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DRUG AVAILABILITY

N RECENT YEARS much attention has been
focused on the problem of drug availability.
The drug availability usually is determined by
the rate of release from the physical system com-
monly referred to as the dosage form. The re-
lease of the drug from this system is in turn
governed by such processes as the adsorption of
the drug by other components of the system,
the diffusion of the drug in the system, the
dissolution rate of the drug, and other factors.
As early as 1948 it was recognized that while the
efficiency of a compressed tablet is to some degree
related to the speed of disintegration, the dis-
solution of the drug particles is of prime impor-
tance (1). Parrott et al. (2) clearly indicated the
importance of dissolution kinetics in determining
the drug availability to the body. Subsequently,
Nelson and others (3-7) reported that the dis-
solution rate does indeed control the rate of
build up of certain drugs in the blood stream.
In a review article dealing with drug absorption,
Wagner (8) discussed the dissolution rate in some
detail and indicated its importance in the absorp-
tion process. Thus, it is now well recognized
that the dissolution rate of solid drugs can be the
rate-limiting step in the absorption process when
drugs in this physical state are introduced into
the animal body. Because of the indicated im-
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portance of the dissolution rate, the following dis-
cussion will deal only with this particular in-
fluence on drug availability.

THEORY OF DISSOLUTION

The process of dissolution as well as the inverse
process of crystallization can be considered as
specific types of certain heterogeneous reactions
in which a mass transfer is effected through the
net result of escape and deposition of solute
molecules at a solid surface. These reactions can
be classified according to the following three
general types. (@) The reaction or interaction at
the interface occurs much faster than the rate of
transport of reactants to and products from the
interface. The rate, therefore, is determined by
the transport process. In dissolution this would
be the diffusion or convective transport of solute
from the interfacial boundary to the body of the
solution. (b) The rate of reaction at the inter-
face is much slower than the transport processes
and hence determines the rate. If this were to
occur in dissolution, the actual processes of libera-
tion and deposition of the solute molecules at the
interface would determine the rate. (¢) Both
intrinsic rates or rate constants are of the same
order of magnitude so that the over-all rate is a
function of both processes.

Various procedures have been employed to
delineate the primary process controlling a hetero-
geneous reaction. The usual procedure, of
course, is to study the influence of a single
specific factor while attempting to maintain all
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others constant. Therefore, this paper will be
concerned mainly with those studies that treat fac-
tors that aid in determining the process by which
the dissolution rate is controlled.

Noyes and Whitney (9) quantitatively studied
dissolution by rotating cylinders of benzoic acid
and lead chloride in water, then analyzing the
solution at certain intervals. These workers
derived the following equation:

4 - ke - o

BT, (Eq. 1)

where C is the concentration at time ¢, and C,is
the equilibrium solubility of the solute at the ex-
perimental temperature. It thus was assumed
that a thin layer of saturated solution formed at
the interface and that the observed velocity was
the rate at which molecules diffused from this
layer to the bulk solution. In later experiments
(10, 11) the surface area was incorporated into
the equation to give

Z‘ = hS(C, — C) (Eq. 2)
¢
Subsequently, Nernst (12) extended the concepts
of Noyes and Whitney to include all heterogene-
ous reactions. Brunner (13) worked with Nernst
and used Fick’s law of diffusion to establish a
relationship between the constant in the above
equation and the diffusion coefficient of the solute,
b1 = DA/Vh, where D is the diffusion coefficient,
A is the area of the dissolving surface or area of
the diffusion layer, V is the solution volume, and
h is the diffusion layer thickness, He also calcu-
lated the thickness of the postulated film layer
existing at the surface of the dissolving solid.

Many workers have published data which tend
to substantiate the film theory of Nernst and
Brunner, while the other workers have found
cases where the theory does not appear to hold.
In formulating their theory, Nernst and Brunner
assumed that the process at the surface proceeds
much faster than the transport process and that a
linear concentration gradient is confined to the
layer of solution adhering to the solid surface.
Obviously, if the intrinsic reaction rate at the
interface were not faster than the rate of the
transport process, deviations would occur.
Roller (14) voiced his objections to the film theory
concept and stated that an activation energy for
the interfacial reaction should be reguired since
all collisions of the solvent could not be expected
to result in the release of molecules from the solid
surface.

