-
tioned; this procedure is acceptable to the FDA
in most cases.

The simplest analysis of bioavailability com-
parisons uses an analysis of variance for a cross-
over design. Statistical tests of hypotheses may
be done separately for each parameter, e.g., rela—
tive absorption, time to peak, and peak plasma
level. This method involves the easiest computa-
tion and interpretation but does not take into
account multiple statistical tests and correlation
of the parameters. Thus, although a multivariate
test may be more appropriate, it may often be
difficult to interpret. Some statisticians have
suggested that hypothesis testing is not appro—
priate in bioavailability tests, because accept-
ance of the null hypothesis cannot logically lead
to the conclusion that two formulations are ex-

actly the same, since two different formulations
cannot be identically equivalent. Rather, confi-
dence intervals provide more useful informa-
tion.“18 For example, if two formulas can be
said to be within 25% of each other with a high
degree of confidence, the clinician can then de-
cide whether the two formulations are similar

from a practical point of view.
The following example concerns the analysis

of only a single parameter for purposes of illus-
tration. The bioavailability of a tablet formula-
tion of a new drug is to be compared to an equiv—
alent amount of drug given in solution. The
values in Table 10-17 for area under the blood
level versus time curve were obtained from 12

subjects in a crossover design. The analysis of

TABLE 10-17. Results of Bioavailability Study—
Area Under Blood Level vs. Time Curve 

Order of
Subject Tablet Solution Administration

1 76 83 T—S‘
2 59 54 T—S
3 84 95 S-T
4 96 81 T-S
5 50 64 S—T
6 61 66 S-T
7 48 57 S-T
8 68 6] T—S
9 74 70 S-T

10 86 79 T—S
1 1 9] 88 S-T

12 E g T—S
AVERAGE 70.83 72.17

'T—S = Tablet first. solution second.
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variance accounts for order of administration
with 1 df as well as “subject” and ‘formulations”
variance. The error sum of squares is the total
sum of squares minus the sum of squares due to
order, subjects, and formulations. Otherwise,
the computations are similar to those previously
described:

Between Subject SS

= Elf/2 _ CT.

(1592 +1132 + ...1252)
2

_ 17162
24

 

= 4225

Between Formulation SS

 

 

_ EC?
— 12 CT.

2 2

=w_ 122,69412

= 10.67
2 .

Order SS = Eoi — CT.12

’2 2

=w_ 112,69412

= 96

where 01 is the sum of results of first visit and
02 is the sum of results for second visit.

Total SS = 2X,2 — CT

= 127,402 — 122,694

Error SS = Total SS — Subject SS

— Formulation SS — Order SS

= 4708 - 4225 — 10.67 — 96

= 376.33

The F tests for formulations and order of ad-

ministration are not significant (F140 is 4.96 at
the 5% level), suggesting that the values of total
absorption from both formulations are similar. A
significant order effect would occur if 'the aver-
age results of the first visit differed from the aV-
erage results of the second visit. Such a differ-
ence could be caused by systematic differences
in the experimental procedure, the assay proce-
dure, or the state of the subjects. A significant
order effect does not invalidate the experiment.
The design separates the variability due to order
of administration from the residual experimen—
tal error.

The crossover design is a special case of the
Latin square design, and the same deficiencies
(and advantages) are present in both. A discus—
sion of Latin square designs can be found in
standard texts on experimental design. (See
“General References") If differential carryover
effects exist (i.e., the effect of one drug preced-
ing the other has a carryover effect different
from that which occurs if the order of adminis—

tration is reversed), the treatment effects are
confounded and inferences can be misleading.
In this case, confounding is interpreted as a con-
fusion of treatment differences with differences

due to the different carryover effects. Also, if in-
teractions exist, the error is inflated, and inter-
pretation of the results is unclear. Therefore, if
either carryover effects or interactions are sus-
pected, crossover designs should not be used.
Special Latin square designs can be used to esti-
mate and account for carryover effects,19 or a
simple parallel group (one-way) design can be
used.

The advantage of the crossover design as com-
pared with a parallel group design is that the

= 4708 sensitivity of the experiment is increased, owing

ANOVA

Source DF SS MS

Subjects 1] 4225 384.1
Formulations l 10.67 10.67 Fug = 0.3
Order 1 96 96 F1710 = 2.6
Error 10 376.33 37.63

Total 23 4708
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to the use of within subject variance as the error
in the crossover design, which is smaller than
the between patient variance measured in the

parallel groups design. Grizzle has proposed an
analysis that detects carryover effects.2 If such
effects are present, the data from only the first
visit are used and then analyzed as a one-way
ANOVA, disregarding the data obtained from the
second visit. (In the case of two treatments, this
analysis is the same as an independent two-
sample t test.)

Incomplete block designs may be used for bio-
availability studies when more than two formu-
lations are to be compared. For example, if three
formulations are included in a study, a full
crossover would require three _visits. An incom-
plete block design would have each subject take
only two of the possible three formulations in a
symmetric pattern. For formulations A, B, and
C, six subjects taking A~B, A-C, B-C, B—A, C-A,
and C-B, in the order specified, results in an in-
complete block design, balanced for order. Ele-
mentary discussions of incomplete block designs
can be found in the works of Davies and
C0X.11'12

Bioavailability data are often analyzed by
using a log transformation or by computing a
ratio of parameter estimates (e.g., AUCmblet/
AUCsolufion) as the test statistic. These tech-
niques usually result in similar conclusions al-
though the use of the log transformation results
in an asymmetric confidence interval when the

antilog is calculated to back transform the
data.2 An advantage of using ratios is that the
statistic may be more easily interpreted by the
clinical scientist. As previously noted, use of
confidence intervals may be a more appropriate
way of expressing the difference between two
formulations with regard to a given pararne—
terw'l8 For the example shown in Table 10-17,
95% confidence limits on the difference be-
tween the formulations for “area under the

curve" can be constructed as follows (t with
10 df = 2.23):

(72.17 — 70.83) : 2.23V37.63(1/12 + 1/12)

= 1.34 1 5.58

= (—4.24 to 6.92)

The true difference between the AUCs for the
two formulations lies between —4.24 and 6.92

with a probability of 95%.

Transformations

Data analysis can often be improved by means
of transformations, which result in a better fit of
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the data to the statistical model, or an improve-
ment in properties that satisfy the test assump-
tions, such as variance homogeneity.

Probably the most frequently used transfor—
mation is the logarithmic transformation, obvi-
ously restricted to data with positive values.
Examples in which the log transformation is rec-
ommended include the following situations.
(1) The data have a log-normal distribution.
(The transformation results in normally distrib—
uted data.) (2) The coefficient of variation (S/X)
of the observations, X, is constant. (Log X has
approximately constant variance.) (3) If the data
consist of a simple exponential function of the
independent variable X (that is, Y = A8“), then
log Y is linear with respect to X. One should con—
sider the effects of the log transformation on the
variance as well as on the distribution of the

data. The transformation may make skewed data
appear more normal, but at the same time, it
may result in nonhomogeneity of variance,
heteroscedasticity. Ideally, the transformation
results in satisfying both the normality and vari-
ance homogeneity assumptions implicit in the
usual tests. Fortunately, this transformation
often results in data that approximately satisfy
both of these assumptions.

Other useful transformations are the arcsin

transformation, which is used for proportions,
and the square root transformation, which stabi—
lizes the variance if the variance is proportional
to the mean.5

Regression
Regression is a form of curve fitting that can

be used for descriptive or predictive purposes.
The theory of regression analysis allows equa-
tions relating variables to be established; it also
aids in understanding the behavior (reliability)
of the estimated equation parameters.

Simple Linear Regression
Simple linear regression is concerned with the

fitting of straight lines, Y = A + BX, where A
and B are the parameters of the line, the inter-
cept, and slope, respectively. The dependent
variable Y is a response that is the outcome of an
experiment and is variable, i.e., its outcome can-
not be exactly predicted. The independent varia-
ble is considered to be known precisely. For‘ex-
ample, if blood pressure is the dependent
variable, any or all of the following may be inde-
pendent variables, depending on the objective of
the experiment: dose of drug, length of treat-
ment, and weight of patient. Some examples in
which regression analysis would be appropriate
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are ( 1) cholesterol lowering as a function of
dose, (2) log plasma concentration as a function
of time, (3) optical density as a function of con-
centration, (4) dissolution as a function of stea-
rate concentration, and (5) tablet assay "as‘ a
function of tablet weight.

The objective of linear regression analysis is to
fit the best straight line, Y = a + bX, from the
experimental data, using least squares. The
least squares line is defined as the line that
makes [2(Observed Y — calculated Y)2] a mini-
mum, where the “calculated Y" is obtained from
the least squares line. From the methods of cal—
culus, it can be shown that:

The slope, b = [2(X — )‘(xY — Y)]/[2(x — $02]

The intercept, a = Y - bX

Various significance tests may be performed
on the estimates of the parameters a and b if the
following assumptions are met:

1. X is measured without error. (If both X and Y
are subject to error, line fitting may be ac—
complished by other minimizing tech—
niques.”)

2. Y is a variable with a normal distribution at

each X, and the observed Ys are statistically
independent.

3. The variance of Y is the same at each X.

4. The true relationship between X and Y is a
straight line.

With these assumptions, the least squares fit
can be used to estimate the variance; the vari-
ance of the slope; the variance of the intercept; a
predicted value of Y; and confidence limits at a
new value of X. It can also be used to determine

if the relationship is a straight line. (Multiple
observations of Y at at least one value of X are

needed for the latter test.) All of the statistical
tests and confidence intervals are based on nor-

mal curve theory. If the data are normal, it can
be shown that estimates of the parameters a and
b have normal distributions. The procedure for

0 fitting straight lines and some relevant statisti-
cal tests are presented, using data derived from
stability studies for illustrative purposes.

Fitting Lines to Stability Data
Because federal regulations now require expi-

ration dating of pharmaceutical products, statis-
tical procedures play an important role in the
analysis of stability data. The fitting of data to

straight line models and determination of varia-
bility allow inferences and predictions of future
potency, as well as of the time to a given level of
degradation, to be made with probability qualifi-
cations. Proper design of such studies is ex—
tremely important. Design considerations in-
clude the number of points in time at which the
drug will be analyzed, various storage condi-
tions, the number of samples to be analyzed at
each point in time, and the source of these repli-
cates. FDA statisticians recommend that three
batches at ambient conditions be used to esti-

mate stability characteristics.23 Tablets should
be taken from more than one bottle at each time

period, especially during early development or
marketing stages. Recommendations regarding
an optimal choice of time periods for assay to
reduce the variability of the regression line have
appeared in the literature; however, in practice,
the choice of time points seems to involve more
than just this kind of optimality.”1 Designs
should include appropriate observation intervals
to reveal possible lack of linearity in the stability
plots.

Table 10-18 shows the concentration of intact

drug in tablets as a function of time at 25°C.
Three “randomly” selected tablets from a single
batch were assayed at each sample time. (In the
case of tablets taken from each of three batches,
the statistical analysis would take the different
batches into account, and would be more com-
plex than what is presented here.) The results
are plotted in Figure 10-11.

Some pertinent questions are: (1) Do these
data represent a straight line? (Does the decom-
position follow zero—order kinetics?) (2) If so, at
what time will the product be 10% decomposed?
(3) How much intact drug will be present in one
year? To answer these questions, estimates of
the slope (b) and intercept (a) that define the
straight line, and the variance estimate are ob-

TABLE 10-18. Stability Data With Triplicate
Assays From A Single Batch 

 Time Concentration (% of Label)

0 weeks 102,102,104
8 weeks 100,99,101

16 weeks 98,99,98
24 weeks 94,97,963
32 weeks 97,95,93

2X = 240' EY = 1473

xx —‘ To” = 1920 2a — if = 137.33

'Note that the sum of "time" values (X) equals 3 x 80 = 240
because each “time” appears 3 times, one for each value of the
concentration (Y).
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FIG. 10-1 1. Stability plot showing loss of drug with time
in a tablet formulation. ‘

tained using the least squares procedure as fol-
lows (see also Table 10-18).

The sample estimate of the slope, b, is:

b = xx — XxY — i')/>:(x — 302

A shortcut computing formula for b is:

b = (NEXY — Exam/{NI}? — (2)021

_ 15 ~ [0(102) + 0(102) + . . .32<93)1 — (240)(1473)
‘ [(15)(0 + o + . . .32 ) —(240)2]

= (346,920 - 354,000)/(86,400 —- 57,600) = 0.246

The sample estimate of the intercept, a, is:

a = Y — b)? = 98.33 — (—0.246)(16) = 102.27

Therefore, the equation of the fitted line is:

 
where CT is the concentration of drug at time T.
The variance estimate, SQ, is:

s‘2 = [2(Y — (a + bX))2]/(N — 2)

A shortcut formula is:

$2 — [2(Y 1‘02 b22(X X)21/(N 2)

= 1137.33 — (—0.24e)2(1920)]/13 = 1.638

 

The variance, as computed here, is an esti—
mate of the error in the line fitting, which in-
cludes tabletting variation (weight variation,
mixing heterogeneity, and other random errors)
and assay error, as well as variation due to the
fact that a straight line might not be an accurate
representation of the data. In the present exam-
ple, an independent estimate of the tablet varia-
tion is available from the replicates at each ob-
servation point. A one—way ANOVA of these data
is the first step in separating the sum of squares
into its various components. There are five ob-
servation times with three replicates at each
time.

The Between Times sum of squares can be
further subdivided into two parts.

The regression sum of squares is calculatedas:

b2E(X — $92 = (—0.246)2 x (1920)

and is the sum of squares due to the slope of the
line. A slope of zero would result in a zero regres—
sion sum of squares; a large slope results in a
large sum of squares The deviations sum of
squares is equal to between times sum of
squares minus regression sum of squares,
(119.33 — 116.03), and represents the variance
due to the deviations of the average results at
each time period from the fitted line.

Test For Linearity. The F test for linearity
has 3 and 10 degrees of freedom (F310) and is

CT = 102.27 — 0.246T (7) equal to Deviations MS/Within Times MS, or

ANOVA

Source DF SS MS
Between Times 4 119.33 29.83

Within Times ‘10 18.00 1.80

Total 14 137.33

Source DF SS MS

Regression 1 116.03 116.03
Deviations from Regression 3 3.30 1.10 
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1.10/1.80 = 0.61. This is not significant

(F310 = 3.71 at the 5% level. See Table 10-6).
There is no evidence for lack of linearity. The
nonsignificant test for linearity in thiscontext
suggests that the use of a straight line as a model
for these data is reasonable. The F ratio com-

pares the deviations of the means of the observa-
tions from the fitted line at each time period to
the error determined from replicates within
each time period. If this ratio is small, there is no
reason to believe that the relationship is not lin-
ear. A lack of linearity would result in an inflated
deviations mean square, because the data repre-
senting a nonlinear function would be far re—
moved from the least squares line.

Test of Slope. It is of interest to test if the
slope differs from zero, i.e., the drug is indeed
degrading. A zero slope means that no degrada-
tion is occurring. The test compares the sample
estimate of the slope to its variance using a t
test. The_ variance estimate of a slope is
32/2(x — X)?

H02B=0 HAzB¢0

:13 = lb — 0|/VS2/2(x — $92

= 0.24am

. = 8.416

(Equivalently, FM3 = Regression MS/Error MS
= 70.84 = t .) The slope is significant (see

Table 10-3); the drug is degrading.
Test of Intercept. Although it may not be of

special interest in this example, a test for the
significance of the intercept may also be per-
formed. In this example, one might wish to test
if the intercept is different from 100. A t test is
performed comparing the difference between
the intercept estimate, a, and 100 to its standard
deviation.

H0: A = 100 HA. A 75 100

:13 = la — low/W

= (awn/m

= 3.97

Thus, the intercept, 102.27, (potency at time 0)
is significantly greater than 100, P < 0.05 (see
Table 10-3).

' 1.638 is the variance estimated from the original least
squares fit. A safer estimate of error is the within mean
square with 10 df equal to 1.80.

Prediction. Based on the data, the best pre-
diction for the time at which 10% of the drug is
decomposed (or when 90% of the intact drug is
present) is determined by rearranging equa—
tion (7).

T90 = (90 — 102.27)/(—0.246) = 49.9 weeks

where CT is 90 and T90 is the time when 10% of
the drug is degraded.

The amount of active drug predicted to be
present after one year is calculated from equa-
tion (7):

052 = 102.27 — 0.246(52) = 89.5%

The estimates of both T90 and C52 just de—
scribed are variable and have error associated

with them. The error of a predicted value of Y
(concentration, C52, for example), where a pre-
dicted value is an actual observation at time X,
depends on the magnitude of the variance, and
how far away the new time is from the mean of
the time values (X) used to compute the least
squares equation. The further the new value of
X is from X, the more variable is the estimate of
the predicted value. The variance of a predicted
value is:

Si = 82(Predicted Value)

= s2[1 + l/N + (xT — x)2/2(x — 302]

where XT is the time of prediction. The pre-
dicted value, an assay actually determined at the
time of prediction, has a variance that consists of
the error due to the estimation involved in the

line fitting plus the error associated with the
new assay at the predicted time. A 95% confi-
dence interval for a single assay performed at 52
weeks can be computed once the variance esti-
mate of the predicted value is calculated. A 95%

confidence interval equals C52 : tdf,0_05(Sp). In
the example, the confidence interval is:

89.5 : t13.0_05\/1.638[1 + ms + (52 — 16)2/1920]

= 39.5 : aim/2.95 = 89.5 i 3.65

A confidence interval for the “true” potency at
52 weeks (a sample would not actually be as-
sayed at this point) is:

C52 i t13,0.05 V Szll/N + (XT _ 302/2“ _ 7—02]

= 89.5 i 2.38

The time at which 90% remains, for example,
is known as inverse prediction, or a linear cali-
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bration problem, in which it is of interest to esti-
mate the time, T = (CT — Co)/b, with an associ-
ated confidence interval. It can be shown that
the confidence interval for T is:

[(T r 5‘) i (tS/b)

>< VKN + 1>IN1<1 — g) + (T —"T>2/2<T — in

+ [(1 - g)] (8)

where g = (t2)(s2)/[b22(r — TV] and this the
appropriate tabled “t” value for the. confidence
interval. In the present example,-the‘time for
10% decomposition, T90, is 49.9 weeks For a
95% confidence interval:

g = (2.16)2( 1.638)/(0.246)2( 1920) = 0.0658

(t13 for a = 0.05 is 2.16)

(Note that if the slope b is not significantly dif-
ferent from zero, g will be greater than 1 and
confidence limits cannot be obtained.) A 95%
confidence interval for T90, the time for 10%
decomposition, using equation (8) is:

[48.85 i (2.16 X 128/0246)

>< V(16/15)(0.9342) + (49.9 — 1605/1920]

+ [0.9342] = 37.1 to 67.5

Thus, the time for 10% decomposition probably
occurs between 37.1 and 67.5 weeks. A conserv—

ative expiration date based on the time for 10%'
decomposition is 37.1 weeks, according to the
lower limit of the confidence interval.

Allocation of X. The slope is estimated bet-
ter if the X values are maximally spread apart.
This can be seen from inspection of the variance
of the _slope, which is equal to a-2 divided by
2(X ~ X)? This quantity is maximized if the
assay points are equally divided between points
at zero time and the last assay time. This is not
usually done, however, because considerations
are important in addition to this “optimal" allo—
cation. For example, in stability testing, data are
usually obtained at intermediate points to ob-
serve the functional relationship between con-
centration and time.

Weighting in Regression. If the reaction is
first order, a least squares procedure is followed
using log C for concentration. This transforms
the exponential equation, C = Coe'k‘, to a linear
function, log C = log C0 — kt]2.303. If the data
are log-normal, i.e., if log C is normal, then the
variance homogeneity assumption is satisfied as
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a result of the log transformation if the coeffi-
cient of variation, S/X, of the original untrans-
formed data is approximately constant. If a log
transformation is inappropriate (as in zero-order
reactions), and the variance is not constant but
depends on the magnitude of the value (e.g., the
coefficient of variation is constant), a weighting
procedure should be used when fitting the least
squares line, with weights equal to the inverse of
the variance.25

The weighting procedure is used for any least
squares fit in which the variance is not constant,
but the procedure is more complex than the ex-
amples considered here. When fitting lines to
the Arrhenius relationship, log k = —HA/T +' K,
a weighted least squares procedure should be
used, because in general, the log k’s do not have
equal variance. A nonlinear approach to the sta-
tistical analysis of stability data combining the
first order and Arrhenius equations has recently
been described.26

Correlation

Figure 10-12 is a scattergram showing the re—
lationship of change in blood pressure after
treatment and the pretreatment blood pressure
measurement. If both variables are subject to
error and are distributed bivariately normal, a
correlation coefficient r can be computed and
tested for significance:

r = xx — )‘(xY — ion/xx — ifza — it)?

where the X’s and Y’s are paired values, e.g.,
change of blood pressure and baseline blood
pressure values. The value of r lies between +1
and —1 and measures the linear relationship
between two variables, X and Y. A correlation
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FIG. 10-12. Scattergram showing the relationship of
post-treatment change in blood pressure to pretreatment
blood pressure.
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coefiicient of +1 and -— 1 indicates that all points
fall exactly on a straight line of positive slope or
negative slope, respectively. A correlation of 0
indicates independence of the two variables, a
zero slope (if they are bivariately normal). In
practice, an exact fit (r = i 1) or a zero correla-
tion rarely occur, and one must decide if the ob-
served r is large enough to be taken seriously.
The test of the correlation coefficient

(H0: p = 0) is a t test: t = r/V(1 — FMN — 2)
with N — 2 df. For data in Figure 10—12, where
N = 19 and r = 0.478, the test of significance

(17 df), t = (0.478 — 0)N(1 — 0.228)/(17 =
2.24, shows a significant correlation at the 5%
level (see Table 10-3).

Correlations should be carefully considered
since a significant correlation does not necessar—
ily indicate cause and effect. For example, a
strong correlation between plasma uric acid in—
crease and potassium decrease in patients on
diuretics does not mean that one causes the

other. Also, it should be appreciated that a small,
perhaps meaningless, correlation coefficient
may be statistically significant when dealing
with large sample sizes. In general, one should
interpret correlations with caution and‘use such
results as clues for further experiments.

Empiric Models and

Optimization
For the last 30 years in the chemical industry,

relatively simple empiric equations associated
with optimizing techniques have been used to
describe otherwise complicated response rela-
tionships. Recently, these techniques have been
shown to be useful in developing pharmaceuti-
cal dosage forms.“4 Usually, least squares pro—
cedures are used to obtain an empirical polyno-
mial equation from experimental data that
adequately describes the system within the
range of the test variables, the levels of which
are fixed in advance. Predictions and optimiza-
tion are then based on the polynomial equation.
Any set of data can be fit exactly by a polynomial
of sufficient degree. For example, an equation of
the form y = a + bx + cx2 can be fit exactly to
three points (x,y pairs). This does not mean that
such an equation has physical meaning in de-
scribing the system or that it will accurately
predict responses at extra-design points, i.e.,
combinations of factors not included in the ex-

periment. These procedures usually result, how-
ever, in equations that closely approximate the
response as a function of the variables being
studied, and although the procedure may seem
chancy, it has good predictive properties if used

cautiously and intelligently. This approach is
further elucidated in the following discussion of
the simplex method, one of several techniques
used in formulation optimization procedures,
which are useful in designing dosage forms.

Simplex Lattice
This procedure may be used to determine the

relative proportion of ingredients that optimizes
a formulation with respect to a specified varia-
ble(s) or outcome.27 A common problem in phar-
maceutics occurs when the components of a for-
mulation are varied in an attempt to optimize its
performance with respect to such variables as
drug solubility, dissolution time, and hardness.
Application of a simplex design can be used to
help solve this problemm29 The method is illus—
trated using data estimated from a publication
by Former and co-workers, in which a different
approach, a constrained optimization, is de-
scribed.2 In the present. example, three compo-
nents of the formulation will be varied—stearic

acid, starch, and dicalcium phosphate—with
the restriction that the sum of their total weight
must equal 350 mg. The active ingredient is
kept constant at 50 mg; the total weight of the
formulation is 400 mg. The formulation can be

'optimized for more than one attribute, but for
the sake of simplicity, only one effect, dissolu-
tion rate, is considered.

The arrangement of the three variable ingre—
dients in a simplex is shown in Figure 1013.
Note that this simplex is represented by a tri-
angle. With more than three ingredients, the
representation of the simplex is more difficult.
The simplex, in general, is represented by an
equilateral figure, such as a triangle for the
three—component mixture and a tetrahedron for
a four-component system. Each vertex repre-

SA 180 MG
ST 4 MGDCP 166 MG

 

 

  
 

SA 100 MG
ST 4 MG

DCP 166 MG . DCP 246 MG
 

SA 13.3 MG
ST 57.3 MG

DCP 219.3 MG

SA 20 MG SA 20 MG 5A 20 MG
ST 164 MG ST 54 MG 51' ‘ MGDCP 166 MG DCP 246 MG DCP 326 MG

FIG. 10-13. Special cubic simplex design for a three-com-
ponent mixture. Each point represents a different formula-
tion. SA = stearic acid;_ ST = starch; DCP = dicalcium
phosphate.
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sents a formulation containing either (1) a pure
component or (2) the maximum percentage of
that component, with the other two components
absent or at their minimum concentration. The

choice of upper (maximum) and lower (mini-
mum) concentrations of the variable ingredients
is usually based on judgment, experience, or
data from preliminary experiments, and repre-
sents concentrations within which a viable prod-
uct can be manufactured. In this example, the
vertices represent mixtures of all three compo-
nents, with each vertex representing a formula-
tion with one of the ingredients at its maximum
concentration. The reason for not using pure
components is that a formulation containing
only one of the three cemponents (350 mg of
only starch, for example) would'result in an un-
acceptable product. Careful preliminary thought
must be given to the choice of the upper and
lower concentrations of the three ingredients,
under the constraint that the total weight of the
components is fixed. In this case, the lower and
upper limits are stearic acid 20 to 180 mg (5.7 to
51.4%*); starch 4 to 164 mg (1.1 to 46.9%);
dicalcium phosphate 166 to 326 mg (47.4 to
93.1%). Thus, as shown in Figure 10-13, the
vertex associated with the maximum percentage
of starch would be represented by a formulation '
containing 164 mg of starch (46.9%), 166 mg of
dicalcium phosphate (47.4%), and 20 mg of ste-
aric acid (5.7%).

Various formulations can be studied in this

triangular simplex space. One basic simplex
design includes formulations at each vertex,
halfway between the vertices, and at one center
point as shown in Figure 10-13. Note that a for-
mulation represented by a point halfway be-
tween two vertices contains the average of the
minimum and maximum concentration of the

I ‘The percentage is based on a total of 350 mg of excipi-
ents, and the total percentage of the three ingredients
must necessarily equal 100%.

two ingredients represented by the two vertices.
The composition of these seven formulas in the
present example, a three—component system, is
shown in Table 1019.

If the vertices in the design are not single pure
substances (100%), as is the case in this exam-
ple, the computation is made easier if a simple
transformation is initially performed to convert
the maximum percentage of a component to
100%, and the minimum percentage to zero
(0%), as follows.

Transformed %

_ (Actual % — Minimum %)
— (Maximum % — Minimum %)

In the case of stearic acid, for example, the
transformation is (Actual % — 5.7)/(51.4 ‘ 5.7).
An actual concentration of stearic acid of 28.6%

is transformed to a concentration of 50%, using
this formula. Figure 10-13 shows that the sim-
plex points nicely cover the space in a symmet—
ric fashion. This simplex arrangement allows
easy construction of an equation that exactly fits
the resulting data, a polynomial equation with
seven terms.

Response = blxl + b2X2 + b3X3 + b12X1X2

+ b13X1X3 + baaxaxa + b123X1X2€é§

where X1, X2, and X3 represent transformed per-
centage concentrations of stearic acid, starch,
and dicalcium phosphate, respectively. This em-
pirical equation represents the data in the con-
fines of the simplex space, and the coefficients
can be calculated as simple linear combinations
of the responses as follows, using lnY, the re-
sponse variable recommended by Former.2 As
shown in Table 1019, the responses are Y(1),
Y(2), and so forth where, for example, Y(1) is the

TABLE 10-19. Seven Formulas To Be Tested—Actual and (Transformed) Values

  
Stearic Acid Starch DCP Response

% % % (min) in Response

51.4 (100) 1.1 (0) 47.4 (0) 292 Y(1) 5.68
5.7 (0) 46.9 (100) 47.4 (0) 5.6 Y(2) 1.72
5.7 (0) 1.1 (0) 93.1 (100) 50.4 Y(3) 3.92
5.7 (0) 24.0 (50) 70.2 (50) 15.6 Y(2,3) 2.75

28.6 (50) 24.0 (50) 47.4 (0) 25.6 Y(1,2) 3.24
28.6 (50) 1.1 (0) 70.2 (50) 124.5 Y(1,3) 4.82

16.4 (33) 62.6 (33) 37 Y(1,2,3) 3.6120.9 (33)
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response for the formulation with X1 (stearic
acid) at a maximum concentration.

h1 = Y(1) = 5.68

b2 = Y(2) = 1.72

b3 = Y(3) = 3.92

b12 = 4Y(1,2) — 2Y(1) — 2Y(2) = ~1.83

b13 = 4Y(1,3) — 2Y(1) — 2Y(3) = 0.10

bgg = 4Y(2,3) — 2Y(2) — 2Y(3) = ——0.30

13123 = 27Y(1,2,3) — 12 [Y(1,2) + Y(1,3)

+ Y(2,3)] + 3[Y(1) + Y(2) + Y(3)]

= 1.71

Substituting these values of the coefficients into
equation (9), the following response equation is
obtained.

Dissolution Time

= Y

= 5.68X1 + 1.72X2 + 3.92X3

— 1.83X1X2 + 0.10X1X3

_ 0.30X2X3 ‘ 1.71X1X2X3

(10)

This is an empirical equation that should rep-
resent the respcnse surface in the simplex
space. Its adequacy can be tested by running
one or more experiments at other experimental
points (different formulations from those in the

simplex) and noting if the equation accurately
predicts the results. In the analysis of their ex-
periment, Fonner and co-workers included data
from four experiments not covered by the sim-
plex.2 Using equation (10), the prediction of the
results for these four formulations is good, as
can be seen in Table 10-20. The last point in
Table 10-20 represents a formulation outside of
the region of the simplex, and the prediction is
good in this case. In general, predictions outside
of the simplex space might not be reliable, and
caution should be exerted when extrapolating
into extra-design regions. When possible, reph-
cation is recommended in simplex experiments
to estimate the variance, which can be used to
assess the “fit” of the model by comparing the
predicted and actual results from extra—design
points.

Computer programs can be used to construct
contour maps and identify optimal regions once
the response equation has been established.

Nonparametric Statistics
Most of the statistical tests described in this

chapter are based on an assumption that the
underlying distribution of the data is known (bi-
nomial or normal, for example). Although tests
based on the normal distribution give valid re-
sults in face of a moderate degree of non-nor-
mality, especially when inferences about means
are made, situations arise in which data should
be analyzed with limited assumptions about the
data distribution. One such nonparametric test
has already been described, the Sign test. Many
nonparametric tests assume only that the under-
lying distribution is continuous. In addition,
analysis of data using nonparametric methods
has the advantage of using simple calculations
that are often based on ordering or ranking pro—
cedures. Thus, these methods can be used to

TABLE 10-20. Prediction of Dissolution Results of Extra—Design Points Using Equation Derived From
Simplex Experiment

Extra—Design Formulations
(Transformed)

Stearic Starch DCP

Acid (%) (%) (95)

20.4 21.6 58.2
20.4 65.3 14.4
64.1 . 21.6 14.4
64.1 65.3 —29.3

Observed Dissolution

Dissolution Predicted from Eq (10)

(antilog) '

33.4 38.9
12.9 12.7
72.8 72.9
19.9 22.1

'Fonner and associates recommend use of In (response) for the optimization using their method This transformation is used here.
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obtain a quick look before a full-fledged analysis
is undertaken.

A disadvantage is that these tests lack power
compared with corresponding parameteric tests;
nevertheless, some nonparametric tests are sur-
prisingly powerful. (As noted previously, power
is the ability of a test to find significance, should
a true difference exist.) Also, in more complex
designs, nonparametric tests may not give the
variety of analyses and interpretations given by
parametric analyses; Severalpopular methods of
analysis are presented in this discussion; more
detail is given by Wilcoxon and Wilcox.30

Wilcoxon Rank Sum Test

This test is used to compare the averages of
two treatments and has excellent power com-
pared with the more powerful t test if the data
are normally distributed Consider the example
in Table 10—21 showing changes in weight of
control animals compared with animals given an
anorexic drug. Values for drug and control
groups are ranked in order of magnitude. A rank
is assigned to each value; average ranks are as-
signed in case of ties. The ranks are then
summed within each treatment group. In most
cases, a significance test may be used based on
an approximation to the normal distribution:

Z = [T - ECU/V's?

has a distribution that is approximately normal
with variance equal to 1.

Em = N1(N1+ N2 +1)/2 and

8% = N,N2(N1 + N2 + 1)/1-2

N1 = Smaller sample size

N: = Larger sample size

T = Sum of ranks for smaller sized sample

In this example:

E(T) = (8)(8 + 9 + 1)/2 = 72

S2 = (8)(9)(8 + 9 + 1)/12 = 108

For a two-sided test:

2 = |;|94 — mm = 2.12

According to Table 10-3, a value greater than
1.96 is needed for significance at the 5% level.
Therefore, the drug is significantly different
from the control (P < 0.05); the drug group
showed a greater weight loss. Wilcoxon and Wil-
cox provide a table that can be used to assess

significance, given the sample sizes of the two
groups and the rank sum.3

For paired data, the non-zero differences (zero
differences are not included in the analysis) of
the pairs are first ranked in order, disregarding
sign. Then, the sum of the ranks of the positive
differences and the sum of the ranks of the neg-
ative differences are computed and tested for
significance. The data in Table 10-22 were ob-
tained from a bioavailability study using 15 sub-
jects. The peak serum concentration is com—
pared for the two products. The sum of the
positive ranks is 68.5, and the sum of the nega-
tive ranks is 36.5. An approximate “normal" testis:

z = [T — (N)(N + 1)/41/\/N(N + 1)(2N + 1)/24

TABLE 10::21. Weight Change in Drug and Control Groups and Ranks
Control

Weight Change Rank

0 l4
—3 9
+9 17
-1 12.5
—4 7.5
+3 16
-1 12,5
—5 5.5

Sum of Ranks = 94

286 ' The Theory and Practice of Industrial Pharmacy

Drug

Weight Change Rank

—2 10.5
~8 3
+1 15

- 19 l
—4 7.5
-2 10.5

-11 2
—5 , 5.5
—7 4

Sum of Banks = 59
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TABLE 10-22. Results of Bioavailability Comparison Peak Height of Serum Concentration

Subject Test Product Control Product Difference Rank

1 9.6 9.4 +0.2 1.5
2 3.3 3.3 0 Omit
3 2.8 2.4 +0.4 5.5
4 5.0 4.1 +0.9 10
5 6.4 4.7 +1.7 14
6 2.8 3.5 —0.7 8
7 4.0 3.7 +0.3 3.5
8 3.2 3.0 +0.2 1.5
9 4.3 3.3 +1.0 11

10 4.7 6.2 -1,5 13
11 3.3 2.9 +0.4 5.5
12 4.6 3.8 +0.8 9
13 4.0 5.1 — 1.1 12
14 5.9 5.3 +0.6 7
15 3.6 3.9 -0.3 « 3.5

where N is the number of pairs, and T is the
sum of the ranks (either positive or negative).

Z = [68.5 — (14)(15)/4]/V(14)(15)(29)/24

= 1.00

Since Z is less than 1.96, the test product is not
significantly different from the control at the 5%
level. Wilcoxon and Wilcox have a table for sig-
nificance testing,30 and for small sample sizes,
this table rather than the foregoing approximate
formula should be used.

One-Way and Two-Way Designs
Nonparametric tests are available for one- and

two—way) ANOVA type designs. In the case of
more than two independent groups arranged in
a one—way, design, the data are first ranked in
order over all groups, disregarding group desig-
nation. The sum of the ranks for each group is
then calculated. A statistic with an approximate
X2 distribution can be computed as shown in the
following example, in which the hardness of tab—
lets of three different formulations of the same

drug are compared (Table 10-23). The replicates
are randomly selected tablets. The X2 test, with
C—1=3—1=2df,is:

X4154 = [12/N(N + DEW/NI - 3(N + 1)

where C is the number of treatments, R, is the
sum of ranks in ith treatment, Ni is the number
of Observations in ith treatment, and N is the
total number of observations.

In this example:

X2 '= [12/(10)(11):| [208.33 + 65.33 + 64.0]

- (3X11)

= 3.84

For significance at the 5% level, a X2 value with
2 degrees of freedom must exceed 5.99.5 There-
fore, the differences among the‘three formula-
tions are not significant at the 5% level.

Friedman’s Two-Way Analy‘sis. Fried-
man‘s analysis for related samples with more
than two groups is also based on ranking of
data.31 This test is analogous to a two-way
ANOVA.

Four batches of tablets were produced on
three tablet presses (machines), and the average
weight of the tablets was estimated as the mean
of 20 randomly selected tablets. To test for ma—
chine differences, the machines are ranked

TABLE 10-23. Hardness (Rank) of Tablets From
Three Formulations

Formula

1 2 3

8.3 (6) 7.9 (4) 8.4 (7)
10.0 (10) 7,1 (2) 80(5)
9.7 (9) 8.5 (8) 6.5 (1)

7.3 (3)
R, = ZRanks 25 14 16

(tab/N, 208.33 65.33 64.0
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TABLE 10-24. Data Showing Comparison of Tablet Weights From Four Machines Using Three Batches
With Ranks 

  Machine

1 2 3

Batch Weight Rank Weight Rank Weight Rank

1 202 (3) 199 (2) 197 (1)
2 203 (3) 199 (2) 198 (1)
3 205 (3) 200 (2) 196 (1)
4 202 (3) 197 (1) 198 (2) 

within each batch as shown in Table 10-24. An 9. MIL STD 105D, Military Sampling Procedures and
approximate X2 test can be used to assess Signif- Tables for Inspection by Attributes. US. Government

- - ‘ Printing Office Washington DC 1963.a. , , ,
meme “mg the followmg fomu} 10. Guenther, w. c.: The American Statistician, 35:243.1981.

Xé-l = [12/(RC(C + 1))12CJ'2 - 3R(C + 1) 11. Davies, 0.: Design and Analysis of Industrial Experi-
ments. Hafiier, New York, 1963.

where C is the number of groups (machines), R 12. Cox, D. R.:‘P1anm‘ng ofExperiments. John Wiley and
is the number of blocks (batches), and C,- is the Sons, New York, 1965. P. 221-- - 13. Ferris, Gs. Biometrics, 14:39, 1958.
sum 0f ranks 1n the Jth group. 14. Steele, R. G. D., and Torre, J. H.: Principle and Prote-

In this example: dures of Statistics. McGraw-Hill, New York, 1960,
p. 107.

= [IQ/(4 ' 3 ' 4)] ' 218 - <12X4) = 6.5 15. Albert, K. S. (Ed): Drug Absorption and Disposition:
Statistical Considerations. Am. Pharm. Assoc., Wash-

Since 6.5 is greater than the tabulated value of ington, DC, 1980. _X§.(599) at the 5% level,5 the result is signifi- 16- “7951131”: W. J‘ In" J' Ch“ Pharmacol., “‘342’1975.

cam the film maChme Shows the higher aver“ 17. Westlake, w. 1.: J. Phann. Sci., 61:1340, 1972.
age wel'ght (Wilcoxon and Wilcox PIOVide a dis- 18. Shirley, E. 1.: J. Pharm. Pharmacol, 28:312, 1975.
cussion of comparisons that involve more than 19, Cochran, w_ G., and Cox, c, M.: Experimental De-
two groups.30) signs. 2nd Ed. John Wiley and Sons, New York, 1957,

The tests described in this section, as well as 20 E- 11117- J E B' _ 21 467 1965other nonparametric tests, are describedin more ' “2 e, ‘ -: iometncs, '- 1 ‘

detail by Siegel,31 Wilcoxon and Wilcox,3° and 22 gesgg‘ej“in: gamemfiififil $3,376 tal
H llander and Wolfe. 32 Tables for tests of Si ifi— ' an e ustic ‘ ‘ meme“0 gn Data. Interscience, New York, 1964, p. 288.
canoe are also provided by these sources. 23. ONeill, R. T., and Schuirmann, D. J.: Presentation at

meeting of Am. Statistical Assoc. Meeting, Washing—
ton, DC, August 13—16, 1979.
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Tablets

11

GILBERT S. BANKER and NEIL R. ANDERSON

Role in Therapy
The oral route of drug administration is the most
important method of administering drugs for
systemic effects. Except in cases of insulin ther—
aPY, the parenteral route is not routinely used
for self-administration of medication. The topi~
cal route of administration has only recently
been employed to deliver drugs to the body for
systemic effects, with two classes of marketed

products: nitgqglypgrin for the treatment of an-
gina and _s'é“opolamine for the treatment of mo— *
tion sickness. Other drugs are certain to follow,
but the topical route of administration is limited
in its ability to allow effective drug absorption for
systemic drug action. The parenteral route of
administration is important in treating medical
emergencies in which a subject is comatose or
cannot swallow, and in providing various types
of maintenance therapy for hospitalized pa-
tients. Nevertheless, it is probable that at least
90% of all drugs used to produce_s_y§teniic.ef-
feWe.When a
new drug is discovered, one of the first questions
a pharmaceutical company asks is whether or
not the drug can be effectivelyadministered for
its intended effect by the oral route. If it cannot,
the drug is primarily relegated to administration
in a hospital setting or physician’s office. If- pa-
tient self-administration cannot be achieved, the
sales of the drug constitute only a small fraction
of what the market would be otherwise.

Of drugs that are administered orally, solid
oral dosage forms represent the preferred class
of product. The reasons for this preference are
as follows.

Tablets and capsules represent unit dosage
forms in which one usual dose of the drug has

@ been aCcurately placed. By comparison, liquid
' oral dosage forms, such as syrups; suspensions,

emulsions, solutions, and elixirs, are usually

a.
designed to contain one dose of medication in Q
to 30 ml. The patient is then asked to measure
his or her own medication using a teaspoon, ta-
blespoon, or other measuring device. Such dos- .
age measurements are typically in errorhyajac-
tor ranging from 20 50% when the drug is
self-administered by the patient.

Liquid oral dosage forms have other disadvan-
tages and limitations when compared with tab-
lets. They are much more expenSive to ship (one @
liquid dosage weighs 5 g or more versus 0.25 to
0.40 g for the average tablet), and breakage or
leakage during shipment is a more serious prob-
lem with liquids than with tablets. Taste mask-
ing of the drug is often a problem (if the drug is
in solution even partially). In addition, liquids
are less portable and require much more space
per niimber of doses on the pharmacist’s shelf.
Drugs are in general less stable (both chemically
and physically) in liquid form than in a dry state
and expiration dates tend to be shorter. Careful
attention is required to assure that the product
will not allow a heavy microbiologic burden to
develop on standing or under normal conditions
of use once opened (preservation requirements).
There are basically three reasons for having liq-
uid dosage forms of a drug: (1) The liquid form
is what the public has come to expect for certain
types of products (e.g., cough medicines).
(2) The product is more effective in a liquid form
(e.g., many adsorbents and antacids). (3) The
drug(s) are used fairly commonly by young chil-
dren or the elderly, who have trouble swallowing
the solid oral dosage forms.

Advantages
Of the two oral solid dosage forms commOnly

employed in this country, the tablet and the cap-
sule, the tablet has a number of advantages. One
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of the major advantages of tablets over capsules
which has recently proved significantLis that the
tablet is an essentially tam e roof dosage form.
InTefeit’ episodes of tampering with pharma-
ceutical products, products have been altered
after leaving the manufacturer and the whole-
saler or distributor. A number of deaths and seri—
ous injuries have resulted from such tampering,
with the result that the FDA has found it neces-

sary to impose new standards for tamper—resis-
tant packaging. Thwrémamlgiof cap-
sules—their abili to hide theircontents from
sight and to mask or hide the taste or_odor of
th'éir Contents—makes them the mostvulnera-
ble to tampering of all dosage forms. In contrast,
any adulteration of a tablet after its manufacture
is almost certain to be observed. Addition of any
liquid to a tablet would produce disintegration if
the liquid is aqueous, or would produce visible
changes if the liquid is nonaqueous. Addition of
extraneous powder to a tabletis not readily feasi-
ble. Even though improved packaging provides
some consumer protection for such dosage
forms as capsules, which are susceptible to tam—
pering, no packaging is completely tamperproof.

A major disadvantage of capsules over tablets
is their higher cost. Capsules, whether hard gel-
atin or?o‘ft elastic capsules, employ a capsule
shell to contain the drug contents. The cost of
this shell is approximately several tenths of a
cent or more, depending on whether the capsule
is banded, ‘printed with identification, or other-
wise treated. In addition to this is the cost of

filling. This filling cost is higher than the typical
total cost of tablet production, now that direct
compression methods of tablet manufacture
exist, since the capsule filling operation is far
slower than the tablet compression operation.

In consideration of these few comparisons to
capsules, the following may be cited as the pri-
mary potential advantages of tablets.

1. They are a unit dose form, and they offer the
greatest capabilities of all oral dosage forms
for the greatest dose precision and the least
content variability.

2. Their cost is lowest of all oral dosage forms.

3. They are the lightest and most compact of all
oral dosage forms.

4. They are in general the easiest and cheapest
to package and ship of all oral dosage forms.

5. Product identification is potentially the sim-
plest and cheapest, requiring no additional

processing steps WWg an em-bossed or monogramme punch face.

294 - The Theory and Practice of industrial Pharmacy

6. They may provide the greatest ease of swal-
lowing with the least tendency for “hangeup”
above the stomach, especially when coated,
provided that tablet disintegration is not ex-
cessively rapid. ..1 1h

7. They lend themselves to certain special-
releaseprofile products such as enteric or
delayed—release products.

8. They are better suited to large-scale produc-

tion than otther unit Oral forms.
9. They have the best combined properties of

chemical, mechanical and rnicrobiologic sta-
bility of all the oral forms

The development pharmacist should know
fully what the potential advantages of tablets are
as a dosage form class. If these general advan-
tages together with the specific criteria specifi-
cations for the product are not met, an optimum

or even near-optimum product may not havebeen achieved

Disadvantages
The disadvantages of tablets include the fol—

lowing.
1. Some drugs resichompression into dense

compacts, owingto their amorphous nature or
flocculent, low-density character.

2. Drugs with poor wetting, slow dissolution
properties, intermediateto large dosages, opti-
mum absorption high in the gastrointestinal
tract, orany combination of these features may
be difficult or impossible to formulate and man-
ufacture as a tablet that will still provide ade-
quate or full drug bioavailability.

3. Bitter—tasting drugs, drugs with an objec—
tionable odor, or drugs that are sensitive to oxy~
gen or atmospheric moisture may require encap—
sulation or entrapment prior to compression (if
feasible or practical), or the tablets may require
coating. In such cases, the capsule may offer the
best and lowest cost approach.

In summary of the foregoing advantages and
disadvantages of tablets in comparison to other
oral dosage forms, tablets do provide advantages
to the pharmacist, in minimal storage space re-
quirements as well as ease of dispensing and
possibly control; to the patient in convenience of
use, optimum portability, and lowest cost; and to
the physician in flexibility of dosage (with bi-
sected tablets), and in accuracy and precision of
dosage in general.

Page 304



Page 305

Challenges in Product Design,

Formulation, and Manufacture

As a class, tablets are one of the most chal-
lenging of all pharmaceutical products to design
and manufacture. The difficulty of achieving.
full and reliable drug bioavailability for drugs
with poor wetting and slow dissolution, for ex-
ample, has previously been mentioned, as has-

the difficulty of achieving good cohesive com-
pa_ctsof amorphous or flocculent drug_s'_. How-
ever eyen for drugs with good compression
characteristics, good dissolution, and no bioa-
vailability problems, tablet product design and
manufacture can be challenging because of the
many competing objectives of this dosage form.
That is, any action that is taken to improve one
objective or set of objectives may cause another
objective or set of objectives to degrade. For ex-
ample tablets should have a smooth surface

good appearance, and perhaps some surface
gloss,and be cohesive and'compact so that they
do not undergo friability, powdering, or chipping
in the bottle during shipping or handling. What-
ever step is taken to achieve this first set of ob-
jectives, whether it is using more binder or ad-
hesive, increasing compression pressure or
punch dwell time, or using precompression, it
may be expected to have a negative effect on
another set of objectives, tablet disintegration
time, drug dissolution rate, and possibly bioa—
vailability. Depending on a drug’s degree of
compressibility, its dose, its solubility and solu-
bility rate, its site of absorption along the GI
tract, and other factors, finding a satisfactory
compromise between competing sets of objec-
tives may be simple or extremely complex.

When finding the correct compromise is not
straightforward and simple, the pharmaceutical
scientist should seriously consider use of optimi-
zation procedures to design the best compromise
product.24 Trial and error methods of formula—
tion do not allow the formulator to know how

close any particular formulation is to the opti-
mum solution, and without a model to define the
relationships between formulation and manu-
facturing variables, and levels of values for the
quality features of the product, it is not possible
to investigate play-off decisions between objec-
tives. Once the product is mathematically/statis-
tically modeled, one can compute how much a
secondary objective or set of objectives suffers or
gains if a primary objective specification is
slightly relaxed (or tightened). As a result of the
various competing objectives that are encoun—
tered in tablet product design, the formulation

and manufacture of this product class are ideal

for a mathematical optimization approach.
Whether or not such an approach may be war-
ranted depends on how simple and straight—
forward the design/manufacturing processes
appear to be; however, using statistical
experimental design procedures readily avail-
able today, the generation of a model for the sys—
tem may be little additional work, if any, espe-
cially with computer assistance. It is preferable
to stumbling through three or four levels of trial
and error experimentation.

The Pharmaceutical Tablet

Dosage Form

Properties
The objective of the design and manufacture

of the compressed tablet is to deliver orally the
correct amount of drug in the proper form, at or
over the proper time and in the desired location,
and to have its chemical integrity protected to
that point. Aside from the physical and chemical
properties of the medicinal agent(s) to be formu-
lated into a tablet, the actual physical design,
manufacturing process, and complete chemical
makeup of the tablet can have a profound effect
on the efficacy of the drug(s) being adminis-
tered.