Other criticisms of the film theory have been
directed toward the inordinately large calculated
film thickness (20-50 u) which are considered to
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be physically unacceptable. In calculating the
film thickness, Nernst and Brunner proposed that
diffusion was the only mode of transport, and the
boundary film remained stationary. However,
some studies have indicated fluid motion and
turbulence extends to within a short distance from
the solid surface. In this regard, the work of
Van Name and Hill (15, 16) and also that of
King (17) is most important. Their work led
them to postulate that the fluid motion compo-
nent perpendicular to the surface becomes small
and thus does not affect the transport rate mate-
rially. This postulation is, in part, substantiated
by Fage and Townend (18), who, in measuring
velocity profiles, found essentially only laminar
motion parallel to the interface existed in regions
close to the interface. The above workers (15—
17) thus believed that convection would aid
solute transport only in the distant areas of the
film.

In recent years the film theory has been con-
sidered acceptable with certain modifications.
The similarity of calculated values for the film
thickness has led investigators to refer to an
“effective film thickness.” This idealized film
layer is not well defined, but it allows the correla-
tion of experimental data with the physical prop-
erties of both the solute and solvent.

Factors Influencing the Dissolution Rate

It is evident that dissolution kinetics are sub-
ject to a large number of physical-chemical
influences. These influences may deal with (a)
influences applied directly to the total physical
system, such as temperature and agitation; (b)
influences resulting from changes in the charac-
teristics of the solute particle; and (¢) influences
brought about by changes in the dissolution
medium. While the information gained from
studying these influences has aided materially in
understanding dissolution theory, it is also of
great practical value in showing the effects of both
pharmaceutical and biological systems on the dis-
solution rate. Many of the following studies are,
therefore, of much practical significance.

Temperature and Agitation.—Both tempera-
ture and agitation rate effects commonly are
used to aid in distinguishing the process con-
trolling the heterogeneous reaction rate. Some
of the investigations involving agitation have led
to the empirical relationship

K = a(N)p
where N is the agitation or stirring rate, K the
reaction rate, and ¢ and b are constants. If the

reaction is diffusion controlled, then the value of
b should be 1 or near 1. This is in accord with
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the Nernst-Brunner film theory (13), which
stated that the thickness of the film was inversely
proportional to the stirring speed. For the re-
actions controlled by the rate of the interfacial
reaction, it would be expected that the agitation
intensity would not influence the reaction rate,
and b should approach zero. If both processes
are influential in the control of the rate,  should
vary between zero and 1 if a sufficiently wide
range of agitation intensities are employed.

Inasmuch as the motion of the fluid changes
from laminar to turbulent as the distance from
the interface increases, the value of the exponent
b also may vary with the type of agitation used.
Hixon and Baum (19) observed this when they
employed measurements obtained on the dissolu-
tion of benzoic acid pellets as criteria for agitation
efficiency. By a dimensional analysis they as-
signed a Reynold’s number to the point where the
relationship between the wvariables changed.
They attributed this change to turbulence and
obtained separate relationships for high and low
Reynold’s number values. In a subsequent
study (20), by changing only the type of stirring,
they found that another empirical relationship
must be assigned. More recently, a group of
Japanese workers (21) in 1958 felt that Hixon and
Baum'’s data were not randomly distributed about
their empirical equation. Using these data with
their own, they regrouped the assumed variables
in different dimensionless groups and found a
better correlation with the data. Thus, they also
introduced additional variables upon which the
rate of solution appeared to be dependent. The
above studies and others have, therefore, indi-
cated a rate dependency upon the degree of
laminar and turbulent flow, the density of the
solid phase, the size and characteristics of the
solid, the stirrer, and the dissolution vessel, and
the heat of solution of the solute in addition to
those factors known to influence diffusion.