A tablet ( 1) should be an elegant product hav—
ing its own identity While being free of defects
such as chips, cracks, discoloration, contamina-
tion, and the like;(2) should have the strengthdgarrfS
to withstand the rigors of mechanical shocks
encountered in its'fioduction, packaging, ship-
ping, and dispensing; and (3) should have the
chemical and physical stability to maintain its
physical attributes over time. Pharmaceutical
scientists now understand that various physical
properties of tablets can undergo change under
environmental or stress conditions, and that

physical stability, through its effect on bioavaila—
bility in particular, can be of more significance
and concern in some tablet systems than chemi-
cal stability. /

On the other hand, the tablet (1) must be able
to release the medicinal agent(s) in the bodyin a
predictable and reproducible manner and
ii; must have a suitable chemical stability over
time so as not to allow alteration of the medicinal

agent(s). In many instances, these sets of objec-
tives are competing. The design of a tablet that
emphasizes only the desired medicinal effects
may produce a physically inadequate product.
The design of a tablet emphasizing only the
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‘presswe load,

physical aspects may produce tablets of limited
and varying therapeutic effects. As one example
of this point, Meyer and associates present infor—
mation on 14 nitrofurantoin products, all of
which passed the compendial physical require-

ments, but showed statistically significant bio-availability differences.5

Evaluation

To design tablets and later monitor tablet pro-
duction quality, quantitative evaluations and
assessments of a tablet‘s chemical, physical, and
bioavailability properties must be made. Not
only could all three property Classes have a sig-
nificant stability profile, but 'the stability profiles
may be interrelated, i.e., chemical breakdown or
interactions between tablet components may
alter physical tablet properties, greatly changing
the bioavailability of a tablet system.

General Appearance. The general appear-
ance of a tablet, its visual identity and overall
"elegance," is essential for consumer accept—
ance, for control of lot-to-lot uniformity and gen—
eral tablet-to-tablet uniformity, and for monitor-
ing trouble-free manufacturing. The control of
the general appearance of a tablet involves the
measurement of a number of attributes such as

a tablet’s size, shape, color, presence or absence
of an odor, taste, surface texture, physical flaws
and consistency, and legibility of any identifying
markings.

Size and Shape. The size and shape of the
tablet can be dimensionally described, moni~
tored, and controlled. A compressed tablet‘s
shape and dimensions are ‘Wthe
tooling durin til—”com ression process. The
thickness of a tabletls the offlv dimensional var-

Wm—tablet thickness varies with

changes in die fill, with particle size distribution
and packing of the particle mix being com-
pressed, and with tablet weight, while with a
constant die fill, thickness varies with variations
in compressive load. Tablet thickness is consist-
ent batch to batch or within a batch only if the
tablet granulation or powder blend is adequately
consistent in particle size and size distribution,
if the punch tooling is ofgonsistent length, and
if the tablet press is clean and in good working
order.

The crown thickness of individual tablets may
be measured with a micrometer, which permits
accurate measurements and provides informa-
tion on the variation between tablets. Other

techniques employed in production control in-
volve placing 5 or 10 table‘ts'in a holding tray,
where their total crown thickness may e meas—
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ured with a sliding caliper scale. This method is
much more rapid than measurement with a
micrometer in providing an overall estimate of
tablet thickness in production Operations, but it
does not as readily provide information on varia—
bility between tablets; however, if the punch and
die tooling has been satisfactorily standardized
and the tablet machine is functioning properly,
this method is satisfactory for production work.
1.ana

:5% variation of a stande value. Any variation
intablet thicknesswithin a particular lot of tab—
lets or between manufactur'er’ s lots should not

be apparent to the unaided eye for consumer
acceptance of the product. In addition, thickness
must be controlled to facilitate packaging. Diffi—
culties may be encountered in the use of unit
dose and other types of packaging equipment if
the volume of the material being packaged is not
consistent. A secondary packaging problem with
tablets of variable thickness relates to consistent

fill levels of the same product container with a
given number of dosage units.

The physical dimensions of the tablet, along
with the density of the materials in the tablet
formulation and their proportions, determine
the weight of the tablet. The size and shape of
the tablet can also influence the choice of tablet

machine to use, the best particle size for the
granulation, production lot sizes that can be
made, the best type of tablet processing that can
be used, packaging operations, and the cost to
produce the tablet. The shape of the tablet alone
can influence the choice citableLmachine used.

ta ets requiring “slotted punches” must
be run at slower speeds than are possible with
round tablets, using conventional punches. Be—
cause of the nonuniform forces involved within

a tablet during compression, the more convex
the tablet surface the more likely it is to cause

capping problems, forcing the use of a slower
tablet machine or one with precompression ca-
pabilities.6

Unique Identification Markings. Pharma—
ceutical companies manufacturing tablets often
use some type of unique markings on the tablet
in addition to color, to aid in the rapid identifica-
tion of their products. These marldngs utilize
some form of em engaving,oLpr'ir1_ting
A look into the product identification section of
the current Physician’s Desk Reference (FDR),7
provides a quick reference to the multitude of
marking variations, both artistic and informa-
tional, that can be produced.

The type of informational markings placed on
a tablet usually includes the company name or
symbol, a product code such as that from the
National Drug Code (NDC) number, the product
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name, or the product potency. In the future,
these identifying marks, in conjunction with a
greater diversity of tablet sizes and shapes, may
provide the sole means of identification of tab—
lets, if the pharmaceutical industry continues to
lose the use of approved Food, Drug, and Cos-
metic (FD&C) colors.

Organoleptz’c Properties. Many pharma-
ceutical tablets use color as a vital means of

rapid identification and consumer acceptance.
The color of a product must be uniform within a
single tablet (nonuniformity is generally re-
ferred to as “mottlin ”), from tablet to tablet, and
from lot to lot. Nonuniformity of coloring not
only lacks esthetic appeal but could be associ—
ated by the consumer with nonuniformity of
content and general poor quality of the product.8

The eye cannot discriminate small differences
in color nor can it precisely define color. The eye
has limited memory storage capability for color,
and the storage of visually acquired data is diffi—
cult, which results in people perceiving the
same color differently and a single person de—
scribing the same color differently at different
times. In addition, visual color comparisons re»
quire that a sample be compared against some
color standard. Color standards themselves are

subject to change with time, thus forcing their
frequent redefinition, which can lead to a grad—
ual and significant change in acceptable color.8
Efforts to quantitate color evaluations have used
reflectance spectrophotometry, tristimulus col-
orimetric measurements, and the use of a
microreflectance photometer to measure the
color uniformity and gloss on a tablet sur-
faces—1°

The presence of an odor in a batch of tablets
could indicate a stability problem, such as the
characteristic odor of acetic acid in de adin

aspirin sawmill—1316‘?
Wuactensuc of the drug, (vitamins
have a characteristic odor), added ingredients
(flavoring agents have pleasant odors), or the
dosage form (film-coated tablets usually have a
characteristic odor).

Taste is important in consumer acceptance of
chewable tablets. Many companies utilize taste
panels to judge the preference of different fla-
vors and flavor levels in the development of a
product. Owing to the subjectiveness of “taste”
preference, however, the control of taste in the
production of chewable tablets is often simply
the presence or absence of a specified taste.

A tablet’s level of flaws such as chips, cracks,
contamination from foreign solid substances
(e.g., hair, drops of oil, and “dirt"), surface tex-
ture (“smooth” versus “rough”), and appearance
(“shiny” versus “dull") may have a zero—defect

tester, and

specification, but the visual inspecn‘on tech—
niques used for detecting or evaluating these
characteristics are subjective in nature. Elec-
tronic devices that are currently being developed
hold promise for making inspection a more
quantitative and reproducible operation.

Hardness and Frialn'lity. Tablets require a
certain amount of strength, or hardness and re—
sistance to friability, to withstand mechanical
shocks of handling in manufacture, packaging,
and shipping. In addition, tablets should be able
to Withstand reasonable abuse when in the
hands of the consumer, such as bouncing about
in a woman’s purse in a partially filled prescrip—
tion bottle. Adequate tablet hardness and resist-
ance to powderirig and friability are necessary
requisites for consumer acceptance. More re-
cently, the relationship of hardness to tablet dis-
integration, and perhaps more significantly, to
the drug dissolution release rate, has become
apparent. The monitoring of tablet hardness is
especially important for drug products that pos-
sess real or potential bioavailability problems or
that are sensitive to altered dissolution release

profiles as a function of the compressive force
employed. ‘

Historically, the strength, of a tablet was deter-

mined by breaking it between the second and A?
third fingers with the thumb acting as a fUI";Ysc-1’3“m.. ‘u n r ‘ch

crum. If there was a sharp SEER the tablet was W (’59
deemed to have acceptable strength. More re-
cently, however, tablet hardness has been de-
fined as the force required to break a tablet in a
diametric compression test. To perform this test, f
a tablet is placed between two aflfls, force is I“
applied to the anvils, and the crushing strength
that just causes the tablet to break is recorded.
Hardness is thus sometimes termed the tablet

mmin
this manner have been and continue to be used
to test tablet hardness: the Monsanto tester, the

Strong-Cobb tester, the Pfizer tester the Erweka
hleuni er testeru“Is

One of the earliest testers to evaluate tablet

hardness was the Wuwhich was develope approximately fifty years
ago. The tester consists of a barrel containing a
compressible spring held between two plungers.
The lower plunger is placed in contact with the
tablet, and a zero reading is taken. The upper
plunger is then forced against a spring by turn-
ing a threaded bolt until the tablet fractures. As
the spring is compressed, a pointer rides along a
gauge in the barrel to indicate the force. The
force of fracture is recorded, and the zero force
reading is deducted from it. To overcome the
manual nature of the Monsanto tester and the
minute or longer time required to make an indi-

‘k’l:
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vidual test, the Strong—Cobb tester was devel—
oped about twenty years later. The original de—
sign employed a plunger activated by pumping a
lever arm, Which forces an anvil against a sta—
tionary platform by hydraulic pressure. The
force required to fracture the tablet is read from
a hydraulic gauge. Later modifications of the
Strong-Cobb tester were built with the force ap-
plied by air—pressure rather than by a manual
pump

Approximately one decade later, the Pfizer
tester was developed and made available to the
industry; This tester operates on the same me-
chanical principle as a pair of pliers. As the pli—
er’s handles are squeezed, the tablet is com—
pressed between a holding anvil and a piston
connected to a direct force reading gauge. The
dial indicator remains at the reading where the
tablet breaks and is returned to zero by depress-
ing a reset button. The Pfizer tester became ex-
tensively used in comparison to the earlier test—
ers, based on its simplicity, low cost, and the
rapidity with Which it could be used.

Two testers have been developed to eliminate
operator variation In the Erweka tester, the tab-
let is placed on the lower anvil, and the anvil is
then adjusted so that the tablet just touches the
upper test anvil. A suspended weight, motor
driven, moves along a rail, which slowly and
uniformly transmits pressure to the tablet. A

pointer moving along a scale provides the break-
ing strength value in kilograms. As shown in
Figure 11—1, the Schleuniger tester operates in a
horizontal position. An anvil driven by an elec-
tric motor presses the tablet at a constant load
rate against a stationary anvil until the tablet
breaks. A pointer moving along a scale indicator
provides the breaking strength value. The in-
strument reads in both kilograms and Strong-
Cobb units. This instrument is currently the
most widely employed and has the advantage of
being both fast and reproducible.

Unfortunately, these testers do not produce
the same results for the same tablet. Studies

have shown that operator variation, lack of cali-
bration, spring fatigue, and manufacturer varia-
tion contribute greatly to the lack of uniformity.
Even those testers designed to eliminate opera-
tor variability have been found to vary.1516

Operators must be aware of these variations,
especially when the tablets are to be evaluated
by other persons or in other labs. For accurate
comparison, each instrument should be care—
fully calibrated against a known standard.

f a tablet like its t ' s, is a
function of the die fill and compression force. At

*a constant diefill, the hardness values increase
and thickness decreases as additional compres—
sion force is applied. This relationship holds up
to a maximum value for hardness and a mini—

 
FIG. 11-1. The Schleuniger tablet hardness tester. (Courtesy of Vector Corporation, Marion, IA)
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mum value for thickness, beyond which in—
creases in pressure cause the tablet to laminate
or cap, thus destroying the integrity of the tablet.
At a constant compression force (fixed distance
between upper and lower punches), hardness
increases with increasing die fills and decreases
with lower die fills.

When uniform tooling is used, the die-fill/
force relationship makes control of tablet hard—
ness a useful method of physically controlling
tablet properties during a production operation,
particularly when this measurement is com-
bined with measurements of tablet thickness.

The fill/force relationship is also the basis for
inatrumenting tablet machines.

In general, tablets are harder several hours
after compression than they are immediately
after compression. Lubricants can affect tablet
hardness when they are used in too high a con-
centration or mixed for too long a period. Large
tablets require a greater force to cause fracture
and are therefore “harder” than small tablets.

For a given granulation, a flat beveled tool pro—
duces a tablet harder than a deep cup tool.

Tablet hardness is not an absolute indicator of

strength since some formulations, when com—
pressed into very hard tablets, tend to “cap” on
attrition, losing their crown portions. Therefore,
another measure of a tablet’s strength, its friabil-
itv, is often measured. Tablets that tend to pow-
der, chip, and fragment when handled lack ele-
gance and consumer acceptance, and can create
excessively dirty processes in such areas of
manufacturing as coating and packaging. They
can also add to a tablet’s weight variation or con-
tent uniformity problems.

The laboratory friability tester is known as the
Roche friabilator.17 This device, shown in Fig-
ure 11—2, subjects a number of tablets to the
combined effects of abrasion and shock by utiliz—
ing a plastic chamber that revolves at 25 rpm,
dropping the tablets a distance of six inches with
each revolution. Normally, a preweighed tablet
sample is placed in the friabilator, which is then
operated for 100 revolutions. The tablets are
then dusted and reweighed. Conventional com-
pressed tablets that lose lessm of
Wrmmma-

e. ome c ewa e ta ets an most efferves-

cent tablets undergo high friability weight
losses, which accounts for the special stack

. packaging that may be required for these types
of tablets. When capping is observed on friability
testing, the tablet should not be considered for
commercial use, regardless of the percentage of
loss seen.

When concave and especially deep concave
punches are used in tabletting, and especially

 
FIG. 1 1-2. The Roche type fn‘abz'lator. (Courtesy of Van-
Kel Industries, Chatham, NJ.)

when the punches are in poor condition or worn
at their surface edges, the tablets produced re-
sult in “whiskerin ” at the tablet edge. Such tab—
lets have higher than normal friability values
because the “whiskers" are removed in testing.
Tablet friability may alsofi‘ififlfinced by the
moisture content of the tablet granulation and
finished tablets. A low but acceptable moisture
level frequently acts as a binder. Very dry granu-
lations that contain only fractional percentages
of moisture often produce more friable tablets
than do granulations containing 2 to 4% mois-
ture. For this reason, the manufacture of chemi-
cally stable tablets that contain some hydrolyz-
able drugs 'that are mechanically sound is
difficult. ’ '

The traditional hardness and friability evalua—
tions performed on tablets involve only a small
sample of tablets. How the tablets withstand the
mechanlcal shocks of a production environment
is related to the large number of tablets involved,
the production equipment used, and the skill of
the production personnel. Rough handling tests
can be performed to give an indication of how
well a tablet will hold up in its specified package
and shipping container during shipment. Rough
handling tests usually include a vibration test, a
drop test, and an incline plane impact test.18
Some investigators have actually shipped bottled
products across the country and back again to
estimate the strength of the new tablet product
in shipment.

Drug Content and Release. As mentioned
4',-
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earlier, a physically sound tablet may not pro-
duce the desired effects. To evaluate a tablet’s

potential for efficacy, the amount of drug per
tablet needs to be monitored from tablet to tablet
and batch to batch, and a measure of the tablets
ability to release the drug needs to be ascer-
tained.

Weight Variation. With a tablet designed to
contain a specific amount of drug in a specific
amount of tablet formula, the Weight of the tab-
let being made is routinely measured to help
ensure that a tablet contains the proper amount
of drug. In practice, composite samples of tablets
(usually 10) are tak’eh and weighed throughout
the compression process. The composite weight
divided by 10, however, provides an average
weight but contains the iisual problems of aver-
aged values. Within the composite sample that
has an acceptable average weight, there could be
tablets excessively overweight or underWeight.
To help alleviate this problem the United States
Pharmacopeia (USP)/National Formulary (NF)
provides limits for the permissible variations in
the weights of individual tablets expressed as a
percentage of the average weight of the sam-
ple.19 The USP weight variation test is run by
weighing 20 tablets individually,‘ calculating the
average weight, and comparing the individual
tablet weights to the average. The tablets meet
the USP test if no more than 2 tablets are out—

side the percentage limit andifnomt—di—ffers
157 more than 2 times me er entage limit. The
Wuncoated tablets
differ depending on average tablet weight
(Table 11-1).

The weight variation test would be a satisfac—
tory method of determining the drug content
uniformity of tablets if the tablets were all or es-
sentially all (90 to 95%) active ingredient, or if
the uniformity of the drug distribution in the
granulation or powder from which the tablets
were made were perfect. For tablets such as as-
pirin, which are usually 90% or more active in-
gredient, the :5% weight variation should come
close to defining true potency and content uni—
formity (95 to 105% of the label strength) if the

TABLE 11-1. Weight Variation Tolerances for
Uncoated Tablets

Average Weight
of Tablets (mg)

Maximum Percentage
Difference Allowed 

130 or less 10

130—324 ‘ 7.5
More than 324 5

Copied from USP XXVNF XV, © 1980, U.S. Pharmacopeial
Convention, Inc. Permission granted.
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average tablet weight is close to the theoretic
average weight. The weight variation test is
Clearly not sufficient to assure uniform potency
of tablets of moderate- or low-dose drugs, in
which excipients make up the bulk of the tablet
weight.

The potency of tablets is exp_r_essed in terms of

WGMsome po—ent rugs) of drug per tablet and is given as the
label strength of the product. Official compendia
or other standards provide an acceptable po-
tency range around the label potency. For highly
potent, low—dose drugs such as digitoxin, this
range is usually not less than 90% and not more
than 110% of the labeled amount. For most

other larger-dose drugs in tablet form, the offi-
cial potency range that is permitted is not less
than 95% and not more than 105% of the la—
beled amount.

In general, official potency analytic methods
require that a composite sample of the tablets be
taken, ground up, mixed, and analyzed to pro-
duce an average potency value. In composite
assays, individual discrepancies can be masked
by use of the blended sample. Even though the
average assay result looks acceptable, it could
mask a wide variation in potency, with the result
that a patient could be variably underdosed or
overdosed. With such a drug as digitoxin, in
which the safe and effective level and the toxic

level are close (or even overlapping), exceeding
the official or accepted potency range is not only
undesirable, but possibly dangerous.

Three factors can directly contribute to con—
tent uniformity problems in tablets: (1) nonuni-
form distribution of the drug substance through—
out the powder mixture or granulation,
(2) segregation of the powder mixture or granu—
lation during the various manufacturing proc-
esses, and (3) tablet weight variation. As noted
in the previous section, the use of weight cannot
be used as a potency indicator, except perhaps
when the active ingredient is 90 to 95% of the
total tablet weight. In tablets with smaller dos-
ages, a good weight variation does not ensure
good content uniformity, but a large weight vari-
ation precludes good content uniformity.

To assure uniform potency for tablets of low—
dose drugs, a content uniformity test is ap-
plied.19 In this test, 30 tablets are randomly se-
lected for the sample, and at least 10 of them are
assayed individually. Nine of the 10 tablets must
contain not less than 85% or more than 115% of

the labeled drug content. The tenth tablet may
not contain less than 75% or more than 125% of
the labeled content. If these conditions are not

met, the tablets remaining from the 30 must be
assayed individually, and none may fall outside

Page 310



Page 311

of the 85 to 115% range. In evaluating a particu-
lar lot of tablets, several samples of tablets
should be taken from various parts of the pro-
duction run to satisfy statistical procedures.

The purity of official tablets is usually assured
by utilizing raw materials, both active drug and
all excipients, that meet official or other rigid
specifications. Extraneous substances present
in a raw material or a drug that are not specifi—
cally allowed by compendial specifications or
well—defined manufacturer’s specifications may
render the product unacceptable for pharmaceu-
tical use. These extraneous substances may be
toxic on acute or long-term use or may have an
unpredictable or deleterious effect on product
stability or efficacy. Certain well-defined impuri-
ties often appear in the specification of raw ma—
terials or drug substances, or if they are the
product. of unavoidable decomposition of the
dwaihexmalaelisied withansaver tolerance

‘liTnit. For example, aflljlrmbfifiiéfipfiified
by’flie USP may contain no more than 0.15% of

 

Wwahe amount of aspia-a)
n/nfigrgsent.'sintegration. A generally accepted ' ‘m
is that for a drug to be readily available to the
body, it must be in solution. For most tablets, the
first important step toward solution is break- ,
down of the tablet into smallJer particles or gr —
ules, a processflowdisintegration. The
time that it takes a tablet to disintegrate is meas-
ured in a device described in the USP/NF.19
Wagner has written an excellent review of the
disintegration test,20 to which the reader is re-
ferred for a more detailed study.

Research has established that one should not
autdmatically expect a correlation between dis~
integration and dissolution. However, since the
dissolution of a drug from .thefggrgented tablet
appears to control partially or completely the
apraLiilclejhefirug in the blood, disintegra—
figru'ssfihsew guide to the formglatg; in
the preparation of an MINER formula
and as an in-process control test to ensure lot-to-
lot unifgmity.

The USP device to test disintegration uses 6
glass tubes that are 3 inches long, open at the
top, and held against a lO—mesh screen at the
bottom end of the basket rack assembly (Fig.
11—3). To test for disintegration time, one tablet
is placed in each tube, and the basket rack is
positioned in a l-L beaker of water, simulated
gastri_c fluid, or simulated infinal fluid, at
37°C : 2°C, such that the tablets remain 2.5 cm
below the surface of the liquid on their upward
movement and descend not closer than 2.5 cm
from the bottom of the beaker. A standard
motor-driven device is used to move the basket

 

 
FIG. 11-3. Tablet disintegration tester. (Courtesy ofVan-
Kel Industries, Chatham. NJ.)

assembly containing the tablets up and down
through a distance of 5 to 6 cm at a fre uenc of
Wm
min the test. These are

placed on top of the tablets and impart an abra-
sive action to the tablets. The discs may or may
not be meaningful or impart more sensitivity to
the test, but they are useful for tablets that float.

To be in compliance with the USP standards,
the tablets must disintegrate, and all particles
must pass through the 10~mesh screen in the
time spec1 e . any residue remains, it must
have a soft mass with no palpably firm core. Pro—
,cedures are stated for running disintegration
times for uncoated tablets, plain~coated tablets,
en-teiic coated tablets, buccal tablets, and sublin-
gual tablets. Uncoated USP tablets have disinte-
gration time standards as low as 5 min (as irin
tablets), but the ma'on't oi the tablets have a

imaximum disintegration time of 30 min. En-
Wmceof

isrntegration after 1 our in simulated gastric
Wimu-
lated intestinal fluid and are to disintegate in 2
hours plus the time specified in the monograph.

Dissolution. The original rationale for using
tablet disintegration tests was the fact that as
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the tablet breaks down into small particles, it of—
fers a greater surface area to the dissolving
media and therefore must be related to the avail—

ability of the drug‘to the body. The disintegra-
tion test, however, simply identifies the times
required for the tablet to break up under the con-
ditions of the test and for all particles to pass
through a 10-mesh screen. The test offers no
assurance that the resultant particles will re-
lease the drug in solution at an apprdpriate rate.
For this reason, dissolution tests and test speci—
fications have now been developed for nearly all
tablet products. The rate of drug absorption for
acidic drug oieties that are absorbed high in
the GI tract is’oufte'n determined by the rate of
drug dissolution from the tablet. If the attainv
ment of high peak‘blood levels for the drug is a
product objective, obtaining rapid drug dissolu-
tion from the tablet is usually critically impor-
tant. The rate of ‘dissolution may thus be directly
related to the efficacy of the tablet product, as
well as to bioavailability differences between for-
mulations. Therefore, an evaluation as to
whether or not a tablet releases its drug contents
when placed in the environment of the gastroin-
testinal tract is often of fundamental concern to
the ‘tablet formulator.

was?) The most direct assessment of a drug‘s release
from various tablet formulations or products is
accomplished through in vivo bioavailability
measurements. The use of in vivo studies is re-

stricted, however, for several reasons: the length
of time needed to plan, conduct, and interpret
the study; the highly skilled personnel required
for human studies; the low precision and high
variability typical of the measurements; the high
cost of the studies; the use of human subjects for
“nonessential” research; and the necessary as-
sumption that a perfect correlation exists be-
tween diseased patients and the healthy human
subjects used in the test. Consequently, in vitro
dissolution tests have been extensively studied,
developed, and used as an indirect measure-
ment of drug availability, especially in prelimi—
nary assessments of formulation factors and
manufacturing methods that are likely to influ-
ence bioavailability. As with any in vitro test, it
is critically important that the dissolution test be
correlated with in vivo bioavailability tests.

Two objectives in the development of in vitro
dissolution tests are to show (1) that the release

to 0 an (2) that the rate 0 rug re ease is
uniform batch to We and is thesanflfihe

Wesproven to be bio-available and clinically e ectrvTLSifice 1970, the
United States Pharmacopeia and the National
Formulary have provided procedures for dissolu-
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tion testing. They determine compliance with
the limits on dissolution as specified in the indi-
vidual monograph for a tablet (or a capsule). The
USPXX/NFXV, Supplement 3, specifies that ei—
ther of two apparatuses be used for determining
dissolution rates.”

Apparatus 1. In general, a single tablet is
placed in a small wire mesh basket fastened to
the bottom of the shaft connected to a variable

speed motor (Fig. 11—4A). The basket is im-
mersed in the dissolution medium (as specified

in the monographwThe flask is cylin ric with a hemispherical bot—
tom. The flask is maintained at 37°C : 05°C by
a constant temperature bath. [He motor is a -
justed to turn at the specified speed, and sam-
ples of the fluid are withdrawn at intervals to
determine the amount of drug in solution.

Apparatus 2. The same equipment as in appa-
ratus 1 is used, except that the basket is replaced
by a paddle, farmed from a blade and a shaft, as
the stirring element (Fig.4B). The dosage form
is allowed to sink to the bottom of the flask be-

fore stirring. Dosage forms may have a “small,
loose piece of nonreactive material such as not
more than a few turns of wire helix” attached to

prevent them from floating.20 Description of a
dissolution test in a USPfNF monograph speci-
fies the dissolution test medium and volume,
which apparatus is to be used, the speed (rpm)
at which the test is to be performed, the time
limit of the test, and the assay procedure. The
test tolerance is expressed as a percentage ofthe

@eled amount of drugL disstflved 1n the time
leit. For example, for methyldopa tablets, thedissolution test calls for a medium of 900 ml of

0.1N HCl, apparatus 2 turning at 50 rpm, and a
time limit of 20 min. The accepted amount dis-
solved in 20 min is not less than 80% of the la-

beled amount of methyldopa (based on the cited
assay procedure). «

Dissolution testing and interpretation can be
continued through three stages if necessary. In
stage 1(81), six tablets are tested and are accept—
able if all of the tablets are not less than the

monograph tolerance limit (Q) plus 5%. If the
tablets fail SI, an additional six tablets are tested
(82). The tablets are acceptable if the average of
the twelve tablets is greater than or equal to Q
and no unit is less thanQ minus 15%. If the
tablets still fail the test, an additional 12 tablets
are tested. The tablets are acceptable if the aver-
age of all 24 tablets is greater than or equal to Q
and if not more than 2 tablets are less than Q
minus 15%.

Industrial pharmacists routinely test their for-
mulations for dissolution. Their results are plot-
ted as concentration versus time. Values for
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3 tongs on 120° centers

clear opening
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screen, with welded seam
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hch openings),- where 20‘

- mesh screen is specified,
A use 20x 20 mesh (0.016inch with 0.034—inch

NOTE— Maximum allowable / openings)
runout at ”A” is 11.0 mm when . /the part is rotated on E axis
with basket mounted ‘ /

 
202170mm » 

A

 
 
 

 
  

  
 

  

9.4 10 70 lmm diameter
beta/e coaling

NOTES —
{l} Shaft and blade material.

303 (or equivalent)
stainless steel.

(2) A and E dimensions are -
not to vary more than
0.5 mm when part is
rotated an 9. axis.

(3) Tolerances are $7.0 mm,
unless otherwise stated.

V

4 7.5 mm radius  
4.017.0mm

B L— 74.0 mm to 750 mm —-|
FIG. 1 1—4. A, USP dissolution apparatus 1. B, USP dissolution apparatus 2. (Reproduced from the Third Supplement to
USP XX-NF XV, © 1982, USP Convention, pages 310 and 311. Permission granted.)

t50%, t90%, and the percentage dissolved in
30 min are used as guides. The value for t50% is
the length of time required for 50% of the drug
to go into solution. A value for t90% of 30 min is
often considered satisfactory and is an excellent
goal since a common dissolution tolerance in the
USP/NF is not less than 75% dissolved in
45 min.

Tablet Compression Operation

Tablet Compression Machines
Tablets are made by compressing a formula-

tion containing a drug or drugs With excipients
on stamping machines called presses. Tablet
compression machines or tablet presses are de-
signed with the following basic components:

1. Hopper(s) for holding and feeding granula-
tion to be compressed.

2. Dies that define the size and shape of the tab-
let.

3. Punches for compressing the granulation
Within the dies.

4. Cam tracks for guiding the movement of the
punches.

5. A feeding mechanism for moving granulation
from the hopper into the dies.

Tablet presses are classified as either single
punch or multi-station rotary presses. Figure
1175 illustrates in cross-section the compression
process on a single punch machine. Note that all
of the compression is applied by the upper
punch, making the single punch machine a
“stamping press.”

Multi-station presses are termed rotary be-
cause the head of the tablet machine that holds

the upper punches, dies, and lower punches in ,
place rotates. As the head rotates, the punches
are guided up and down by fixed cam tracks,
which control the sequence of filling, compres—
sion, and ejection. The portions of the head that
hold the upper and lower punches are called the
upper and lower turrets respectively, and the
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FIG. 11-5. The compression cycle of a singleptmch tablet press. (Courtesy of Vector Corporation, Marion, IA.)

portion holding the dies is called the die table. At
the start of a compression cycle (Fig. 11-6),
granulation stored in a hopper (not shown),
empties into the feed-frame (A), which has sev-
eral interconnected compartments (Fig. 11-7).
These compartments spread the granulation
over a wide area to provide time for the dies (B)
to fill (Fig. 11-6). The pull—down cam (C) of Fig—
ure 11-6 guides the lower punches to the bottom
of their vertical travel, allowing the dies to over-
fill. The punches then pass over a weight—
control cam (E), which reduces the fill in the
dies to the desired amount. A wipe-off blade (D)
at the end of the feed-frame removes the excess

granulation and directs it around the turret and
back into the front of the feed-frame. Next, the
lower punches travel over the lower compres—

n sion ro]l (F) while simultaneously the upper
flRpunches ride bgieath the upper compression

roll (G). The upper punches enter a fixed dis-
tance into the dies, while the lower punches are
raised to squeeze and compact the granulation
within the dies. To regulate the upward move-
ment of the lower punches, the height of the
lower pressuregroll is changed. After the moment
of compression, the upper punches are with-
drawn as they follow the upper punch raising
cam (H); the lower punches ride up the cam (1),
which brings the tablets flush with or slightly
above the surface of the dies. The exact position
is determined by a threaded bolt called the ejec-
tor knob. The tablets strike a sweep-off blade af—
fixed to the front of the feed—frame (A) and slide
down a chute into a receptacle. At the same
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time, therlower punches re-enter the pulldown
cam (C), and the cycle is repeated.

Many production tablet machines are de—
signed so that the compression cycle is accom-
plished more than once (requiring additional
granulation hoppers, feed frames, cam tracks,
and compression rolls) while the machine head
makes a single revolution.

All other parts of a tablet press are designed to
control the functioning of the components just
listed. Such features as capacity, speed, maxi-
mum weight, and pressure vary with the design
of the equipment, but the basic elements remain
essentially the same.

Although tablet compressing machinery has
undergone numerous mechanical modifications
over the years, the compaction of materials be-
tween a pair of moving punches within a sta-
tionary die has remained unchanged. The prin-
cipal modification from earlier equipment has
been an increase in production rate rather than
any fundamental change in the process. Better
control and simplification have been corollary
benefits.

In recent years, there has been a change by
manufacturers from activities concerned with

production rate to problems of process improve-
ment and control. Growth of governmental and
pharmacopeia tests related to intertablet weight
and potency variation, as noted earlier in the
chapter, have created some of the new require-
ments for tablet compressing machinery. As tab-
let production rates have increased with modern
equipment, for example, the need for automatic
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‘ ADJUST

warm! 
FIG, 1 1 -6. The compression cycle ofa rotary tablet press. (See text for explanation of lettered labels.) (Courtesy of Thomas
Engineering, Hoffman Estates, IL.) - ‘

FRESH POWDER
FROM HOPPER

 
RECIRCULATED

g POWDER RE-ENTERS
FEED FRAME

RECI RCULATE

FIG. 11-7. Granulation flow in an open feed {Tame of a rotary tablet press‘ (Courtesy of Vector Corporation, Marion, 1A.)
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tablet weight control independent of operator
vigilance has become a matter of increasing con-
cern. This topic is discussed later, in the section
“Auxiliary Equipment.”

Tabletting presses vary principally in the
number of tooling stations available for compres-
sion and in special application features. Table
11-2 tabulates the maximum and minimum tab—

let manufacturing output capable within the
various press models of several manufacturers.

A tablet machine’s output is regulated by
three basic characteristics of its design:

Number of tooling sets

Number of compression stations

Rotational speed of the press

In general, all rotary resses are engineered
for fast and econoWEtTOIi/ofafl kinds of
tablets. Larger machines can readily produce
several million tablets each in a working day,
and their performance can be geared to continu—
ous low—maintenance operation. Figure 11-8 is
an example of a modern high-speed tabletting
machine.

There are many modifications and options
that can be obtained from various manufactur-
ers. One modification, which is found on most .
modern high-speed tablet presses, is the use of
hydraulic or pneumatic pressure to control the
pressure rolls in place of the older spring type

pressure. Either of these alternatives gives a
smoother pressure or compressive load force
over a longer period of time. Hydraulic or pneu—
matic pressure is much more accurate and can
be set with closer tolerances, which do not
change with time or fatigue.

Special adaptations of tablet machines allow
for the compression of “layered” tablets and
coated tablets. Precompression stations are also
available to help in compressing difficult granu—
lations. Available with certain Fette machines is

a device that chills the compression components
to allow for the compression of low-melting-
point substances such as waxes, thereby making
it possible to compress products with low melt-
ing points, such as suppositories.

There are many basic and optional features
available in tablet machines, including some not
mentioned in this text. Manufacturers’ bro-

chures should be closely checked for available
features. One should attend equipment shows, if
possible, to obtain up-to—date information on
equipment developments. In some instances,
test runs on machinery may be made before a
final decision to purchase new high-speed tablet
equipment or specialized granulation or drying
equipment.

Omnpression Machine Tooling
As mentioned earlier, the size and shape of a

tablet as well as certain identification markings

TABLE 11-2. Selected Rotary Tablet Press Characteristics  

Number of Stations Rated Output, Tablets
Available per Minute (TPM)

Manufacturer Min Max Min Max US. Representative

Colton 12 90 480 16,000 Vector Corp.
Marion, IA 52302

Wilhehn Fette, Gmbh 20 55 300/900 3300/8250 Raymond Automation Company, Inc.
Hamburg, W. Germany Norwalk, CT 06856

Kilian & C0., Gmbh 14 67 140/383 1083/10,000 INPPEC
Koln, W. Germany Fairfield, CT 06430

Manesty Machines Ltd. 16 69 600/1500 3330/ 10,000 Thomas Engineering
Liverpool, England 'Hoffman Estates, IL 60172

Stokes~Merrill 33 65 1200/3300 3500/10000 Stokes-Merrill Division
Penwalt Corp.

Oak Brook, IL 60521

Korsch Maschinenfabrik 2O 55 540/1100 1640/5500 Aeromatic
Berlin, W. Germany East Towaco, NJ 07082

Hata Ironworks 28 71 420/1420 1960/7100 Elizabeth-Ham International Inc.
Hori Engineering Co., McKeesport, PA 15132

Osaka, Japan 
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are determined by the compression machine
tooling. Each tooling set consists of a die and
upper and lower punches. Since each tablet is
formed by a tooling set, the tooling must meet
many requirements to satisfy the needs of dos-
age uniformity, production efficiency, and es-
thetic appearance,

The terminology used with tooling is illus-
trated in Figure 11-9. The most common tools
employed are referred to as BB tooling and are
5.25 inches in length, and have a nominal barrel
diameter of 0.75 inches and 1-inch head diame—

ter. B tooling is-identical to the BB type except
that the lower punch is only 39/16 inches long. D
tooling is popular for large tablets, utilizing a

  

New»?

FIG. 11-8. The Manesty Nova rotary tablet press. (Courtesy of Thomas Engineering, Hoffman Estates, IL.)

1-inch banel diameter, 11/4-inch head diameter,
and 5.25-inch length. The dies that are used
with the above punches are either a 0.945-inch
outside diameter (OD) die capable of making a
7/1s—inch round tablet or 9/1e—inch capsule-shaped
tablet; or a 13/16—inch OD die capable of handling
a 9/ie—inch round or 3/4—inch capsule shaped tab-
let.

Several types of steel are normally used in the
manufacture of compression tooling. These
steels differ in toughness, to Withstand the cy-
clic compacting forces,(ductility), and in wear
resistance. Unfortunately, no single steel type
has a high resistance to abrasive wear and a
high ductility. Therefore, the selection of the
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FIG. 11-9. Tablet press tooling nomenclature. (Courtesy
of Thomas Engineering, Hoffman Estates, IL.)
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best steel for a specific application must be
based on experience and an accumulated history
of the product being tabletted. In the selection of
the proper steel for a specific use, one should
also consider the shape of the punch tip,
whether or not debossing is to be employed on
the tooling, the expected compression forces
involved, and whether the materials to be proc-
essed are abrasive or corrosive. 443?”

The size, shape, and contour of a tablet is al—
most unlimited within the given limits of the
specified die size. A survey of the PDR Product
Identification section reveals numerous varia-

tions on tablet size and shape.‘1 In addition, tool-
ing can be made with certain other information
to aid in producing a visibly unique tablet prod-
uct. Company names or symbols, trade names,
dosage strength, or National Drug Code (NDC)
numbers can be cut or engraved into a punch
face, or the punches may be scored, to produce
uniquely embossed or engraved tablets. Even
though tooling design would appear to be limit-
less, certain practical aspects do limit design
implementation. Because of the movement of
tooling during a compression operation, certain
tablet shapes or contour configurations perform
better than others. Round tablets perform better
than irregularly shaped tooling since they do not
require “keying” to maintain the proper upper
punch orientation with the die. When the tip on
an upper punch is not round, it must not rotate,
or it will strike the edge of the die hole as it cl;-
sgggds for compression. To prevent this, a slot is
cut longitudinally into the barrel of the punch,

 

@{Jaggfiend a key is inserted. This key protrudes a short
distance so that it engages a similar slot cut into
the upper punch guides on the tablet press.
Lower punches do not need keys because their
tips remain within the die bore, which controls
the axial movement of the punch. Because
keyed punches cannot rotate, wear is distributed
unevenly, and punch life is shortened.

When a press is set up with keyed punches,
the upper punches are inserted first to deter-
mine the placement of the dies. Once the dies
are properly aligned and seated, they are locked
in place, and the lower punches are inserted.
The more curvature that is built into a tablet

contour, the more difficult it is to compress, es-
pecially if the tablet tends to laminate or cap.

Le“ 55 The engraving or embossing on a tablet must be
4/“ 0/“ Wildv ,.d . designed to be legible, must not add to compres-

sion problems, “must fit on the tablet sur—
face‘ Many considerations, at close tolerances,
must be incorporated in tooling design to pro-
duce tablets that are uniform and esthetic. Man-

ufacturing specifications for tooling have been
standardized by the Industrial Pharmaceutical
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Technology Section of the Academy of Pharma-
ceutical Sciences in its Standard Specifications

Of Tabletting Tools.22 wmcgggauwfi‘
Because of its hard steel strué’tcure, tablet tool-

ing may appear to be indestrucg'ble. During nor—
mal use, however, the punches and dies become
worn, and the cyclic application of stress can
cause the steel to fatigue and break. Improper
storage and handling can readily result in
damage that necessitates discarding of an entire
tooling set. The punch tips are especially deli-
cate and susceptible to damage if the tips make
contact with each other, the dies, or the press
turret upon insertion or removal of the tools
from the tablet machine. A good tool control sys—
tem must be employed to maintain the history of
each tool set, not only to maintain a constant
surveillance of critical tolerances altered by
wear, but also to eliminate product mixups by
preventing the wrong tooling from being used
for a product.

To avoid tooling damage, compressive loads or
pressures at the pressure rolls must be trans—
lated into a calculation of pressure at the punch ,
tips. As tablet punch diameter decreases, less
force is required to produce the same pressure at
the punch face, since the face represents a
smaller fraction of a unit area (square inch). The
formula for the area of a circle is m2 where r is

the radius of the circle. Given a flat punch face,
the area of a 1/4—inch4iiameter punch would thus
be 3.14 x (1/292 or 3.14 X 1/64, or approximately
1/20 square-inch. If a 1-ton load is being applied
by the pressure roll, this area is translated as
2000 pounds on 1/20 square inch, or 40,000
pounds on 1 square inch, a gross overload.

The following are manufacturers of tablet
compression tooling:

Thomas Engineering, Hoffman Estates, IL

Stokes, Warminster, PA

Natoli Engineering Company, Chesterfield,
MO

Elizabeth Carbide Die Co., McKeesport, PA
Key Industries, Englishtown, NJ

Advance Engineering and Manufacturing Co.,
St. Louis, MO

Aeromatic Inc., Somerville, NJ.

Carle and Montanari Inc., Hackensack, NJ

1. Holland Ltd., Nottingham, UK.

Auxiliary Equipment
There are some common auxiliary pieces of

equipment that increase the efficiency of the

tablet compression operation. In many cases,
the speed of the die table is such that the dwell
time of a die under the feed frame is too short to

allow for adequate or consistent gravity filling of
the die with granulation. Improper filling of the
dies with granulation results in unsatisfactory
weight variation and content uniformity of the
resulting tablets. A similar result can occur with
a poorly flowing granulation. To help alleviate
these problems, mechanized feeders can be
employed to force granulation into the dies
(Fig. 11-10).

The high tablet output rates of modern
presses demand that the granulation hoppers be
refilled at frequent intervals; the larger the tablet
is, the more frequently the hopper needs to be
replenished. Allowing a tablet machine to run
“dry” results in a series of rapidly degenerating
and unacceptable events. First, low-weight tab-
lets and tablets with poor weight variation are
produced, Then, the softgranulation is unable
to be formed into tablets. Finally, the tooling is
usually ruined, particularly with thin tablets, by
the punches beingvforced together without any
granulation between them. Because of the rela—
tively low volume of press hoppers, the filling of
hoppers by hand on high-speed presses is ineffi-
cient, increases the risk of’punch damage, and
can contribute to weight variation problems.
Therefore, mechanized equipment has been
developed to load granulation into the press hop-
pers.

A popular method of handling large quantities
of material is to place bulk granulation con—
tainers directly above tabletting machines to
gravity-feed the granulation into hoppers. This
can be accomplished by several means. Bulk
granulation containers can be placed on floors
above a tablet machine, and granulation can
then be directed through openings in the floor
into the hoppers. In a similar fashion, granula-
tion containers can be held on mezzanines
above tablet machines. If such overhead room is

unavailable, hoists and mechanical lifts can be
used to elevate granulation containers or mate-
rial transfer devices directly in position above
the press. Granulation level sensors can be used
to stop the press automatically when the granu-
lation level drops to a critical level in the hopper.

The high rate of tablet output with modern
presses calls for a higher frequency or even con-
tinuous monitoring of tablet weight. Electronic
monitoring devices, such as the Thomas Tablet
Sentinel (Fig. 11-11), Pharmakontroll, and the
Kilian Control System—MC, monitor the force at
each compression station, which correlates with
tablet weight. These monitors are also capable of
initiating corrective actions, altering the amount
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FIG. 11-10. A, Manesty granulation feeding device. (I) Granulation input port from tablet machine feed hopper, (2) Ru-
tating feed fingers. (3) Compressed tablet scrape—off blade. B, Manesty granulation feeding device mounted on a rotary
tablet machine. (I) Tablet machine turret. (2) Tablet machine hopper. (3) Feeding device. (4) Compressed tablet output
chute. (Courtesy of Thomas Engineering, Hoffman Estates, IL.)
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FIG. 11-11. Thomas Table Sentinel II. (Courtesy of Thomas Engineefing, Hoffman Estates, IL.)

of die fill to maintain a fixed force, ejecting tab-
lets that are out of specification, counting, and
documenting the machine operation throughout
the run.

In almost all cases, tablets coming off a tablet
machine bear excess powder and are run
through a tablet deduster to remove that excess.

In-Process Quality Control
During the compression of tablets, in-process

tests are routinely run to monitor the process,
including tests for tablet weight, weight varia-
tion, hardness, thickness, disintegration, and
various evaulations of elegance. The in-process
tests are performed by production and/or quality
control (QC) personnel. In addition, many in-
process tests are performed during product de-
velopment by the formulator. Such testing dur—
ing development has become increasingly im-
portant in recent years for process validation
purposes. The data supplied by the formulator is
usually employed by QC personnel to establish
the test limits. At the start-up of a tablet com—
pression operation, the identity of the granula—

tion is verified, along with the set-up of the
proper tabletting machine and proper tooling.

Processing Problems
In the normal process of developing formula-

tions, and in the routine manufacture of tablets,
various problems occur. Sometimes, the source
of the problem is the formulation, the compres-
sion equipment, or a combination of the two.

Capping and Lamination. 9W a
term used to describe the artial or ete
se aration he to or bottom crowns of t

__,tli‘__v___tablfrom e main bod of the et. gamma—flogis
the separation of a tablet into two prmoredis—

tin—“Layers. Usually, these processing problems
are readily apparent immediately after compres-
sion; however, capping and lamination may
occur hours or even daysulater. Subjecting tab—
lets to the friability test described earlier is the

Wmema Cap-
ping and lamination have in the past been attrib-
uted to air entrapment, During the compression
process, air is entrapped among the particles or
granules and does not escape until the compres-
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sion pressure is released. Research has shown,
however, that ca in and lamination are due to
the deformational r0 erties of the formulation
mes-
sion. '-

T’During compaction, particles undergo suffi-
cient plastic deformation to produce die-wall
pressures greater than can be relieved by elastic
recovery when the punch pressure is removed.
In some materials, this die~wall pressure causes
enough internal stress to cause a crack to propa-
gate and initiate fracture of the compact in the
die. If the excess stresses do not initiate fracture

upon decompression in the die, the compact
may laminate or cap upon ejection from the die.
As the compact is ejected, the die-wall pressure
falls to zero. The emerging portion of the com-
pact expands while the confined portion cannot,
thus concentrating shear stresses at the edge of
the die and causing a break to develop. Tablets
that do not fracture have the ability to relieve the
shear stresses developed during decompression
and/or ejection by plastic deformation. This
stress relaxation is time-dependent; therefore,
the occurrence of tablet fracture is also time-
dependent. Intact tablets of acetaminophen,
methenamine, and erythromycin can be made if
the decompression is extended for several
hours, Rapid decompression results in tablets
that fracture. Stress relaxation could be the ex-

planation for some practical tabletting problems.
Tablet lamination or capping problems are often
eliminated by precompression, slovvin the
Wgencmnjms—
sron pressure. As the stress relaxation time is
increased, the amount of stress needing to be
relieved is reduced, allowing an intact compact
to be formed.

Often, dee concave unches roduce tabl ts
that cap. llle curved part of such tablets ex-
pands radially while the body of the tablet can-
not, which establishes a shear stress that pro-
duces the fracture. Flat u ' ‘ te

this additional shear stress.

A certain percenta e of moisture is oft -

SW:
is too ry tends to cap or laminate for lack of
cohesion. For moisture-critical granulations, the
addition of a hygroscopic substance, e.g., sppbi—
tol, ‘methylcellulose, or 01 eth lene licol 4000

Capping and lamination may also .be encoun-
tered in direct compression. product develop-
ment. Some powder or fine particulate materials
may not be compressible or may have poor com-
pression properties. Relative compressibility of
various materials may be reflected by their de-
gree of consolidation (crown thickness) when
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compressed in standard tooling under identical
compression conditions.

Tablet tooling can also be a cause of capping.
The concave 0r beveled edge faces ofpunches
gradually curve inward with use and form a
“claw” that can Rip] off the crowns of a__t_ablet.
Wear in the u per punch guides accelerates this
WWWtips to
film the edges of the die holes. Also, the greater
the radius of cum punch face, the
greater is the force exerted on the edges and the
less on the center of the tablet at the moment of

compression.
Dies develop a wear “ring” in the area of com-

pression. As the ring develops, and enlarges, the
tablets that are compressed in the rings have a
diameter that is too large to pass easily through
the narrower portion of the die above the ring.
Upon ejection, this constriction causes the tab-
let to cap or laminate. A simple solution of this
particular problem is to turn the die over so that
compression occurs in an unworn area above
the ring. On some presses, the depth of penetra—
tion of the upper punch can be regulated so that
compression may be performed over some range
of locations within the die. There are also dies

available with tungsten carbide inserts. The car—
bide is so durable that the casing wears out be—
fore the insert does. Wear on tablet tooling in-
creases as the hardness of the material being
compressed increases. Most organic materials
are soft; certain inorganic materials such as

magnesium trisilicate are relatively hard and
abrasive.