Garner and Hoffman (22) found that even in
cases of free convection, turbulence existed in the
boundary layer. They were able to demonstrate
this vividly through photographs showing the
light effects of the changing refractive index in
this layer. It was the contention of Levich (23)
that the variation in stirring rate-reaction rate
relationships is due to the variable degree of tur-
bulence in the solvent near the interface. In
cases of forced convection, he felt this might be
due, at least in part, to the different surface
characteristics of the dissolving substance.

From the above studies it is apparent that a
number of inherent variables can influence the

relationship between the dissolution rate and the

intensity of agitation and that this restricts the
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application of a generalized relationship between
them. The exponent, b, in the aforementioned
equation thus will depend not only on the process
controlling the dissolution rate but also on the
characteristics of the fluid motion in the boundary
layer.

From the investigations of several workers
(24-286) it is shown that, if a heterogeneous reac-
tion were diffusion controlled, the 10° tempera-
ture coefficient should be in the neighborhood of
1.3, while an interfacial controlled reaction
possesses a coefficient of about 2.0. Abramson
and King (24) studied the temperature coefficient
of heterogeneous reactions at low and high agita-
tion intensities. They obtained coefficients of
1.29-1.43 in the region where the agitation rate
significantly influenced the reaction rate. In the
region where the stirring speed did not influence
the reaction rate, coefficients of 2.04-2.34 were
obtained.

Changes in Dissolution Medium

Viscosity.—The influence of viscosity on
heterogeneous reaction rate control also has
been investigated (27, 28). The relationship
between viscosity and the heterogeneous reaction
rate is extremely complex and, as of now, only
partially explained. Diffusion-controlled re-
actions therefore, should decrease in rate with
an increase in viscosity, whereas viscosity should
have little effect on interfacial controlled re-
actions.

Several equations have been derived which
show the dissolution rate to be a function of vis-
cosity raised to some power where the exponent
varies from —0.25 to —0.8 (14, 29, 30). Other
equations have been derived which express the
diffusion coefficient as a function of viscosity.
For example, the Stokes-Einstein equation (31)
shows the diffusion coefficient to be inversely
proportional to the viscosity. Sutherland (32)
independently derived the same equation but
found that it did not agree with existing data.
Arnold (33) shows the diffusion coefficient as a
function of viscosity raised to the —0.5 power.
In another study, where the dissolution rate of
benzoic acid in methylcellulose solutions was
determined over a range of 1 to 260 cps., the
dissolution rate was found to be a function of
viscosity raised to the —0.5 power for 969, of the
viscosity range studied (34).

Solubilization and Surface Activity.—Only a
limited amount of information is available in
the literature on the influence of solubilization
and surface activity. Roller (35, 36) speculated
that surface activity may play a part in the
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dissolution process if spontaneous release from
the crystal controls dissolution. His studies
indicate this to be a distinct possibility since
the increase in rate with a change in particle
size was greater than that expected by the
increase in surface area alone. He also believed
that dissolution took place from active centers
on the crystal; these were the edges and corners
as well as points of crystal defects.

Ekwall and co-workers (37, 38) published solu-
bilization curves for various steroids with sodium
lauryl sulfate. Since their studies were con-
ducted at high surfactant concentration, the ef-
fect of this surfactant on solubility in the region
of the critical micelle concentration (CMC) can-
not be distinguished. Wurster and Seitz (39)
showed an increased solubility of benzoic acid at
0.29%, concentration of sodium lauryl sulfate. It
is possible, as shown in other studies (40-44), that
with certain substances solubilization will occur
at concentrations significantly below the CMC.
1t is felt by some that this can be attributed to
penetration or incorporation of the solubilizate
within the micelle. If the solubilizate is oriented
between ionized surfactant molecules, the re-
pulsive forces of the surface-active agent will be
reduced, thus facilitating micelle formation at
lower concentrations (40-42). Other investiga-
tors feel that limited association or aggregation
between the solubilizate and surfactant at con-
centrations considerably below the CMC is re-
sponsible for the increase in solubility (43, 44).