Another cause of capping is an incorrect’s_e_t-
up at the press. When a compressed tablet is
ejected from a die, the lower punch must rise
flush with or protrude slightly above the face of
the die at the point where the tablet strikes the
sweep—off blade. If the punch remains below the
face of the die, the sweep—off blade cuts off the
tablet, leaving the bottom in the die. A less se-
vere result of this incorrect adjustment is that
the edge of the tablet catches on the die and
chip. An incorrect adjustment of the sweep-off
blade can also result in tablet fracture. If the

blade is adjusted too high, tablets can start to
travel under it, become stuck, and break off. The
resulting broken pieces of tablets then enter the
feed frame; if they are large enough, they can
cause a disruption of the granulation feed, as
well as affect the weight and hardness of subse—
quent tablets.

Picking and Sticking.‘ “Picking” is a term
used to describe the surface material from a tab-

let that is sticking to and being removed from
WW-Picking is of par-
ticular concern when punch tips have engraving
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or embossing. Small enclosed areas such as
those found in the letters “B,” “A,” and “O” are
difficult to manufacture cleanly. Tablet materi-
als that stick to the punches can accumulate to
the point of obliterating the tip design. “Stick-
ing” refers to tablet material adhering to the die
1773],]. When sticking occurs, additional force is
required to overcome the friction between the
tablet and the die wall during ejection. Serious
sticking at ejection can cause chipping of a tab-
let’s edges and can produce a rough edge. Also, a
stickingmmblem “dogs£19! alloy the lower
puncheswie‘mengand therefore can place
unusual stresses on the cam tracks and punch
heads, resulting in their damage. Sticking can
also apply to the buildup of material on punch
faces.

These flaws have many remedies. Lettering
should be designed as large as possible, particu-
larly on punches with small diameters. The tab-
let can perhaps be reformulated to a larger size.
Platin of the unch faces with chromium is a

'MflformHucina's‘m‘oo':WWace.

Wor-
mula acts as a olishin a ent and makes the

punch faces smooth so that material does not
. On the other hand, the frictional

nature of this material may require additional
lubrication to facilitate release of the tablet from

the die. Sometimes, additional binder or a
change in binder may make the granules more
cohesive, and therefore less adherent, than be—
fore.

Low—meltingjgoint substances, either active
ingredients or additives such as stearic acid and
Mnsufficientl from

tion 0 e active ingredient with additional
higher-melting-point materials and a conse-
quent increase in the size of the tablet may help.
The level of low-melting—point lubricants may be
reduced, or higher-melting—point replacements
may be substituted. When a low-melting-point
medicament is present in high concentration,
refrigeration of the granulation and the press
may be in order. Excessive moisture may be re-
sponsible for sticking, and further drying of the
granulation is then required.

Mottling. Mottling is an unequal distribution
of color on a tablet, with light or dark areas
standing out in anhtherwise uniform surface.
One cause of mottling is a drug whose color dif—
fers from the tablet excipients or a drug whose
degradation products are colored. The use of col-
orants may solve the above problem but can
create others. A dye can cause mottling by mi-
grating to the surface of a granulation during

drying. To overcome this difficulty, the formula—
tor may change the solvent system, change the

binder system, reduce the drying tempts—raffle,
or grind to a smaller particle sifle use of
colorants in direct compre—ssion formulations
can lead to mottling if the dye is not well disper-
sed or if its particle size is too large.

Certain colored adhesive gel solutions may not
be distributed well because they must be hot
when added to much cooler powder mixtures.
The adhesive then precipitates from solution
and carries most of the color with it. Further

wetting, even overwetting, is needed to disperse
the binder and the color. The additional mixing
and increased activation of the binder, however,

may result in tablets with increased disintegra-
tion times. Therefore, a better practice may be to
incorporate fine powder adhesives such as
acacia and tragacanth into the product before
adding the granulating fluid, or to disperse a dry
color additive during the powder blending step.

Weight Variation. In previous sections,
weight variation of tablets has been mentioned
as an important in-process control measure-
ment, and weight variation specifications have
been given. The weight of a tablet being com—_
pressed is determined by the amount of granula-
tion in the die prior to compression. Therefore,
anything that can alter the die-filling process
can alter tablet weight and weight variation.

Granule Size and Size Distribution Before
Compression. Variations in the ratio of small to
large granules and in the magnitude of differ— '
ence between granule sizes influence how the
void spaces between particles are filled. Thus,
although the apparent. volume in the die is es-
sentially the same, different proportions of large
and small particles may change the weight of fill
in each die. Furthermore, if large granules are
being used to fill a small die cavity, relatively few
granules are required, and the difference of only
a few granules around the average may repre-
sent a high percentage weight variation. If hun-
dreds of granules are required on the average for
die fill, a variation of a few granules around the
average would produce a minor weight varia-
tion, given a narrow particle size range.

Poor Flow. The die-fill process is based on a
continuous and uniform flow of granulation
from the hopper through the feed frame. When
the granulation does not flow readily, it tends to
move spasmodically through the feed frame so
that some dies are incompletely filled. Similarly,
dies are not filled properly when machine speed
is in excess of the granulation’s flow capabili-
ties. With oor flow, the addition of a glidant
,suchmmmmmm
in the amount ahead resent, may be helpful.
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Also available are induced die feeders, which
mechanically “force” the granulation down into
the die cavities as they pass beneath the feed
frame. '

Poor flow through the feed frame is usually a
sign that the granulation is not flowing properly
out of the hopper. As particulate solids move
under the force of gravity’through progressively
smaller openings, they‘are subjected to uneven
pressures from the mass above and alongside.
Depending on the geometry of the hopper, this
situation may give rise to one or another of two
causes for poor flow: “archin " or “brid ' "
and “rat—holing.” Figure 11-12 illustrates these
phenomena. When poor hopper flow occurs, it
may be controllable with vibrators attached to
the hopper sides to induce the granulation flow.

Devices designed to improve poor flow char-
acteristics of materials often introduce another

problem, however. Since most tablet granula-
tions consist of materials with a range of particle
sizes, the vibration or mixing action of the flow-
promoting devices may induce segregation and
stratification of the particles. The larger particles
tend to drift upward while the smaller particles
sift downward. Not only can the resulting “clas—
sification” of particle sizes cause appreciable
changes in tablet weight and weight variation as
described earlier, but it can also lead to poor con—
tent uniformity, since drug is often not uni-
formly distributed between the larger and
smaller particles. Poor particulate flow may be
caused not by the granulation, but by poor de-
sign of the granulation hopper, which can be
exaggerated by dents that effectively cut off the
flow. Poor weight variation can also be caused
by surges of excessive flow. Direct compression
granulations fed through typical wet—granulation
hoppers and feed frames are prone to this typeof
flow. Often, restricting the flow out of the hop-
per corrects the problem. Recently, a patent was
issued for a new feed frame design that accom—
modated excessive flow from the hopper with—
out compromising unifbrm weight variation.24

Poor Mixing. Sometimes, the lubricants and
glidants are not thoroughly distributed. The flow

 
FIG. 11-12. Bridging (left); rat-holing (right).
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of particles is then impaired, and the granules
do not move efficiently into the dies. There is a
tendency to minimize the mixing time during
lubricant addition to prevent or reduce granule
friability; however, inadequate mixing at this

sfage can result in unsatisfactory granulationf ow.

Punch Variation. When lower punches me
of unequal lengths—the difference may be only
a few thousandths of an inch—the fill in each

die varies because the fill is volumetric. Only a
good punch and die control program can provide
tooling of uniform dimensions.

Hardness Variation. Hardness variation is

a problem that has the same causes as weight

variationHwtofmaterial an t e_ space between the upper and

WWII.Ife vo ume of material or the distance between
punches varies, hardness is likewise inconsist-
ent.

Double Impression. A last problem for dis-
cussion is that of double impression. This in-
volves only punches that have a monogram or
other engraving on them. At the moment of
compression, the tablet receives the imprint of
the punch. On some machines the 10 punch
is free to dmmmm’tfied for a
Woncamto push the ta let out of thejie. During its free
travel, it rotates. At this point, the punch may
make a new, although lighter, impression on the
bottom of the tablet, resulting in a double im—
print. Similar problems can be encountered with
engraved upper punches and tablet machines
that utilize two compression stages to compress
a tablet. The first sta e recompressz'on, uses a

lower compaction force_than the final cmes-
'flrjiggg, but the tiblét does receive the im-
print of the punch. If the upper punch is uncon-
trolled, it can rotate during the short travel to the
final compression stage and thus create a double
imprint. The newer presses have antituming
devices as an integral part of their design and
construction.

Tablet Granulations

Basic Characteristics
The characteristics of a tablet that make it a

popular dosage form, e.g., compactness, physical
stability, rapid production capability, chemical
stability, and efficacy, are in general dictated
primarily by the qualities of the granulation
from which it is made. Basically stated, materi-
als intended for compaction into a tablet must
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possess two characteristics: fluidity and com-
pressibility. To a great extent, these properties
are required by the compression machine de-
sign. As previously discussed, good flow proper-
ties are essential for the transport of the material
through the hopper, into and through the’feed
frame, and into the dies. Tablet materials should
therefore be in a physical form that flows
smoothly'and uniformly. The ideal physical form
for this purpose is spheres, since these offer
minimum contact surfaces between themselves

and with the walls of the machine parts. Unfor-
tunately, most materials do not easily form
spheres; however, shapes that approach spheres
improve flowability. Therefore granulation is in
part the pharmaceutical process that attempts to
improve the flow ofpowdered materials by form-
ing spherelike or regularly shaped aggregates
called granules. The—need to assess the shape of
particles and their relative regularity or approxi-
mation to spheres has led to the development of
equations whereby certain “factors” can be cal—
culated to provide quantitative compaafisons of
different particle shapes. By measuring particle
surface area (S), volume (V) and a projected
equivalent diameter (dp), a volume/shape factor
(91,), a surface shape factor (a and“ a shape
coefficient (avs) can be calcu ated using equa»
tions (1) to (3) for quantitative w6rk.25 1
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The shape coefficient for a sphere is 6. As a par-
ticle becomes more irregular in shape, the value
of av, increases. For a cube, av, is equal to 6.8.

The other desirable characteristic, compressi-
bility, is the property of forming a stable, oom-
pact mass when pressure is applied. The requi-
site physical properties and the forces that hold
the tablet together are discussed in Chapter 4,

‘ “Compression and Consolidation of Powdered
Solids.” The consideration of compressibility in
this discussion is limited to stating that granula-
tion is alsothe pharmaceutical process that con-
verts a mixture of powders, which have poor
cohesion, into aggregates capable of compaction.

Granulation Properties
There are many formulation and process vari-

ables involved in the ganulation step, and all of

these can affect the characteristics of the" anu-

lations produced. Therefore, methods/x ,’ mea—
sure certain granulation characteri " s have
been developed to monitor granulation suita-
bility for tabletting.

Particle Size and Shape. The particle size

of a granulation is law to eff/act the average
tablet weight, tablet we} t’variation, disintegra—
tibn time, granule “WW, gr’ahfifiidn
flowability, Wmte kinetics of wet
gran/udlationsm‘28 [fie exact effect of granule
size and size distribution on processing require-
ments, bulk granulation characteristics, and
final tablet characteristics depends upon the for-
mulation ingredients and their concentrations,

as well as the type of granulating equipment and p4) \
processing conditions employed. Therefore, the 5&0” "a
formulator should determine for each formula- SEAW‘J‘OW

93"?“ '
. , “(Pkfi‘l

ity and tablet quality features. The methods for @%

tion and manufacturing process the effects of _
granule size and size distribution on processabil-' ‘

measuring and interpreting particle size ’and

particle size distribution are discussed in Chap- Jjgxfi (
acadefmter 2, “Milling.” -

Surface Area. The determination of the gur-
face area of finely milled drug powders may be of
value for drugs that have only limited water s01-
ubility. In these cases, particle size, and espe-
cially the surface area of the drug, can have a
si ' cant e n dissolution rate. The de—

termination of the surface area of granulations is
not arcommon practice. In general, if one is in-
terested in effects of granulation surface upon
measurable properties of the final dosage form,
particle size of the granulation is measured. An
.mmhfionshipww
particle size and sufiace area; however, granula-
tions can have convoluted structures with con-

siderable internal surface. Technology available
for determining the surface area of coarse pow-
ders or agglomerates (granulations) is not as
advanced as that available for fine powders. The
two most common methods for determining sur-
face area of solid particles are gas adso ti and
air ermeabili . In the firstmfiflm
'tionl, the amOunt of gas that is adsorbed onto
the powder to form a monolayer is measured and
then used to calculate the surface area of the

powder sample. Air permeability, the rate at“!
which air permeates a bed of powder, is used to
calculate the surface area of the powder sample.
These methods are described in Chapter 4.

Density. Granule density may influence
compressibili ‘ ta et orosr
0' er properties. Dense, hard granules may re-
qumssible loads to produce a
cohesive compact, let alone tablets of acceptable
appearance that are free from visible granule
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boundaries. The higher compression load, in
turn, has the potential of increasing the tablet
disintegration and drug dissolution times. Even
if the tablets disintegrate readily, the harder,
denser granules may dissolve less readily. At the
same time, harder, denser granules are usually
less friable. Basically, two methods are used to
determine granule density. Both involve the use
of a pycnometer. In one, the intrusion fluid is
mm the other, it is a so ve t of ow
surface WW6
granules are not soluble. The accuracy of these
pycnometer methods depends on the ability of
the intrusion fluids to penetrate the pores of the
granules. Density is calculated from the volume
of intrusion fluid displaced in the pycnometer
by a given mass of granulation:25

X

D = M/VI, e V1 (4)

where D is density, V1, is the total volume of the
pycnometer, and V1 is the volume of intrusion
fluid containing that mass of granules (M) that
is required to fill the pycnometer.

The term bulk density refers to a measure
used to describe a packing of particles or gran-
ules. The equation for determining bulk density
(p1,) is:25

M 7‘. _: — o
Pb Vb ( )

where M is the mass of the particles and Vb is
the total volume of packing. The volume of the
packing can be determined in an apparatus con-
sisting of a graduated cylinder mounted on a
mechanical tapping device that has a specially
cut rotau'ng cam. An accurately weighed sample
of powder or granulation is carefully added to
the cylinder with the aid of a funnel. Typically,
the initial volume is noted, and the sample is
then tapped until no further reduction in vol-
ume is noted. The volume at this tightest pack-

ing is then used in equation :1 1 to compute bulkdensity pb. A sufficient num er of taps should be
employed to assure reproducibility for the mate—
rial in question. The tapping should not produce
particle attrition or a change in the particle size
distribution of the material undergoing testing.
See Chapter 4 for further details.

An important measure that can then be ob—
tained from bulk density determinations is the
percent compressibility, C, which is defined as
follows:25

a

C = Mum»Ph (6)
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where pu is the untapped bulk density (often
called loose or aerated bulk density). In theory,
the more compressible a bed of particulates is,
the less flowable the powder or granulation will
be. Conversely, the less compressible a material
is, the more flowable it will be.

Bulk density largely depends on particle
shape. As the particles became more spherical-in
shape, bulk density is increased. In addition, as
granule size increases, bulk density decreases.
The smaller granules are able to form a close,
more intimate packing than larger granules.

Strength and Friability. A granule is an
aggregation of component particles that is held
together by bonds of finite strength. The
strength of a wet granule is due mainl to the
Wmes
WWomer-
ation of the wet powder. Upon drying, the gran-
ule has strong bonds resulting from fusion or
recrystallization of particles-and curing of the
adhesive or hinder. Under these conditions,En
der Waals fgrces are of sufficient strength to pro-
duce a strong, dry granule. Measurements of
granule strength are therefore aimed at estimat—
ing the relative magnitude of attractive forces
seeking to hold the granule together. The resul—
tant strength of a granule depends, of course, on
base material, the kind and amount of granulat-
ing agent used, the granulating equipment use ,
and so forth. Factors affecting granule strength
are discussed in this section.

Granule strength and friability are important,
as they affect changes in particle size distribu-
tion of granulations, and consequently, com-
pressibility into cohesive tablets. When deter-
mining a relative measure of granule strength,
two distinct types of measurements can be
made. Perhaps, the one most commonly used is
that of com ression stren th. In this test, a?
mice

er common methods of studying granule
strength are those that relate to frjagilitv meas—ements. Most of these methods are variations

of the American Society for Testing Materials
(ASTM) tumbler test for the friability of coal,
and provide a means of measuring the propen—
sity of granules to break into smaller pieces
when subjected to disruptive forces.“

Flow Properties. The flow properties of a
material result from many forces. Solid particles
attract one another, and forces acting between
particles when they are in contact are predomi-
nately surface forces. There are many types of
forces that can act between solid particles:
(1) frictional forces, (2) surface tension forces,
(3) mechanical forces caused by interlocking of
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particles of irregular shape, (4) electrostatic
forces, and (5) cohesive or van der Waals forces.
All of these forces can affect flow properties of a
solid. They can also affect granule properties
such as particle size, particle size distribution,
particle shape, surface texture or roughness,
residual surface energy, and surface area. Eh
fine powders {<150 m the ma nitude of the“LIP—L—
Wand van der Waals forc

omina e or arger particles (>150:m) such
Wes pro'ducedby a wet anulation tech-
My mate
over van er Waals forces. so, as particles in—
crease in Size, mechanical or physical properties
of particles and their packings become impor-
tant. While an evaluation of some of the funda—

mental properties of particles discussed earlier
(e.g., shape and bulk density) is important, there
are tests that can beemployed as flow measure—
ments of the effect of all the interparticulate
forces acting at once. Two of the most common
methods are (l) repose angle, and (2) hopper
flow rate measurements.

Repose Angle. The fixed funnel and free-
standing cone methods employ a funnel that is
secured with its tip at a given height, H, above
graph paper that is placed on a flat horizontal
surface. ’Powder or granulation is carefully
poured through the funnel until the apex of the
conical pile just touches the tip of the funnel.
Thus, with R being‘the radius of the base of the
conical pile:

 

tan a = ? / (7)
01‘

a =1 arctan% /V (8)

where a is the angle of repose. The fixed cone
method establishes the diameter of the cone

base by using a circular dish with sharp edges.
Powder is poured onto the center of the dish
from a funnel that can_be raised vertically until a
maximum cone height, H, is obtained. The re-
pose angle is calculated as before. In the tilting
box method, a rectangular box‘is filled with pow-
der and tipped until the contents begin to slide.
In the revolving cylinder method, a cylinder
with a transparent end is made to revolve hori-
zontally when half filled with powder. The maxi—
mum angle that the plane of powder makes with
the horizontal surface on rotation is taken as the

angle of repose. The angle determined by these
first three methods is often referred to as the

static angle of repose, and the angle arrived at in
the last method is commonly called the kinetic
or dynamic angle of repose. Values for angles of
repose 530° usually indicate a free—flowing ma-
terial and angles 240° suggest a poorly flowing
material. As mentioned previously, flow of
coarse particles is also related to packing densi-
ties and mechanical arrangements of particles.
For this reason, a good auxiliary test to run in
conjunction with the repose angle test is the
compressibility test, discussed previously. From
the angle of repose and compressibility values, a
reasonable indication of a materials inherent

flow properties should be possible.
Hopper Flow Rates. Hopper flow rates have

been used as a method of assessing flowability.
Instrumentation to obtain hopper flow rates
continually monitors the flow of material out of
conical hoppers onto a recording balance device.
Instrumentation of this kind is quite simple, and
results are easy to interpret, making the method
attractive from a pragmatic standpoint. Unfortu-
nately, the two methods used forstudying flow,
hopper tests and repose angles, do not correlate
well.

Compaction. The process of consolidating
and‘ compacting powder or granule materials to
form a tablet is complex, owing to the numerous
internal events that act simultaneously (see
Chap. 4). The basic tool that has been developed
for studying the compression process is the in-
strumented tablet press. Tablet presses are in-
strumented by affixing transducers to measure
the forces applied during the compression proc-
ess. The signals produced by the transducer sys-
tem are then monitored by some means—most
recently, by computer. Properly instrumented
and monitored tablet presses have been shown
to be of great assistance in studying the mecha-
nism of compaction, the relationship of compac-
tion mechanism to tablet properties, and various
formulation evaluations. Such studies have also

allowed for the development of compression pro-
file references for comparison, the development

of automatic control2,systems and the monitor—
ing of tooling wear.3

Manufacture of Granulations

Dry Manufacturing Methods
The manufacture of granulations for tablet

compression may follow one or a combination of
three established methods: the dry methods of
direct compression, compression granulation,
and wet granulation. Table 11—3 compares the
type and number of processing steps commonly
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required with each technique. A consideration
of the important aspects of these processes illus-
trates the advantages and disadvantages of each.

Direct Compression. There are a few crys-
talline substances, such asiodiim chloride, so—
dium bromide, and potassiumcfiloride, that may
Wpl‘cssecbdirecyevastmajority of
medicinal agents are rarely so easy to tablet,
however. In addition, the compression of a sin-
gle substance may produce tablets that do not
disintegrate. If disintegration is a problem, other

 

components are needed, which in turn may in- '
terfere with the compressibility of the active in-
gredient and thus minimize the usefulness of
the method. Most materials possess relatively
weak intermolecular attraction or are covered

with films of adsorbed gases that tend to hinder
compaction. Thus, most large-dose drugs do not
lend themselves to this process. With many
other drugs having small doses, uniform blends
of the drug and coarser direct compression dilu~
ents cannot be achieved, which makes this proc-
ess impractical. However, the use of compressi
ble diluents with many moderate-dose drugs
makes this process the most streamlined
method of tablet manufacture (Table 11-3).

A directly compressible .diluent is an inert
substance that may be compacted with little dif-
ficulty and may compress even when quantities
of drugs are mixed with it. Compression capac-
ity is still maintained when other tablet materi-
als necessary for flow, disintegration, and so
forth are blended in. Directly compressible vehi-
cles are examined in detail later in this chapter.
Direct compression materials, in addition to pos-
sessing go flow and compressibility, must be
inert, taste s, reworkable, able to disintegrate,
and inexpensive.

Even though direct compression has some
important advantages (low labor input, a dry

TABLE Ill-3. Processing Steps Commonly Re-
quired in the Various Tablet Granulation Prepa-
ration Techniques

Direct

X
X
X

Processing Step Wet Dry

Raw material

Weigh
Screen
Mix

Compress (slug)
Wet mass
Mill

Dry
Mill
Mix

Compress

><><><><><><XXXN
>4><><><><

><><><
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process, fewest processing steps) there are some
limitations to the technique.

1. Differences in particle size and bulk den-
sity between the drug and diluent may lead to
stratification within the granulation. The strati-
fication may then result in poor content uni-
formity of the drug in the compressed tablet.
The stratification and resultant content uni-

formity problems are of special concern with
low—dose drugs.

2. A large-dose drug may present problems
with direct compression if it is not easily com-
pressible by itself. To facilitate compression,
noncompressible large-dose drugs, which are
usually restricted to about 30% of a direct com-
pression formula, could require an amount of
diluent so large that the resultant tablet is costly
and difficult to swallow.

3. In some instances, the direct compression
diluent may interact with the drug. A good ex-
ample of such a reaction is that which occurs
between amine compounds and spray—dried lac-
tose, as evidenced by a yellow discoloration.

4. Becglse of the dry nature of direct com-
pression, Static charge buildup can occur on the
drug durihg routine screening and mixing,
which may prevent a uniform distribution of the
drug in the granulation.

The equipment and procedures used in direct
:‘compression are basically screening or milling
and mixing. These topics are covered in Chapter
1, “Mixing,” and Chapter 2, ‘x‘Milling.”

Compression Granulation. Compression
granulation has been used for many years, and
is a valuable technique in situations where the
effective dose of a drug is too high for direct
compaction, and the drug is sensitive to heat,
moisture, or both, which precludes wet granula-
tion. Many aspirin and vitamin formulations are
prepared for tabletting by compression granula-
tion.

Compression granulation involves the com-
paction of the components of a tablet formula-
tion by means of a tablet press or specially de-
signed machinery, followed by milling and
screening, prior to final compression into a tab-
let. When the initial blend of powders is forced
into the dies of a large-capacity tablet press and
is compacted by means of flat-faced punches,
the compacted masses are called slugs, and the
process is referred to as- “slugging.” The slugs
are then screened or milled to produce a granu-
lar form of tabletting material, which now flows
more uniformly than the original powder mix-
ture. When a single slugging process is insuffi-_
cient to confer the desired granular properties to/
the material, the slugs are sometimes screened,
slugged again, and screened once more.
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Slugging is just an elaborate method of sub-
jecting a material to increased compression
time. The act of slugging followed by screening
and subsequent compression of the particles is
roughly equivalent to an extended dwell time
during compression in a tablet machine. The
two or more times that the material is subjected
to compaction pressures causes a strengthening
of the bonds that hold the tablet together. The
resultant granules also increase the fluidity of
these powder mixtures, which by themselves do
not flow well enough to fill the dies satisfacto—
rily. \

As shown in Table 11—3, the compression
granulation method requires less equipment
and space than other methods, and eliminates
the addition of moisture and the application of
heat as found in the wet massing and drying
steps of the wet granulation method.

On a large scale compression granulation can
also be performed on a specially designed ma-
chine called a roller compactor Roller compac-
tors are ca able of roaucm as much as 500 kg
per hour or more of compacted ribbon-like mate—
rial, which can then be screened or milled into a
granulation suitable for compression into tab-
lets. .

Roller compactors, utilize two rollers that re-
volve toward each other (Fig. 11-13). By means
of a hydraulic ram forcing one of the rollers
against the other, the machine is capable of ex-
erting known fixed pressures on any powdered
material that flows- between the rollers. Pow-

dered material is fed between the rollers by a
screw conveyor system. After passing through
the rollers, the compacted mass resembles a thin
wide ribbon that has fallen apart into large seg-
ments. These are equivalent to the slugs pro-
duced by the slugging process. The segments
are then screened or milled for the production of
granules.

The compaction force of the roller compactor
is controlled by three variables: (1) the hydraulic
pressure exerted on the compaction rolls, (2) the
rotational speed of the compaction rolls, and
(3) the rotational speed of the feed screws. The
roll speed and the feed-screw speed have the
greatest effect on the compaction process. The
food screws on most modern compactors consist
of a variable-speed horizontal and vertical screw.
The horizontal screw picks up the powder from
the hopper and maintains a continuous flow to
the vertical screw. The vertical screw delivers

the powder to the compaction rolls. The vertical
screw speed is critical for uniform compaction.
It serves to deaerate the powder and maintains a
constant flow onto the compaction rolls. Any
variation in deaeration or load causes extreme
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FIG. 11-13. Schematic diagram of a Chilsonator roller
compactor m a ranu pro uctitm system. ou esy
of €55 Fitzpatrick Company, Elmhurst, IL.)

changes'in the compact. The vertical feed screw
is usually set so that it delivers more material
than the compaction rolls accept, assuring con-
stant loading during the compaction process.
The speed of the, compaction rolls controls the
pressure dwell time, which has a great effect on
the density and hardness of the compact.

A standard procedure for testing compaction
uniformity and machine capacity is to select a
hydraulic pressure in the mid-ranges of the
equipment. Set the compaction roll at the slow-
est speed, and set the feed screw at the highest
speed. If the powders are compactiblein the first
pass, the machine will overload. When this hap-
pens, the compaction roll speed should be in-
creased until the loading is constant. Maximum
throughput is achieved at this setting for the
material being tested. If no overloading occurs,
the powder should be passed through a second
time, using the same procedure. The roller com-
pactor offers the advantages over the slugging
process of increased production capacity, greater
control of compaction pressure and dwell time,
and no need for excessive lubrication of the pow-
der.
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There are many modifications available on roll
compactors. Roll designs cover a complete range
from smooth to sign curves and serrated sur—
faces. The shapes and sizes of the screw feed
assembly are available in a wide range of de-
signs. Most compactors can be fitted with liquid-
cooled rolls and chambers. All manufacturers of

roller compactors have pilot plant facilities and
ofler complete testing programs. Trial runs are
advisable, so that the compactor is suitable for
the materials to be compacted.

Wet Granulation

The wet granulation technique uses the same
preparatory and finishing steps (screening or
milling, and mixing) as the two previously dis-
cussed granulation techniques. The unique por-
tions of wet granulation process involve the wet
massing of the powders, wet sizing or milling,
and drying. The theory, equipment, and meth-
ods associated with drying are discussed in
Chapter 3.

Methods. Wet granulation forms the gran—
ules by binding the powders together with an
adhesive, instead of by compaction. The wet
granulation technique employs a solution, sus—
pension, or slurry containing a binder, which is
usually added to the powder mixture; however,
the binder may be incorporated dry into the pow-
der mix, and the liquid may be added by itself.

The method of introducing the binder de—
pends on its solubility and on the components of
the mixture. Since, in general, the mass should
merely be moist rather than wet or pasty, there
is a limit to the amount of solvent that may be
employed. Therefore, when only a small quan-
tity is permissible, the binder is blended in with
the dry powders initially; when a large quantity
is required, the binder is usually dissolved in the
liquid. The solubility of the binder also has an
influence on the choice of methods, since the
solution should be fluid enough to disperse
readily in the mass.

The liquid plays a key role in the granulation
process. Liquid bridges are developed between
particles, and the tensile strength of these bonds
increases as the amount of liquid added is in-
creased. These surface tension forces and capil-
lary pressure are primarily responsible for initial
granule formation and strength. Once the gran-
ulating liquid has been added, mixing continues
until a uniform dispersion is attained and all the
binder has been activated. During granulation,
particles and agglomerates are subjected to con—
solidating forces by action of machine parts and
of interparticulate forces. Granulation in large
blenders requires 15 min to an hour. The length
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of time depends on the wetting properties of the
powder mixture and the granulating fluid, and
upon the efficiency of the mixer. A rough way of
determining the end point is to press a portion of
the mass in the palm of the hand; if the ball
crumbles under moderate pressure, the mixture
is ready for the next stage in processing, which
is wet screening.

The wet screening process involves convert—
ing the moist mass into coarse, granular aggre—
gates by passage through a hammer mill or oscil—
lating granulator, equipped With screens having
large perforations. The purpose is to further con—
solidate granules, increase particle contact
points, and increase surface area to facilitate
drying. Overly wet material dries slowly and
forms hard aggregates, which tend to turn to
powder during subsequent dry milling. There
are many instances in which wet milling may be
omitted, with a considerable saving of time. The
formulator should be alert to these opportunities
and not follow the old method blindly.

A drying process is required in all wet granu-
lation procedures to remove the solvent that was
used in forming the aggregates and to reduce
the moisture content to an optimum level of con—
centration within the granules. During drying,
interparticulate bonds result from fusion or re—
crystallization and curing of the binding agent,
with van der Waals forces playing a significant
role.

After drying, the granulation is screened
again. The size of the screen depends upon the
grinding equipment used and the size of the tab-
let to be made.

The use of volatile or inflammable solvents for

wet granulation creates other problems. Safety
considerations demand that at a minimum, the
work areas be well-ventilated to reduce direct

toxic effects or to keep the solvent vapor concen-
tration below explosion limits. Also, all equip—
ment should be electrically grounded to prevent
sparks that could initiate explosions. Explosion-
proof or explosion-resistant motors may also be
required. If solvent granulating systems are to
be used, the entire process should be thoroughly
discussed, and the facilities should be inspected
by the company’s safety engineer.

Exhausting solvent vapors or drying granula-
tions made with solvents also requires special
precautions. Environmental Protection Agency
(EPA) regulations limit the amount of solvent
vapors that can be exhausted into the atmos-
phere. Such EPA limits could require recovery
or burning of the solvent vapors, which are ex—
pensive operations. Ovens employed for drying
granulations wetted with explosive solvents
should employ high airflow rates, to stay well
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below vapor explosive limit concentrations in
air. Such ovens should also contain appropriate
controls to prevent explosions due to accumula—
tion of vapors following a power outage or during
later resumption of power.

Equipment. When traditional equipment is
used in the conventional wet granulation
scheme (Table 11-4), the entire process is labor-
intensive and time-consuming. The equipment
used for granulation is not highly effective for
dry mixing. Therefore, in many instances, a dif-
ferent mixer is used for dry mixing prior to gran-

TABLE 11-4. Some Common Tablet Excipients

ulating._Examples are siga blade and planetary
mixers. Granulating mixers are slow, are gener-
ally poor powder mixers, and require care for
even addition of granulating liquids. Also, con-
siderable time is needed to distribute the binder

properly throughout the mass
While some tablets are still made in the tradi-

tional manner, newer equipment has been de-
veloped that can accomplish both dry mixing
and wet granulation efficiently and in much less
time. These new mixers are classified as high-
speed mixer/granulators.

Diluents

Lactose USP

Lactose USP, anhydrous
Lactose USP, spray—dried
Directly compressible starches
Hydrolyzed starches
Microcrystalline cellulose NF
Other cellulose derivatives

Mannitol USP
Sorbitol

Sucrose USP powder
Sucrose-based materials

Calcium sulfate dihydrate NF
Dextrose

Dibasic calcium phosphate dihydrate NF

Binders and Adhesives 

Acacia Starch, pregelatinized
Cellulose derivatives Sodium alginate and alginate
Gelatin derivatives
Glucose Sorbitol

Polyvinylpyrroh'done (PVP) Tragacanth
Starch, paste

Disintegrants

Starch Cellulose derivatives

Starch derivatives Alginates
Clays PVP, cross-linked
Cellulose

Lubricants

Stearic acid Polyethylene glycols
Stearic acid salts
Stearic acid derivatives
Talc

Surfactants
Waxes

Glidants and Flow Promoters

Silica derivatives
Talc
Cornstarch

Colors, Flavors and Sweeteners

FD 8: C and D 8: C dyes and lakes
Spray-dried and other flavors
Natural sweeteners
Artificial sweeteners  
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The Littleford Lodige mixer was one of the
first high-shear powder blenders capable of rap-
idly blending pharmaceutical powders and wet
massing Within the same equipment. With some
formulations, the equipment may also be capa-
ble of producing agglomerated granular particles
that are ready for fluid bed or other drying meth-
ods without further processing. Figure 11—14 il-
lustrates a conventional Lodige mixer and de—
scribes the various assemblies of the unit. The

unit consists of a horizontal cylindric shell
equipped with a series of plow-shaped mixing
tools and one or more high-speed blending chop-
per assemblies mounted at the rear of the mixer.
When the chopper blades are operated during
dry mixing, dry lumps of powder are effectively
dispersed so that sieving is no longer an essen-
tial prerequisite of powder blending when this
type of equipment is employed. For the addition
of liquids, an injection tube terminating in one
or more spray nozzles is provided. The nozzles
are located immediately above the chopper as-
sembly.

In operation, the plow-shaped mixing tools
may be revolved at variable speeds to maintain
the contents of the mixer in an essentially fluid-
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ized condition and provide a high-volume rate of
transfer of material back and forth across the

blender. When liquid granulating agents are
added to dry powders, the liquid enters the
mixer under pressure through the liquid nozzle
immediately above the chopper assembly, or as-
semblies, and is immediately dispersed.

Using this type of high—shear powder mixing
equipment, complete mixing may be obtained in
as little as 30 to 60 sec. A temperature rise of 10
to 15° may be expected if dry blending is contin-
ued over a period of 5 to 10 min. When a high-
speed, high-shear mixer of the Litteford Lodige
type is used for wet granulation, the power used
by the mixer increases as the powder mass be-
comes increasingly wet. Power usage is often
reflected in the readings of an ammeter or watt-
meter mounted on the equipment and may be
useful in helping to identify the proper end point
for the wet granulation process.

The Diosna mixer/granulator is another type
of high-speed powder mixer and processor (Fig.
11-15). The mixer utilizes a bowl (1) mounted in
the vertical position. A high-speed mixer blade
(2) revolves around the bottom of the bowl. The
blade fits over a pin bar at the bottom of the mix-
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FIG. 11-14. The Littleford Lodige mixer. (Courtesy of Littleford Brothers, Florence, KY.)
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FIG. 1 1-15. Schematic diagram of the Diosna mixer. (1) Mixer bowl. (2) High—speed mixer blade. (3) High-speed chopper
blade. (4) Pneumatic discharge port. (5) Mixrd lid. (6) Exhaust air sleeve. (7) Mixer control panel. (Courtesy ofDierks and
Sohne, Osnabn‘lck, West Germany.)

ing bowl, which powers the blade. The blade is
specially constructed to discourage material
from getting under it. The mixer also contains a
high—speed chopper blade (3), which functions
as a lump and agglomerate breaker. A pneu-
matic discharge port (4) provides the unit with
automatic discharge. The unit is provided with a
lid (5) and the larger units employ a counter—
wei\ t to assist in raising and lowering the lid.
The 'd has three openings: one to accommodate
a spray nozzle, a second larger opening for an air
exhaust sleeve (6), and a third opening for a
viewing port. The units are also equipped with
an ammeter on the control panel, (7) which may
be employed to determine the end point of gran-
ulation operations. Typical time sequences for
the use of a Diosna mixer are as follows: mixing,
2 min or less; granulating, 8 min or less; dis-
charge, 1 min with the discharge capable of
being preset when the pneumatic discharge sys-
tem is in place.

Figure 11-16 describes the Littleford MGT
mixer/granulator, which has been developed to
meet granulation needs more specifically. For
comparison, the horizontal configuration of the
Lodige unit (Fig. 11-15) has been rotated 90° to
a vertical configuration, the drum assembly has
been converted to a bowl assembly, and a dis-
charge port has been added to facilitate empty-
ing and cleaning of the bowl. The principle of

operation, however, is the same as that de-
scribed previously for the Diosna mixer.

When a high-shear solids mixer is used in a
production operation, mounting the mixer in a
position that allows the bowl from a fluid bed
dryer to be placed under the mixer facilitates
materials transfer. Most fluid bed dryers for pro-
duction operations have wheeled assemblies to
facilitate materials transfer to and from the fluid
bed unit. Since wet granular material may resist
transfer by air conveyor systems such as the
Vacumax, a gravity type of transfer provision
may be especially helpful. The need to raise the .
equipment to an appropriate working height in
order to discharge directly into a bowl of a fluid
bed dryer is not regarded as a major disadvan—
tage, provided that powder can be conveniently
charged into the unit when it is in a raised posi-
tion. .

Figure 11-17 illustrates the Gral mixer/
granulator, This equipment is a modification of
the industrial planetary mixersThe difference
between the Gral mixer-lgranulator and a
standard planetary mixer is that lhe new unit
contains two mixing devices. A large mixing arm
is shaped to the rounded configuration of the
bowl and provides the large-scale miin'ng motion
on the powder. A-smaller chopper blade enters
off-center from the mixing arm and is located
above it. The larger mixing blade and a second-
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FIG. 11-16. The Littleford MGT mixer-granulator. (1) Bowl. (2) Ltd with counter weight. (3) Exhaust sleeve. (4) Dis-
charge port. (5) Control panel. (Courtesy of Littleford Brothers, Florence, KY.)

ary chopper blade system is therefore similar to
the Lodige and Diosna units previously de-
scribed. The difference, however, is that the
Gral unit has the configuration of a planetary
top-entering mixer. The mixing bowl may be
loaded at floor level, as in Figure 11-17, and
then raised to the mixing position by the hy-
draulic bowl elevator cradle. The bowl is brought
into contact with a cover providing a tight seal.
An advantage of the unit is that it may be dis—
charged by its hydraulic port while in the raised
position, offering sufficient space for a container
to be placed beneath the discharged port. The
entire mixer unit does not have to be elevated to

provide this vertical discharge distance as is
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necessary with the two previously mentioned
high-shear mixers. Another advantage of the
unit is that the main mixing blade is not a part of
the bowl, thus making cleanup easier. Fluid may
be injected into the mixer bowl. The equipment
is available with time control.

Tablet Design and Formulation
The three basic methods of tablet manufac-

ture have been previously detailed, the desirable
properties and required features of granulations
and tablets defined, and the interrelationships
between many of these properties and the proc-
essing and machine variables noted. Regardless
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FIG. 11-17. The Grill mixer-granulator. (1) Mixing arm.
(2) Bowl. (3) Chopper blade. (4,) Bowl cover. (5) Hydraulic
discharge port. (6) Mixer control panel. (7) Bowl elevator
cradle. (Courtesy of Machines Collette, Wheeling, IL.)

of how tablets are manufactured, conventional
oral tablets for ingestion usually contain the
same classes of components in addition to the
active ingredients, which are one or more agents
functioning as (l) a diluent, (2) a binder or an
adhesive, (3) a disintegrant, and (4) a lubricant.
Some tablet formulations may additionally re-
quire a flow promoter. Other more optional com—
ponents include colorants, and in chewable tab—
lets, flavors and sweeteners. All nondrug
components of a formula are termed excipients.

’ Diluents \

Diluents are fillers designed to make up the
requirE BuLEof the tahlet when the drug dosage
itsef is inadequate to produce this bulk. 6
dose of some drugs is su cien y ig that no
filler is required (e.'g., aspirin and certain antibi-

 

 
otics). Round tablets for ingestion are usuallLin.
a size range of 3/1e to 1/2—memets helow 3/16
inch may lfi difficult for the elderly to handle,
and those larger than 1/2 inch become difficult to
swallow. This provides a tablet weight range of

perhaps 120 to 700 mg for standard density or—
ganic materials. By using oval tablets, which
may be easier to swallow, tablets weighing up to
800 mg or more may be produced. Tablet formu-
lations may contain a diluent for secondary rea-
sons: to provide better tablet properties such as
improved cohesion, to permit use of direct com-
pression manufacturing, or to promote flow.

Regardless of why a diluent is selected, dilu-
ents and all other tablet excipients must meet
certain criteria in the formulation. These in-

clude- the following:

1. They must be nontoxic and acceptable to
the regulatory agencies in all countries
where the product is to be marketed.

2. They must be commercially available in an
acceptable grade in all countries where the
product is to be manufactured.

3. Their cost must be acceptably low.

4. They must not be contraindicated by them—
selves (e.g., sucrose) or because of a Compo-
nent (e.g., so ium) in any segment of the
population.

5. They must be physiologically inert.

6. They must be physically and chemically
stable by themselves and in combination
with the drug(s) and other tablet compo—
nents.

7. They must be free ofwuacceptahlcmi-

8. They must be color-co ' ot produce
any off-color appearance).

9. If the drug product is also classified as a
food, (certain vitamin products), the diluent
and other excipients must be approved di-
rect food additives.

10. They must have no deleterious effect on the
bioavailability of the drug(s) in the product.

There are cited cases of pharmaceutical man-
ufacturers actually producing products in which
an excipient reduced the bioavailability of a
drug, or in which chemical incompatibilities ex—
isted. The'former situation occurred with the

marketing of an antibiotic that utilized a calcium
salt as theWI;
made With a calcium phos hate filler had 1 ss
Elfin/Wyofthestandard
pro uct. Divalent and trivalent cations orm
inso uble complexes and salts with a number of
amphoteric or acid functionality antibiotics,
which greatly reduces their absorption (which is
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also why milk should not be coadministered
with these drugs). A classic case of a chemical
incompatibility that went unrecognized for sev-
eral years was the interaction of certain amine

Wad—(11Wpresence 3. metal stearate lubricant

(Wab-lets were gradanL sco ore w1 time ’35
mmtors should remember that physi~
cal and chemical interactions between formula-

tion components may be promoted by the inti-
mate contact between potential reactants that
are tightly compressed together in a tablet com-
pact. Thus, materials that are capable of forming
a eutectic mixture, for example, may pose no

problem when 1065er packed as a powder in a
capsule, while the same formulation when com-

pressed'in a tablet forms a Compactthat quickly
softens and becomes unacceptable

Table 11-4 lists some of the commonly used
tablet diluents. Note that several of the diluents

listed exist as hydrates >(dibasic calcium phos-
phate and calcium sulfate . Diluents at exist
mmas hydrates, contain-
ing appreciable bound water as water of crystal-
lization, may nevertheless be excellent for very
water-sensitive drugs, provided that'the bound
water is not released under any elevated storage
condition to which the product might be ex—
posed. Dibasic calcium phosphate and calcium
sulfate ‘have th_e"advantages ofpossessing low
concentrations of unbound moisture and having
a low affinity_for atmfiphen'c moisture. These

arerequired features for_y excjpient material

to 560WWW.TheBound water of calcium sulfate is not released

until a temperature of approximately 80°C is
reached. Such bound water is usually unavaila-
ble for chemical reaction. Such excipients con-
taining tightly bound water but having a low
remaining moisture demand may be vastly su-
perior to an anhydrous diluent, which has a
moderate to high moisture demand.

Lactose is the first diluent listed in Table 11-4
becmfiEe—mmd sed diluent in
tablet£011ch
hmmm most drugs, whether it is
used in the hydrous or anhydrous form. A'rlhy-
drous lactose has the advanta e over lactose in
that it does not undergo the Maillard reaction,
Wm
With c—rtearn dfigs, as noted prev10usl . Ilie
Wmmm
when exposed to elevated humidity. Such tab-
lets may have to be carefully packaged to pre-
vent moisture exposure. When a wet granula-
tion process is employed, the hydrous form of
lactose should generally be used. Two grades of
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lactose are commonly available commercially: a
60- to 80-mesh (coarse) and an 80- to IOO—mesh
(regular) grade. In general, lactose formulations
show good drug release rates, their granulations
are readily dried, and the tablet disintegration
times of lactose tablets are not strongly sensitive
to variations in tablet hardness. Lactose is a

low-cost diluent, but it may discolor in the pres-
ence ofWW
communds.

Spray-dried lactose is one of several diluents
now available for direct compression following
mixing with the active ingredient, and possibly,
a disintegrant and a lubricant. If this form of lac—
tose isallowed to dry out and the moisture con-
tent falls below the usual 3% level, the material
loses some of its direct compressional character~
istics. In addition to its direct compression prop
erties, spray-dried lactose also has good flow
characteristics. It can usually be combined with
as much as 20 to 25% of active ingredient with-
out losing these advantageous features. Spray-
dried lactose is especially prone to darkening in
the presence of excess moisture, amines, and
other compounds, owing to the presence of a
furaldehyde. A neutral or acid lubricant should

Emmatare , which may come from corn wheat or
potatoes, is occasionally used as a tablet diluent.
The USP gade of starch, however, has four flow
and compression characteristics and possesses a
high typical moisture content of between 11 and
14%. Specially dried types of starch that have a
standard moisture level of 2 to 4% are available,
but at a premium price. Use of such starches in
wet granulation is wasteful since their moisture
levels increase to 6 to 8% following moisture
exposure: . _

Various directly compressible starches are
now available commerciall - 00is one

.such free—f—lowing, directly compressible starch;
it may be used as a diluent, binder, and/or disin-
tegating agent Sinceit is self-lubricating, it
may be compressed alone, but when combined
with as little as 5 to 10% of drug, it typically re-
quires addition of a lubricant, and possibly a
flow promoter such as 0.25% of a colloidal sili-
cone dioxide. Sta—Rx 1500 contains about 10%

moisture and is reportedly prone to softening
when combined with excessive amounts (more
than 0.5%) of magnesium stearate. A

Two hydrolyzed starches are Emdex and
.Celutab which are basically 90 to 92% dextrose
and about _ selhwfteeflow-

mwlflem—qus
W16‘ a ets because of their sweetness and smooth

g in the mouth. These materials containM
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about 8 to 10% moisture and may increase in
hardness after compression.

Dextrose is also used as a tablet diluent. It is

available from one supplier under the name
Cerelose and comes in two forms: as a h drate,
and in anhydrousmimture
contemquired. Dextrose is sometimes
combined in formulation to replace some of the
spray-dried lactose, which may reduce the ten—
dency of the resulting tablets to darken

Mannitol is perheggs the most expflsive sugar
usEH—as a tablet diluent, but because ofits nega—
tive heat of solution, its slow solubility, and—its
pleasant feeling in the mouth, it is wide] ' used
irr‘chewable tab ets. it is HW-
scopic and can be used in vitamin or'mu ation.
moisture sensitivity may be a problem.
Mannitol formulations typically have poor flow
characteristics and usually require fairly high
lubricant levels.

Msan optical isomer of mannitol and is
sometimes combined111W
Wt; however, sorbitol is hy-
groscopic at humidities above 65%. Both of
these sugars have a low caloric content and are
noncariogenic.

Sucrose, or sugar, and various sucrose-based
diluents are employed in tablet making. Some
manufacturers avoid their use in products that
would subject a diabetic to multiple gram quan-
tities of sugar. Some of the sucrose—based dilu-
ents have such traflenames as Sugarfiafi (90 to

0 sucrose p us 7 to 10% invert su ar), DiPac
(97% sucrose p us 3% modified dextrinm
Wmar with
a small amount of corn starch and magnesium
stearate). All of these diluents are available for
direct compression, and some are also employed,
with or without mannitol, in chewable tablets.
All have a tendency to pick up moisture when
exposed to elevated humidity.

Microcrystalline cellulose, often referred to by
the tradename Avicel, is a direct compression
material. Two tablet grades exist: PH 101 (pow-
der) and PH 102 (granules). The flow properties
of the material are generally good, and the direct
compression characteristics are excellent. This
is a somewhat unique diluent in that while pro-
ducing cohesive compacts, the material also acts
as a disintegrating agent. It is, however, a rela—
tively expensive material when used as a diluent
in high concentration and is thus typically com—
bined with other materials As in the case of

starch, microcrystalline cellulose is often added
to tablet formulation for several possible func-
tions. It is a commonly employed excipient.

While a careful search of the literature reveals
over 50 chemicals that have been evaluated and

 
 

advocated as tablet diluents, those listed in
Table 1174 probably represent 80 to 90% of cur
rently used diluents.

Binders and Adhesives

These materials are added either dry or in liq-
uid form during wet granulation to form gran—
ules or to promote cohesive compacts for directly
compressed tablets. Acacia and tra acanth are
natural gums (listed in Table 11-4), and are
employed in solutions ranging from 10 to 25%
concentration, alone or in combination. These
materials are much more effective when they
are added as solutions in the preparation of
granulations than when they are added dry to a
direct compression formula. These natural
gums have the disadvantage of being variable in
their composition and performance based on
their natural origin, and they are usually fairly
heavily contaminated with bacteria. When these
materials are used, their wet granulation masses
should be quickly dried at a temperature above
37° to reduce microbial proliferation.

Gelatin is a natural protein and is sometimes
used in combination with acacia. It is a more

consistent material than the two natural gums,
is easier to prepare in solution form, and forms
tablets equally as hard as acacia or tragacanth.
Starch paste has historically been one of the
most common granulating agents. It is prepared
by dispersing starch into water, which is then
heated for some prescribed time. During the
heating, the starch undergoes hydrolysis to
dextrin and to glucose. A properly made paste is
translucent rather than clear (which would indi—
cate virtually complete conversion to glucose)
and produces cohesive tablets that readily disin-
tegrate when properly formulated. Liquid glu-
wmmimMMnin—mn is afairly
common wet granulating agent. Its properties
are similar to those of sucrose solutions, which

are commonly employed in concentrations be-
tween 50 and 74%. These sugar solutions are
capable of producing wet granulations, which
when tabletted, produce hard but somewhat
brittle compacts. These materials have the ad—
vantage of being low—cost adhesives. Unless the
sugar solutions are highly concentrated, bacte-
rial proliferation may be a problem.

Modified natural polymers, such as the al ‘—
nates and cellulose derivatives (methylcellu ose,

roxypropy me ,an v oxypro—

py cellulosei, are common Binders and adhe—
s1ves.‘—"'U§éd dry for direct compression, they
have some binder capabilities, while their aque-
ous solutions have adhesive properties. Hydroxy—
propyl cellulose may also be used as an alcohol
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solution to provide an anhydrous adhesive.
Ethylcellulose may be used onl as an alcoholic
Wpertedtoretard disin-
tegration and dissolution time of drugs in the
resulting tablets when wet granulation is em—
ployed. Polyiinylpyrrohdone—isa—synthetic poly-
mer that ma be used as an ' in either

an aqueous solggwcohol. It also has some
capafifitflw binder.

Disintegrants
A disintegrant is added to most tablet formula-

tions to facilitate a breakup or disintegration of
the tablet when it contacts water in the gastroin-
testinal tract. Disintegrants may function by
drawing water into the tablet, swelling, and
causing the tablet to burst apart. Such tablet
fragmentation may be critical to the subsequent
dissolution of the drug and to the attainment of
satisfactory drug bioavailability. Starch USP and
various starch derivatives are the most common
disintegrating agents. They also have the lowest
cost. Starch is typically used in a concentration

ngmmodi-
thmhare low substituted carboxy et y starc es, are
used in lower concentrations (1 to 8%, with 4%
usually reported as optimum). Various pre—
gelatinized starches are also employed as disin-
tegrants, usually in a 5% concentration.

Cla s such as Vee m HV and bentonite have

been used as dismtegrants at about a 10% level.
Such use of these materials is limited unless the

tablets are colored, since the clays produce an
off-white appearance. The clays are typically
less effective as disintegrants than some of the
newer modified polymers and starches, which ‘
can increase in volume in the presence of water
by 200 to 500%. The disintegrating characteris-
tics of microcrystalline cellulose have been re—
ported previously in this chapter; however, in
the cellulose class, a new material known as
Ac-Di—Sol is now available and is eHective in low
concentration levels. t is an s

lJnEeEl form of sodium car oxymethylcellulos .
0 er cross— ‘n e polymer at is available as

a disintegrant is cross—linked BMW“done.r-—

Lubricants, Antiadherents, and
Glidants

These three classes of materials are typically
described together because they have overlap-
ping functions. A material that is primarily de~
scribed as an antiadherent is' typically also a lu~
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bricant, with some glidant properties as well.
The differentiation between these terms is as
follows: Lubricants are intended to reduce the

friction duri_n_g_ta5 et ejection between the walls
of the tab] d the walls of the die cavit' in
which the tablet was formed. Antiadherents~

Wang stickigg or adfi .—
sron ofany—of the tablet granulation or powder to

W.1 ants are intended to remote flow of the tab—

let granu ation or powder materials by reducing
ffiction between the particles. -

In addition to the lubricants listed in Table
11-4, hydrocarbon oils such as mineral oil have
been employed by application to granulation as a
fine spray. either directly or in a solvent solu—
tion. The problem with using this type of lubri—
cant is the production of oil spots. The most
widely used lubricants have been stearic acid
and various stearic acid salts and derivatives.

Calcium and magnesium stearate are the most
common salts em 10 ed. Stearic acid is a less
Wthese salts and also has
a lower melting point. Talc is probably the sec—
ond most commogly usfiblet lubricant, his—

Torically. Most talc samples are found to contain
trace quantities of iron, and talc should be con—
sidered carefully in any formulation containing
a drug whose breakdown is catalyzed by the
presence of iron. The higher-molecular—weight
polyethylene l cois and certain olymericsur—
factants have been used as water-s0 ulS e lubri-

cantslhese materials are much less effective as
'lTibricants, however, than the materials previ-
ously cited. Since lubrication is basically a coat-
ing process, the finer the particle size of the lu-
bricant, the more effective the lubricant action is
likely to be.

As previously noted, most of the materials
listed as lubricants, with the possible exception
of those that are water-soluble, also function as
antiadherents. Talc, magnesium stearate, and
starch as well as starch derivatives possess an-
tiadherent prOperties. In addition, various colloi-
dal silicas have been used as antiadherents.

Materials used as glidants, or flow promoters,
are typically talc at a 5% concentration, corn
starch at a 5 to 10% concentration, or colloidal
silicas such as Cab—O—Sil, Syloid, or Aerosil in
0.25 to 3% concentrations.

  

 

 

Colors, Flavors and Sweeteners
The use of colors and dyes in tablet making

has served three purposes over the years: dis-
guising of off-color drugs, product identification,
and production of a more elegant product. With
the continual decertification of many synthetic

Page 338



Page 339

dyes, pharmaceutical manufacturers are becom-
ing quite concerned as to how future tablet for-
mulations will be colored. The availability of nat-
ural vegetable colors is limited, and these colors
are often unstable. Two forms of color have typi—
cally been used in tablet preparation. These are
the FD8LC and D8LC dyes—which are applied as
solutions, typically in the granulating agent—
and the lake forms of these dyes. Lakes are dyes
that have been absorbed on a hydrous oxide and
usually are employed as dry powders for color-
ing. In addition to concerns regarding possible
delisting in the future, several other precautions
should be considered when colors are employed.
When using water—soluble dyes, pastel shades
usually show the least mottling from uneven
distribution in the final tablet. When wet granu—
lation is employed, care should be taken to pre-
vent color migration during drying. In any col-
ored tablet, the formulation should be checked
for resistance to color changes on exposure to
light. Various artificial light sources are available
that simulate the ultraviolet spectrum of sun-
light. Methods of quantifying color are given ear-
lier in the chapter under the heading, “Organo—
leptic Properties.”

FlaVOrs are usually limited to chewable tablets
or other tablets intended to dissolve in the

mouth, In general, flavors that are water-soluble
have found little acceptance in tablet making
because of their poor stability. Flavor oils are
added to tablet granulations in solvents, are dis-
persed on clays and other absorbents, or are
emulsified in aqueous granulating agents. Vari-
ous dry flavors for use in pharmaceutical prod-
ucts are also available from flavor suppliers.

Mthe maximum amount of oil that can beadded to a anulau’on Without influencin its

tabletting characteristics is 0.5 to 0.75%.
lfieumis primarily limited to

chewable tablets to exclude or limit the use of

sugar in the tablets. Various sugars used as tab-
let excipients have been described earlier. Man-
nitol is reportedly about 72% as sweet as su—
crose. Until recently, saccharin was the only
artificial sweetener available. This material is

about 500 times sweeter than sucrose. Its major
disadvantages are that it has a bitter aftertaste
and has been reported to be carcinogenic. A new
artificial sweetener that is expected to largely
replace saccharin is aspartame. The primary dis-
advantage of aspartarne is its lack of stability in
the presence of moisture. When aspartame is

. used in a formulation, e.g., a chewable tablet
_, with hygroscopic components, it will be neces—
: sary to determine its stability under conditions

in which the product can adsorb atmospheric
moisture.

Examples of tablet formulations are shown in
the Appendices to this chapter. Not only do the
formulations illustrate the use of common in-

gredients, but they also illustrate the use of the
ingredients in tablets to be made by wet granula-
tion, dry granulation, and direct compression
processes.

It has previously been noted that while the
excipients are the inactive part of a tablet formu-
lation, they have a direct influence on the qual—
ity and effectiveness of the final product. Figure
11—18 describes, for example, the influence of
compression force on disintegration time for var-
ious direct compression materials. Some materi—
als have a maximum disintegration time of no
higher than 200 to 250 sec, regardless of the
compression force applied over the range stud-
ied. One material rapidly increased in disinte-
gration time to over 500 sec at a compression
force of less than 1000 kg. Similar relationships
between important tablet properties and pro—
cessing, characteristics can be shown for many
other tablet excipients.

Another important consideration that many
pharmaceutical formulators must consider in
tablet formulation is the worldwide acceptability
of. their formulation components. An excipient
used in the United States, for example, may not
be permitted in a major marketarea such as
Japan or Europe, or vice—versa. Companies with
major international markets strive to have tablet
formulations that are equally acceptable around
the world and that contain components that are
not likely to be delisted in any country.

Types and Classes of Tablets
Tablets are classified by their route of admin-

istration or function, by the type of drug delivery
system they represent within that route, and by
their form and method of manufacture. Table
11-5 lists the various classes of tablets, with the
primary Classification being the route of admin-
istration or function.

Tablets Ingested Orally
Well over 90% of the tablets manufactured

today are ingested orally. Orally ingested tablets
are designed to be swallowed intact, with the
exception of chewable tablets.

Compressed Tablets or Standard Com-
pressed Tablets. This category refers to stan—
dard uncoated tablets made by compression and
employing any of the three basic methods of
manufacture: wet granulation, double compac—
tion, or direct compression. Tablets in this cate-
gory are usually intended to provide rapid disin—
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FIG. 11-18. Disintegration time vs. applied force for tablets prepared from various direct compression diluents. (Re-
printed from Banker, G. S., Peck, G. E., and Baley, G.: Tablet formulation and design. In Pharmaceutical Dosage Forms:
Tablets. Vol, 1. Edited by H. Lieberman and L. Lachman. Marcel Dekker, New York, 1980, p. 75, by courtesy of Marcel
Dekker, Inc.)

tegration and drug release. Most tablets
containing drugs intended to exefi’mect
mmthisnne.
Tim drugs are typically water-insoluble and
include such therapeutic categories as the ant—
acids and adsorbents. Other drugs in this group
are intended to produce a systemic effect. These
drugs have some aqueous solubility, dissolve
from the tablet and disintegrated tablet frag-
ments in GI contents, and are then absorbed and
distributed in the body. As described earlier in
this chapter, proper disintegration of the tablet
and deaggregation of the tablet fragments or
granular particles are often critical to the proper
performance of the dosage form. The locally act—
ing drugs mentioned perform in accordance
with their state of deaggregation, since adsorb-
ents and antacids both involve surface activity
that increases as their surface area increases.
Dissolution is also a surface-related phenome-
non, with dissolution rates increasing as a drug’s
surface area is increased. Thus, tablet breakup
and particle deaggregation is also important for
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drugs designed to produce systemic effects. As
the solubility of the drug decreases, especially
with acidic drug moieties that are absorbed best
in the upper GI tract, rapid tablet disintegration
becomes increasingly important, even critical,
for this tablet category.

Multiple Compressed Tablets. There are
two classes of multiple compressed tablets: lay-
ered tablets and compression—coated tablets.
Both types may be either two-component or
three-component systems: two— or three—layer
tablets, a tablet within a tablet, or a tablet within
a tablet within a tablet. Both types of tablets usu-
ally undergo a light compression as each compo-
nent is laid down, With the main compression
being the final one. Tablet machine production
speeds for multiple compressed tablets are ap-
preciably slower than for stande compressed
tablets, especially in the case of compression-
coated tablets.

Tablets in this category are usually prepared
for one of two reasons: to separate physically or
chemically incompatible ingredients, or to pro-
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TABLE 1 1-5. Types and Classes of Tablets

Oral Tablets for Ingestion 

Compressed tablets or standard compressed tablets (CT)
Multiple compressed tablets (MCT)

Layered tablets
Compression-coated tablets

Repeat-action tablets
Delayedvaction and enteric coated tablets
Sugar- and chocolate-coated Tablets
Film-coated tablets
Chewable tablets

Tablets Used in the Oral Cavity

Buccal tablets

Sublingual tablets
Troches and lozenges
Dental cones

Tablets Administered by Other Routes

Implantation tablets
Vaginal tablets

Tablets Used to Prepare Solutions

Effervescent tablets

Dispensing tablets (DT)
Hypodermic tablets (HT)
Tablet triturates (TI‘)

duce repeat-action or prolonged-action products.
In some cases, a two-layer tablet may provide
adequate surface separation of reactive ingredi-
ents; if completé physical separation is required
for stability purposes, the three-layer tablet may
be employed. The layered tablet is preferred to
the compression-coated tablet; surface contact
between layers is lessened, and production is
simpler and more rapid.

Multiple compressed tablets readily lend
themselves to repeat-action products, wherein
one layer of the layered tablet or the outer tablet
of the compression-coated tablet provides the
initial dose, rapidly disintegrating in the stom-
ach. The other layer or the inner tablet is formu-
lated with components that are insoluble in gas-
tric media but are released in the intestinal

environment. The shortcoming of this category
of dosage form for repeat—action products is that
its performance is highly dependent on gastric
emptying. If the second layer or core tablet
quickly leaves the stomach following release of
the initial fast-release close, an entirely different
blood level profile results than if there is a sev-
eral-hour or longer delay before the second frac-
tion is emptied. It is probably for this reason that

relatively few repeat-action or controlled—release
products using this approach are marketed.

Repeat-Action Tablets. The mode of opera-
tion of repeat-action tablets, and their limita-
tions based on uncontrolled and unpredictable
gastric emptying, have just been mentioned. In
addition to multiple compressed tablets being
used for this effect, sugar-coated tablets may
also be employed. The core tablet is usually
coated with shellacWm y_mersothat
it ' not release its drug load in the stomach.
The second dose of drug is then added in the
sugar coating, either in solution in the sugar
syrup or as a part of the dusting powder added
for rapid coat buildup. More uniform drug addi-
tion occurs'if the drug is in solution or fine sus-
pension in the sugar solution, especially if an
automated-spray sugar-coating operation is
employed. Even so, the coating operation will
probably require interruption one or more times
while the partially coated tablets are assayed to
establish that the correct amount of drug has
been applied in the coating.

Delayed-Action and Enteric Coated
Tablets. The delayed—action tablet dosage form
is intended to release a drug after some time
delay, or after the tablet has passed through one
party of the GI tract into another. The enteric
coated tablet is the most common example of a
delayed—action tablet product. All enteric coated
tablets {which remain intact in the stomach but

We0 elaye -action ta et. at all delayed-action
tablets arfifim or are intended to produce the
enteric effect. In veterinary product develop-
ment, tablets may be designed to pass through
the stomach (or several stomachs) of an animal
or through all or most of the small intestine be-
fore releasing—or even into the cecum or large

Tower as in the—case of treating worm parasites
located in this lower region. In a human drug
application, a product may be designed to pass
through the stomach intact and then release
gradually for several hours or longer in the intes-
tines.

The compendial specifications for an enteric
coated tablet are that all of the six tablets placed
in separate tubes of the USP disintegration ap—
paratus (using discs) remain intact after 30 min
of SWWJfitdafimd—at
W 2°C and then disinte ate Within the

mmmt—L—Wgga9h ‘
p us min. If one or two tablets fail to disinte-

‘Wrfipl‘ete‘ly in the intestinal fluid, the test

is repeated on 12 additional\tablets; not less than
16 of the total 18 tablets tested must disintegrate
completely. Prior to gastric exposure: the tablets
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‘Wi’e come into use.

u AlulJJ-ILUB.

The coatings that are used today to produce
enteric effects are primarily mixed acid func-
tionality and acid ester functionality synthetic or
modified natural polymers. Cellulose acetate
phthalate has the lengest history of use as an
enteric coating. More recentl 0] in l acetate
phthalate and ‘Wfinfifilm

W—
mers have the common feature of containing the
dicarboxylic acid, phthalic acid. in partially es—
terfied form. These polymers, being acid esters,
are insoluble in gastric media that have a pH of
up to about 4; they are intended to hydrate and
begin dissolving as the tablets leave the stom—
ach, enter the duodenum (pH of 4 to 6), and
move further along the small intestine, where
the pH increases to a range of 7 to 8. The pri-
mary mechanism by which these polymers lose
their film integrity, thereby admitting intestinal
fluid and releasing drug, is ionization of the re-
sidual carboxyl groups on the'chain and subse—
quent hydration._ The presence of esterases in
the intestinal fluid that break down-.ester link-

ages of the polymer chains may also play some
role, as may surface activity effects of bile salts
and other components in bile that enter the
upper small intestine via the bile duct.

Enteric coatings are employed for a number of
therapeutic, s'gfetin and medical reasons. Some .
drugs are irritating when directly exposed to the ,
amtWm
electrolytes such as NH4C1. While for most peo—
ple the occasional aspirin tablet may not cause
irritation, those on daily doses of aspirin, such as
arthritics, may find gastric upset a major prob-
lem. Enteric coating is one method of reducing
or eliminating irritation from such drugs. There
are other drugs that if released in the stomach
may produce nausea and vomidngMnH
of the stomamgs (for exam-
ple, erythromycin), and hence emeric coating
may be necessary to bring the drug through that
environment to the more neutral intestinal con-

tents. Yet another reason for enteric coating may
be the desire to release the dru_g_undiluted and
in the highest concentration possible within the
intestine. (Emples are intestinal antibacterial
or antiseptic agents and intestinal vermifuges.)
As in the case of repeat-action and other con—
trolled-release dosage forms, the influence of
altering the release profile of the drug on total
drug bioavailability, distribution, and pharmaco-
kinetics must be investigated.

Sugar- and Chocolate-Coated Tablets.
Chocolate-coated tablets are nearly a thing of
the past. They are too easily mistaken for candy
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same disadvantage Their primary historical role
was to produce an elegant, glossy, easy-to—swal-
low tablet dosage form. Also, they pemrit separa-
tion of incompatible ingredients between coat—
ing and core, and this fact has been widely
utilized in preparing many multivitamin and
multivitamin mineral combinations. The proc—
ess as originally developed was time-consuming
and required skilled coating artisans to be con-
ducted properly. Earlier sugar coatings typically
doubled tablet weight. Today, water—soluble pol—
ymers are often incorporated in the sugar solu—
tion, automated—spray coating equipment is
employed, and high-drying-efl'iciency side-
vented coating pans are used. The result is that
the coatings are more elastic and mechanically
stable, coat weight may be 50% or less of the
core weight, and the process may be completed
in a day or less.

Film-Coated Tablets. Film—coated tablets

were deVelOPed Wegedure t0
the preparation of coated tablets in which drug

Wedin the coating. The initial film-
Coatlng compositions employed one or more pol-
ymers, which usually included a plasticizer for
the polymer and possibly a surfactant to facili-
tate spreading, all delivered to the tablets in so—
lution from an organic solvent. The film-coating
process was an attractive tablet coating method
since it permitted the completion of the tablet
coating operation in a period of one or two hours.
An airless spray coating procedure was typically
employed for such film—coating compositions,
using either conventional coating pans or side-
vented equipment. During the decade of the
19705, several factors began to make solvent-
based film coating less attractive. These factors
were the increase in cost of the organic solvents,
OSHA restrictions on worker exposUre to solvent
vapors, and EPA limitations on solvent vapor
discharge to the atmosphere. As a result of these
influences, many companies have now con-
verted their earlier film-coating process to a
totally aqueous—based procedure. Polymers such

as WWmeflmethylcellulose, w ic are issolved in water
With an appropriate plasticizer, are now widely
used to produce immediate-release film coat—
ings. The recent development of a colloidal dis—
persion of ethylcellulose in water also makes it
possible to produce slow— or controlled—release
film coatings without the use of organic sol-
vents. A 30% ethylcellulose dispersion is mar—
keted under the tradww
F,______~Maturation.

Film—coated tablets offer a number of advan-

tages over sugar-coated tablets. These advan-
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coating basedmity and flexibility of
the polymer coating, little increase in tablet
weight, the ability to retain deEossed markings
mblerthrm firm—coating—tlfi

_ :avoidance of sugar, whic is contraindicated in
the diets of a significant segment of the popula-
tion, and the employment of a process that may
be continuous, or that readily lends itself to au-
tomation. The ri disadv e f film

coating compared with sugar coating is that it is
difficult to produce film-coated tablets that
mamof
the sugar-coated product. Film coating in the
future will assume increasing importance as a
means of controlling drug delivery release rates
from both tablets and bead particles as well as
from drug crystals. Film—coated tablets, which
are basically tasteless, also offer the advantage
over sugar-coated tablets of being less likely to
be mistaken for candy.

Chewable Tablets. Chewable tablets are

intended to be chewed in the mouth prior to
swallowing and are not intended to be swallowed
intact. The purpose of the chewable tablet is to
provide a unit dosage form of medication which?
can be easily administered to infants and chil—
dren or to the elderly, who may have difficulty
swallowing a tablet intact. lhe files of sugars

aiwéirgtlrerc_r__or§1ponentmplryegrammeta ets have een desi ated in this chapter
n er e hea ing “Ta 1e esign and Formula-

tion.” The most common chewable tablet on the

market is the chewable a_spirin tablet intended
for use in children. Bitter or foul-tasting drugs
are not good candidates for this type of tablet,
and this fact restricts the use of the chewable

tablet dosage form. Man antacid tablet roducts
are of the chewable type. The chewable tablet
offers two major advantages to the delivery of a
solid antacid dosage form. First, the dose of most
antacids is large, so that the typical antacid tab-
let would be too large to swallow. Second, as
noted previously, the activity of an antacid is re-
lated to its particlemewed
9W0“
may be PossiW-

 

Tablets Used in the Oral Cavity
Buccal and Sublingual Tablets. These two

'classes of tablets are intended to be held in the

mouth, where they release their drug contents
for absorption directly through the oral mucosa.
These tablets are usually small and somewhat
flat, and are intended to be held between the
cheek and teeth or in the cheek pouch (buccal
tablets), or beneath the tongue (sublingual tab—

ICLSJ. urugs administered by this route are in—
tended to produce systemic drug effects, and
consequently, they must have good absorption
properties through the oral mucosa. Drug ab—
sorption from the oral mucosa into the blood—
stream leads directly to the general circulation.
Drug absorption from the gastrointestinal tract
leads to the mesenteric circulation, which con-
nects directly to the liver via the portal vein.
Thus, drug absorption from the oral cavity
avoids first-pass metabolism. The oral route of
administration from these two classes of tablet

dosage form thus offers several possible advan-
tages: The gastric environment, where decom-
position may be extensive (for certain steroids
and hormones), may be avoided for drugs that
are well absorbed in the mouth. A more rapid
onset of drug action occurs than for tablets that
are swallowed (an advantage with vasodilators
given by this route). The first—pass effect may be
avoided as noted previously, and for certain
drugs (e.g.,W),the nausea pro-
duced when the product is swallowed is avoided.

Buccal and sublingual tablets should be for—
mulated with bland excipients, which do not
stimulate salivation. This reduces the fraction of

the drug that is swallowed rather than being
absorbed through the oral mucosa. In addition,

these tabletsMWdisinte-grate but to slowly 'ssolve, t icall over a 15—

tion.

g'fioches and Lozenges. These are two
other types of tablets used in the oral cavity,
where they are intended to exert a local effect in
the mouth or throat. These tablet forms are com—

monly used to treat sore throat or to control
coughing in the common cold. They may con-
tain local anesthetics, various antiseptic and
antibacterial agents, demulcents, astringents,
and antitussives. Lozenges were originally
termed pastilles, but are more commonly called
cough drops. They are usually made with the
drug incorporated in a flavored hard—candy
sugar base. Lozenges may be made by compres-
sion but are usually formed by fusion or by a
candy-molding process. Troches, on the other
hand, are manufactured by compression as are
other tablets. These two classes of tablets are

designed not to disintegrate in the mouth but to
dissolve. or slowly erode over a period of perhaps
30 min or less.

Dental Cones. Dental cones are a relatively
minor tablet form that are designed to be placed
in the empty socket remaining following a tooth
extraction. Their usual purpose is to prevent the
multiplication of bacteria in the socket following
such extraction by employing a slow-releasing
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antibacterial compound, or to reduce bleeding
by containing an astrin ent or coa ulant. The
usual vehicle of these tablets is sodium bicar—

bon‘ate. sodium chloride. or an amino acid. The
tablet should not be formulated with a compo-
nent that might provide media for bacterial pro-
liferation. The tablet \should be formulated to
dissolve or erode slowly in the presence of a
small volume of serum or fluid, over a 20- to
40»min period, when loosely packed in the ex—
traction site.

Tablets Administered by Other
Routes

Implantation Tablets. Implantation or
depot tablets are designed for subcutaneous im—
plantation in animals or man. Their purpose is
to provide rolon ed dru effeéfs—T—T,rangingom
one month to a year. They are usually designed
to provide as constant a drug delivery release
rate as possible. These tablets are usually small
c lindric or rosefte-sh 1-

cally not more than 8 mm in length. Since there
are two major safety problems with this form of
drug administration, this class of dosage form
has achieved little use in humans. The safety
problems include the need for a surg’cal tech-
nique to discontinue therapy, and tissue toxicity
problems in the area of the implantation site. A
special injector utilizing a hollow needle and
plunger (the Kern injector) may be used to ad-
minister rod-shaped tablets. Surgical techniques
may be required for administering tablets of
other shapes. Implantation tablets have been
largely replaced by other dosage forms, such as
diffusion-controlled silicone tubes filled 'th

Wu'gor Biodezmbleolymers that contain en—ppe mg in a variety of forms. The primary
application of current implantation tablets and
depot forms is to the administration of growth
hormones to food-producing animals. In this
case, the implant or depot should be made in an
animal structure that is not consumed. The ear

of the animal is typically used, and appropriate
drug release to the animal from the ear site must
be achieved.

Vaginal Tablets. Vaginal tablets or inserts
are designed to undergo slow dissolution and
drug release in the vaginal cavity. The tablets
are typically ovoid or pear-shaped to facilitate
retention in the vagina. This tablet form is used
to release antibacterial agents, antiseptics, or
astringents to treat vaginal infections, or possi-
bly to release steroids for systemic absorption.
The tablets are often buffered to promote a pH
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favorable to the action of a given antiseptic
agent. The buffer pH, however, should not be
greatly removed from physiologic pH. The vehi—
cle of these tablets is typically a slowly soluble
material similar to agents described for the prep
aration of buccal and sublingual tablets. The
tablets should be designed to be compatible with
some type of plastic tube inserter, which is usu-
ally employed to place the tablet in the upper
region of the vaginal tract.

Tablets Used to Prepare Solutions
Effervescent Tablets. Effervescent tablets

are designed to produce a solution rapidly with
the simultaneous release of carbon dioxide. The

tablets are typically prepared by compressing the
active ingredients with mixtures of organic. . . c—r—W’T—T— .
acrdsfisuch acrd o ac1d—and
Sodium bicarbonate. When such a tablet is

dropped into a glass of water, a chemical reac—
tion is initiated between the acid and the sodium
bicarbonate to form the sodium salt of the acid,
and to produce carbon dioxide and water. The
reaction is quite rapid and is usually completed
within one minute or less. In addition to having
the capability of producing clear solutions, such
tablets also produce a pleasantly flavored car-
bonated drink, which assists in masking the
taste of certain drugs. For many years, various
saline cathartics were prepared as effervescent
mixtures and powders. The most widely pro-
duced effervescent tablet today is one that con-
tains aspirin. If a clear solution is to be pro-
duced, the drug that is incorporated in the tablet
must be soluble at a neutral or slightly alkaline
pH, and any lubricant or other additive em-
ployed to facilitate tablet compression must be
water-soluble.

The advantage of the effervescent tablet as a
dosage form is that it provides a means of extern-
poraneously preparing a solution containing an
accurate drug dose. As in the case of aspirin, this
dosage form may provide other advantages as
well. The solution produced by the most widely
marketed effervescent aspirin tablet has a pH of
about 8. If the volume of the solution and the pH
of the solution are adequate to raise the gastric
contents to neutral or near-netural pH , the aspi-
rin remains in solution and is rapidly available
upon emptying from the stomach. Some litera-
ture has been published to indicate that this
form of aspirin is less irritating to the stomach
mucosa. ’In addition, neutralization of gastric
contents may be rapidly obtained from solutions
of this type of tablet. The product does, however,
represent a “systemic” antacid effect, with an
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appreciable dose of sodium or potassium, and
thus does not represent a recommended method
of producing routine gastric neutralization.

The disadvantage of the effervescent tablet,
and one reason for its somewhat limited utiliza-

tion, is related to the difficulty of producing a
chemically stable product. Even the moisture in
the air during product preparation may be ade-
quate to initiate effervescent reactivity. During
the course of the reaction, water is liberated
from the bicarbonate, which autocatalyzes the
reaction. Providing adequate protection of effer-
vescent tablets in the hands of the consumer is

another problem. The moisture to which tablets
are exposed after opening the container can also
result in a rapid loss of product quality in the
hands of the consumer. It is for this reason that

effervescent tablets are specially packaged in
hermetic-type foil pouches or are stack—packed
in cylindric tubes with minimal air space. An-
other reason for such packing is the fact that the
tablets are usually compressed to be soft enough
to produce an effervescent reaction that is ade-
quately rapid.

A number of investigators have looked at alter-
native effervescent components in recent years
in an attempt to produce a more chemically
stable system. Such studies have included in-
vestigation of malic acid, fumaric acid, and vari-
ous acid anyhdrides, in combination with newer
carbonate sources such as sodium lycine car-
bonate and various ses uicarbonates. lf, in the
future, more chemically stable effervescent mix-
tures are identified that continue to provide
rapid reactivity in water, the effervescent tablet
system may expand as a method of producing
extemporaneous drugcontaining solutions.

Dispensing Tablets (DT). Dispensing tab-
lets are intended to be added to a given volume
of water by the pharmacist or the consumer, to
produce a solution of a given drug concentra-
tion. Materials that have been commonl incor-
poratWWW—mmer
m
and quaternary ammonium compounds. l fie
Wmtafly
soluble components, and the excipient ingredi-
ents of the tablet must not produce deleterious
effects in the intended application of the solu-
tion or undesirable physical or chemical interac-
tions with the active agent. In some cases, as in
applications where the solution is to be used in
contact with mucous membranes or on wounds,

the tablet may also contain components to pro-
vide buffering or isotonicity. Dispensing tablets
are less commonly used than formerly, since
they cannot be employed on a routine basis with

water of known quality to produce sterile solu-
tions. Another difficulty with dispensing tablets
is that some of the components previously used
in this dosage form are highly toxic and are ex-
tremely hazardous, and even lethal, if mistak-
enly swallowed. Great care must be taken in the
packaging and labeling of such tablets to attempt
to prevent their oral consumption. In the past,
bichloride of mercury was usually prepared in
coffin-shaped tablets, with an embossed skull
and crossbones to emphasize its toxicity.

Hypodermjc tablets (HT). Hypoderrnic
tablets are composed of one or more drugs with
other readily water—soluble ingredients and are
intended to be added to sterile water or water for

injection. Such extemporaneous preparation of
an injectable solution was once widely used in
medicine, because the physician, especially the
rural physician, could carry many vials of such
tablets in his bag with only one bottle of sterile
water for injection, to prepare a great many
types of injectable medications as the need
arose. Hypodermic tablets are little used today in
this country because their use increases the
likelihood of administering a nonsterile solution,
even though portable sterile filtration equip-
ment exists '-t_o’ help assure the sterility and free-
dom from particulate matter in such a product.
Furthermore since physicians today practice
mostof their medicine from an office or a hospi-
tal, the advantage of portability of tablets for in—
jection is far outweighed by the hazards and dis-
advantages of this dosage form in most medical
situations.

Tablet Triturates (TT). Tablet triturates
are small, usually cylindric, molded, or com-

pressed tablets. Though rarelyused today, they
provided an extemporaneous methéd of prepara-
tion by the pharmacist The drugs employed in
such products were usually quite potent and
were mixed with lactose and possibly a binder,
such as powdered acacia, after which the mix-
ture was moistened to produce a moldable, com-
pactable mass. This mass was forced into the
holes of a mold board fabricated from wood or

plastic, after which the tablets were ejected
using a pegboard, whose pegs matched the holes
in the mold. The tablets were then allowed to dry
and were available for dispensing. Since virtu—
ally every conceivable drug that would be useful

in a tablet dosage formis available in that form,
or in capsule form there is virtually no need
today for pharmacists to prepare tablets extem-
poraneously. Since in preparing this form of
molded tablet, alcohol was commonly used to
wet the powder mass to expedite drying of the
tablets, tablet triturates were usually soft and
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quite friable. Many of the drugs employed in
these tablets were highly potent, and drug mi-
gration could occur as the alcohol evaporated, so
content uniformity of such tablets was often
questionable. Because of these problems and the
question of producing bioavailable dosage forms
from such extemporaneous preparations, the
tablet triturate is rarely seen today.

Future Trends

Formulation and Product Trends

Uncoated Tablets. Future design, formula-
tion, and manufacture of conventional uncoated
tablets will follow the existing trend to more effi~
cient processing, combining oreliminating proc—
essing steps where possible reducing handling,
reducing proCessing variables minimizing pro-
duction time and further reducing total produc-
tion costs. Where possible, direct compression
will continue to expand as a preferred method of
tablet manufacture, and new and improved ex-
cipient materials that are especially compatible
with direct compression and extend its utility,
reliability, or simplicity as a process will find
favor in pharmaceutical solid dosage form devel-
opment. Where direct compression is not the
process of choice, use of hi h—shea ixer/
granulators will continue to expand, followed by
efficient and rapid flui_d__-bed d11i11g_of the_ ag—
gloméra'tes. More progressive companies wil-
loptimize formulations andproceSSing conditions
to produce the highest—quality agglomerates
(granulations) at the lowest cost, employing re-
gression and other mathematical approaches.
Optimizing binder efficiency and processing
conditions for reliable production of consistent
agglomerates in a single high-shear mixer/
granulator will be a major goal in such studies
Automation and computer control will rapidly
expand in monitoring and controlling tablet pro-
duction operations and entire tablet production
facilities. Some type of continuous system to
monitor tablet weight, utilizing instrumented
tablet presses or high-speed electro-balances
tied in to press operation, will become routine
good manufacturing practice for high-speed
tablet production.

Excipient Materials. New and improved
excipients will continue to be developed to meet
the needs of advancing tablet manufacturing
technology. In recent years, new improved dis—
integrants have been marketed that are ex-
tremely efficient in lower concentrations, and
that have good compressional properties. New
direct compression diluents have also become
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available, as noted in the previous section on
tablet design and formulation. A number of
these newer excipient materials are polymeric
such as theg—ross—linked fgr_r_n,of_carhoxymethyl—
cellulose, which is sold under the trade name
@iWhe
new future excipients will be polymers based on
their ability to produce a wide range of materials
and properties according to molecular structural
alterations. The majority of these polymer deriv-
atives are of natural origin. based on their better
regulatory approval status.

Coatings. Solvent-based film coating will
continue to decline, based on high solvent costs
and EPA and OSHA restrictions. They will be
virtually replaced by completely water-based
systems. Polymer solutions in water may be
used to produce water-soluble film coatings
Colloidal dispersions of polymers (such as the
”30% ethylcellulose dispersion marketed as
WWWparti-
mence, not only will make the forma-
tion of water—soluble film coating a highly effi-
cient process, (virtually equal to earlier
solventvbased methods), but will show the way
to produce totally water-based enteric and sus-
tained—release coatings. Side-vented coating
pans, and pan designs with improved drying ef—
ficiencies will virtually replace the conventional
solid—pan design. Improved methods of fabricat-
ing small spherical drug-containing particles
will continue to develop, as will more reproduci-
ble methods of coating such particles. Air sus—
pension coating will continue to play a role in
coating such small particles; it is not likely that
air suspension coating will grow appreciably as a
tablet coating method.

Controlled—Release Tablets. Theoretically,
tablets offer the lowest-cost approach to sus—
tained— and controlled—release solid dosage
forms. Currently, the vast majority of such prod-
ucts are coated pellets placed in capsules. This
particulate approach to sustained release has
offered several advantages: metered particle
emptying from the stomach, utilization of a plu-
rality of coatings, and several release profiles for
the various populations of coatings, thereby per—
mitting an immediate release fraction followed
by a sustaining fraction. Matrix slow-releasing
tablets cannot match these characteristics. For

this reason, and based on public expectations (or
those of marketing specialists) that controlled-
release products are expected to be beads in a
capsule, relatively few ‘sustained—release oral

products have been in tablet form.
A major recent break in that trend is the

highlysuccessful sustainEdrelease theo h lline
product of K_y P armaceutic s, Inc.TLeo—
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Dur. This is a unique type of sustained-release
Tablet that overcomes some of the limitations of

earlier matrix tablets. Under gastric pH condi-
tions, the Theo-Dur tablet slowly erodes; how-
ever, at a pH corresponding to the upper small
intestine, the tablet disintegrates rapidly to re-
lease coated particles, which in turn slowly re—

lease dmg.M<fiffH1_€mfllfifiimmmsmsare operative neit er of which is zero-order—
erosion and decreasing surface area, and disso-

ththemoverall tabletre ease profile comprising the two nTechanisms
iii—sequence is nearly linear for most of the dose
in the tabIEtTTheresHlt is the ability to control
theophylline blood levels in a narrow range,
above the minimum effective level and below

the toxic level. This type of sustained—release
tablet has clearly shown the potential of the tab-
let as a reliable sustained-release dosa e form

with good release profile precision.” More
sustained-release tablet forms of this type are
sure to follow.

A prolonged gastric retention coated tablet
system has been reported.38 The tablet utilizes a
cross-linked polymer coating that has the capac-
ity to swell greatly and rapidly in the stomach
and be restricted there by physical size. Gastric
fluid that penetrates the hydrated swollen film
dissolves the drug within the sac enveloping the
tablet, and drug is released from solution by dif-
fusion across the hydrated membrane/film.
Drug release is at a constant rate so long as the
concentration of drug within the sac exceeds the
capacity of the membrane to deliver the drug,
and the film/membrane is thus providing the
rate-limiting step. If the dimension of the fluid-

, filled saCs exceeds approximately 2cm, these
dosage units consistently remain in the stomach
for at lewt 6 to 8 hours, releasing drug in solu—
tion to the gastric contents at a constant rate.
This gastric retention tablet dosage form reflects
the type of innovation to control not only the rate
of drug release, but also the site of release, that
will undoubtedly continue in the years ahead to
further improve and enhance drug delivery ca-
pabilities.

The Oros product of the Alza Corporation is
amt
product; it' is based on osmotic pressure as the
rate-controlling process. This concept will also
expand the use of tablet dosage forms in con-
trolled release. The first such products are al-
ready being marketed in Europe, and the drug
indomethacin is about to be marketed in the

United States in an Oros system, at the time of
this writing.

Film coatings that may be applied to tablets to
provide diffusion-controlled “membranes” for

constant drug release rate profiles as the tablet
dosage form moves along the GI tract are also
under active development. Such a system offers
the potential ultimate dosage form as a simple,
low-cost, and reproducible physicochemical ap-
proach to oral controlled and sustained drug re—
lease.

Manufacturing Improvements
Basic Improvement Areas. Wet granula-

tion has traditionally been a highly labor-inten-
sive and time-consuming process (see Table
11—3). In the last 20 years, however, significant
improvements in tablet manufacturing effi-
ciency have taken place. These can be attributed
to four basic areas: the elimination or combina-

tion of processing steps, the improvement of
specific unit operations, the design of new
equipment specifically oriented to granulation
objectives, and the improvement of materials
handling techniques and systems. Illustrating
the use of these improvement areas, Table 11-6
compares the processing steps of Lederle’s old
tablet-manufacturing process to its new tablet-
manufacturing process.

Elimination or Combination of Steps. Ta—
bles 11-3 and 11-6 indicate the processing steps
that may be omitted on conversion fiom wet
granulation to direct compression. As noted,
new mixer/granulators allow several processes
of wet granulation to be conducted in rapid suc-
cession or to be combined in one piece of equip-
ment.

Unit Operation Improvement. The effi-
ciency of new tablet manufacturing methods, as
exemplified by the new process, was achieved by
enhancing the efficiency of three specific unit
operations. First, material blending was im-
proved by replacing slow-speed planetary type
mixers with high-speed mixer/granulators. Sec-
ond, the tablet compression operation was im-
proved by replacing old single-fill—station,
gravity-fed compression machines with newer
high-speed, multi-station presses, with induced
die feed and automated weight control. Third,
the coating operation was brought into better
compliance with EPA standards by switching
from organic-solvent based systems to aqueous
systems, which were further aided by side-
vented coating equipment having greatly im-
proved drying efficiencies.

Materials Handling. A major labor—saving
change made in equipment designs allowed
material to be moved by gravity. A granulation
gravity feed system was designed that elimi-
nated the manual feeding of granulation into the
presses.
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TABLE 11-6. Unit Processing of Solid Dosage Forms (Tablet Manufacturing)—Lederle Laboratories
Old Process

(Wet Granulation)

Raw Materials

Weighing and measuring
Screening
Manual feeding
Blending (slow-speed planetary mixer)
Wetting (hand addition)
Subdivision (comminutor)
Drying (fluid bed dryer)
Subdivision (comminutor)
Premixing (barrel roller)
Batching and lubrication (ribbon blender)
Manual feeding
Compression (Stokes rotary press)
Solvent film coating (Wurster column)
Tablet inspection (manual)

New Process
(Direct Compression) 

Raw materials

Weighing and measuring (automatic weigher and recording system)‘
Gravity feeding
Blending (Littleford blender)
Gravity feeding from the storage tank‘
Compression (high-speed rotary press)’
Aqueous coating (Hi—Coater)

  

I'In planning phase, to be installed later.
Courtesy of Lederle Laboratories, Pearl River, NY.

With use of similar techniques, even wet
granulation operations have been made more
efficient, and a hypothetical statepf—the—art pro—
cessing scheme is presented in the flow chart in
Figure 11—19. All processing 'steps including dry-
ing might be combined in a single processor in
the wet granulation method of the future. Such
equipment will minimize materials handling,
labor requirement, and human variables.

Equipment. Various equipment improve-
ments that would combine several of the wet

granulation processing steps are being investi-
gated. One such method is the use of the sprayer
dryer. The components of the formula—diluent,

Mix, mass, and
agglomerate
ingredients

Weigh Loadmixer
ingredients —>

A

Mix, mass,
Weigh load agglomerate, dry,

ingredients ”was” and lubricate
B

(high—speed mixer)

binder, disintegrant, and lubricant may be sfls-
pended and/0r dissolved in a suitable vehicle
according to their nature._ The solids should rep-
resent at least 50 to 60% of the suspension.
Under constant stirring to maintain good distri-
bution, the slurry is pumped to an atomizing
wheel, which whirls the material into a stream
of hot air. The heat removes the liquid carrier,
and the solids fall to the bottom of the dryer as
fine, spherical granules ranging from as low as
10 to as high as 250 microns in diameter, the
size depending on the speed of the wheel and
the flow rate of the fEed. The drug may be mixed
with this “base” in proportions as high as 1:1. If

Dry

1" ‘ (fluid bed
mm dryer) —% LubricateTransfer

(gravity) l
Compress sf Drum

(high-speed presses) & (store)(gram?)

TEN” Compress(store)

FIG. 1 1-19. Flaw charts depict state-of—the—art wet granulation processing ofthe 19805 (A), and projected wet granulath
processing methods of the future—1990 and beyond (B). (Adapted from Anderson, N.R., Banker, 0.8., and Peck, G;E.:
Principles of improved tablet production system design. In Pharmaceutical Dosage Farms: Tablets. Vol. 3. Edited by
H. Lieberman and L. lachman. Marcel Dekker, Inc., Nae York, 1982, p. 14, by courtesy of Marcel Dekker, Inc.)
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the drug remains stable with the temperatures
and solvents used, it may also be included in the
slurry.

Fluid Bed Spray Granulators. The first
equipment reported in the phaImaCeutical liter—
ature to provide continuous-batch wet granula-
tion was fluid bed drying equipment, which was
modified by the addition of spray nozzles or fluid
injectors to provide addition of liquid binding
and adhesive agents to dry-powdered materials
for powder agglomeration, followed by drying in
the same equipment.

Figure 11-20 presents a schematic cr'oss~
section of such a fluid bed spray granulator. The
airflow necessaiy for fluidization of these pow-
ders is generated by a suction fan mounted in
the top portion of the unit, which is directly
driven by an electric motor. The air used for flu-
idization is heated to the desired temperature by
an air heater, after first being drawn through

prefilters to remove any impurities. The material

to be processed is shown in the material con-
tainer just below the spray inlet. The liquid
granulating agent is pumped from its container
and is sprayed as a fine mist through a spray
head onto the fluidized powder. The wetted par-
ticles undergo agglomeration through particle-
particle contacts. Exhaust filters are mounted
above the product retainer to retain dust and
fine particles. After appropriate agglomeration is
achieved, the spray operation is discontinued,
and the material is dried and discharged from
the unit. ‘

The advantages of such rapid wet massing,
agglomeration, and drying within one unit are
obviously attractive. Excluding equipment
cleanup, the process may readily be sequentially
completed within 60 to 90 min or less.

There are several difficulties in the fluid bed

spray granulating process. Fluid bed systems
may not provide adequate mixing of powder
components. In fact, there is. a tendency for

 

 

 

 
 

 WI
\/l__lL_

FIG. 1 1-20. Schematic diagram ofa fluid bed granulator dryer. (1) Material container. (2) Air suction fan. (3) Fluid spray
head. (4) Inlet air heater. (5) Inlet air filter. (6) Exhaust air filters. (7) Explositm reliefpanels. (Courtesy of Aemmatic,
Iawaco, NJ.)
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demixing to occur when there are disparities in
particle size or density in the materials being
processed. Particles with granulating agents on
their surfaces tend to stick to the equipment fil—
ters, reducing the effective filter surface area,
causing product loss, and increasing cleanup
difficulties. Special attention is also needed for
safety in any fluid bed processor. Dust explo—
sions can occur in a fluid bed dryer, with flam-
mable solvents or with dry materials that de—
velop static charges. and all production size
fluid bed equipment must contain explosion re-
lief panels.

Double-Core and Twin-Shell Blenders

With Liquid Feed and Vacuum-Drying
Capabilities. A number of manufacturers of
both double-cone and twin-shell blenders have

produced equipment modifications that provide
the potential for sequencing the operations of
powder mixing, wet massing, agglomeration,
and drying. The specialized equipment typically
includes a liquid feed through the trunnion of
the machine, leading to a spray dispenser lo—
cated above the axis of rotation of the unit; a
vacuum inlet through the same or the opposing
trunnion leading to a vacuum intake port cov-
ered by a nylon or other appropriate fine-filter
sleeve, which is also located above the axis of
rotation and out of the direct path of powder
motion; and agitating elements capable of rota-
tion within the powder mass contained in the
blender. The blender may also employ a double-

‘ listed for liquids coating

"violating baffle-s ‘limingmedmm 7-
FM hie. cannon: us for ’ . 'min ' '

 

wall construction to provide circulation of a
heating medium; in other cases, the systems are
designed to operate at room temperature and
use vacuum as the sole source of water or liquid
removal.

Figure 11—21 provides a cutaway View of a
double—cone mixer-dryer processor. As in any
vacuum-drying operation, equipment and dry-
ing costs are relatively high. Drying times are
considerably longer than with the fluid bed
granulator processor. The double-cone or twin-
shell processor would be considerably easier to
clean, however. The attractiveness today of the
double-cone or twin-shell mixer,. granulator, and
dryer as a continuous-batch processor of wet
granulation products hinges on the use of nona-
queous granulating liquids. Standard auxiliary
equipment is available to condense solvent va-
pors and provide substantially complete solvent
recovery. This is important from. two stand-
points: solvent vapors are not discharged to the
atmosphere, an environmental consideration,
and efficient solvent recovery is achievable, an
economic consideration.

Day-Nauta Mixer-Processor. The Nauta
mixer is a vertical screw mixer (Fig. 11-22). A
screw assembly is mounted in a conical cham-
ber. with the screw lifting the powder to be
blended from the bottom to the top. The screw
assembly orbits around the conical chamber wall
to ensure more uniform mixing. The Nauta
mixer was originally designed not as a wet gran-

Fmtective cover for
,ylon liner sleeve 5 Flexible mane '[cur [axing he

liquid spray ,

alumna 3th

FIG. 11-21. A cutaway view of a doable—cone mixer—dryer processor. (Courtesy of Paul O. Abbe, Little Falls, NJ.)
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FIG. 11-22. Schematic diagram of the Nauta processor.
(1) Screw assembly. (2) Conical chamber. (3) Source of
hot, dry air. Hot air moves up through the material (verti—
cal arrows), which is kept in motion by the orbiting screw
assembly (circular arrows). (Courtesy ofDay Mixing, Cin—
cinnati, OH.)

ulation mixer-granulator but as a powder and
semisolids mixer. The basic operation following
power mixing includes incorporation of the
liquid-granulating agent, wet massing, and dry-
ing as hot, dry air is passed through the wet ma-
terial. The hot air moves up through the mate-
rial, which is kept in a state of motion by the
orbiting screw assembly. It dries the granulation
and exits the top of the processor. If additional
help is required for particular drying needs, the
Nauta can be constructed to utilize vacuum dry-
ing. Accessory equipment designed to monitor
and control processor operation includes a lump

 
breaker, which may be attached at the bottom of
the conical chamber; a temperature monitor; a
nuclear, noncontact density gauge; an ammeter
or wattmeter; an infrared moisture analyzer; and
a sampling system.

Topo Granulator. The Topo granulator was
developed in Austria for the preparation of gran-
ules and coated particles under high vacuum.
The machine is illustrated in Figure 11-23. The
material to be granulated or coated is-placed in
the chamber, which may be accomplished by
dust-free suction. A granulating compartment is
then loaded by vacuum, and each granulating
fluid or addition product (liquid or solid) is
added as desired by imploding the added ingred-
ient(s) upon the components already in the
chamber. When granulating agents are thus
added to the chamber under vacuum, the granu—
lation forces are reportedly greatly increased to
produce the necessary compaction. The resul-
tant agglomerated particles can then be dried
under vacuum in the chamber. Some of the ad-
vantages reported for this granulation process
are a reduction in the required volume of granu-
lating fluid; a unique agglomeration mechanism

 
FIG. 1 1-23. The Topo granulator. (Courtesy ofMachines
Collette, Wheeling, IL.)
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