Working with certain crystal forms of predniso-
lone, Taylor (45) noted a solubilization effect
with sodium lauryl sulfate at concentrations con-
siderably below the CMC. Also, at a concentra-
tion of 0.19% of sodium lauryl sulfate, the release
from supersaturation of a metastable anhydrous
crystalline form was more rapid than in water
solutions only. Substantial dissolution rate in-
creases were observed in the surface-active media.
It appeared that these increases could be ac-
counted for by both the solubilization effect and
an apparent increase in the interfacial reaction
rate. Levy and Gumtow (46) reported that 3%
soditim lauryl sulfate did not increase the dis-
solution rate of salicylic acid in water when these
substances were incorporated into nondisinte-
grating disks.

Unreactive and Reactive Additives.—When
neutral ionic (NaCl, Na,SO,) and nonionic
organic compounds (dextrose) were employed as
additives to the solvent phase, the dissolution
rate of benzoic acid was linearly dependent upon
the solubility of this acid in the particular solvent
system (2). Increased dissolution rates for
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benzoic acid were observed when certain bases
and buffers were added to the aqueous solvent.
From these experiments, it is apparent that for a
solid weak acid, such as benzoic dissolving in a
basic solution, the rate of dissolution becomes
essentially independent of the strength of the
base above certain values. In the region where
the rate is independent of the base strength, the
dissolution rate is a linear function of the product
of the base concentration and the base diffusion
coeflicient (47). In a subsequent article, Higuchi
(48) has shown that the simultaneous chemical
reaction and diffusion method previously de-
scribed for interpreting data on dissolution rates
gives results similar to the total solubility method
reported by Nelson (3, 49, 50) when the diffusion
coefficients are set to the same value. The dif-
fusion coefficients for most drugs of similar dens-
ity would not be expected to vary greatly, since
the diffusion coefficients vary approximately
as the cube root of the molecular weight, accord-
ing to the Stokes-Einstein equation.

The dissolution rates of several weak acids and
their sodium salts in aqueous solutions having pH
values corresponding to those of the gastroin-
testinal fluids were reported by Nelson (51). In
all cases the dissolution rates of the salts were
greater than those of the free acids.

Adsorption.—Experimental data on the in-
fluence of an adsorbent on the dissolution rate
of a slightly soluble acidic solid indicated that an
adsorbent was capable of increasing the dissolu-
tion rate in water under conditions of a decreased
concentration gradient to the maximum rate ob-
tained when a constant concentration gradient
was maintained. The amount of adsorbent
required to increase the slower dissolution rate
to the maximum rate was calculated with the
aid of adsorption isotherms obtained with the
adsorbent and the particular solute (52).

Chemical Reaction, Viscosity, and Adsorp-~
tion.—Using bentonite U.S.P., a montmorillo-
nite clay, the simultaneous influence of several
factors on the dissolution rate of compressed
benzoic acid tablets was investigated (53).
Thus, when the dissolution rate was determined
in bentonite suspensions, the controlling factors
were characterized as chemical reaction, adsorp-
tion, and viscosity. When the rate was de-
termined in neutralized bentonite suspensions
only adsorption and viscosity were the con-
trolling factors. By comparing rates obtained in
the latter system to those obtained in methyl-
cellulose solutions of various viscosities, it was
possible to separate the contribution of the ad-
sorption and viscosity functions to the rate.
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With this method the influence of the various
factors on the rate were delineated clearly. The
dissolution rate of a solid weak acid in bentonite
suspension is greater than the rate indicated
solely by the viscosity due to the superimposed
influences of alkalinity and adsorption.

Changes in Solute Particle Characteristics

Polymorphism.—The influence of crystalline
form on the dissolution rate was noted first by
Wildermann (54) and then by Gross (55) when
certain crystalline faces produced changes in
the rate of solution. Most of the investigations
to date in this area, however, have not been
controlled to the extent where rigid quantitative
comparisons can be made. The rate of solution
and solubility of calcium sulfate in both the
anhydrous and hydrate form have been measured
by Roller (35, 36). The anhydrous form exhib-
ited a solubility of 1.46 times that of the hydrate,
yet, under certain conditions, the hydrate had a
higher dissolution rate. Although it is possible
that his results may have been distorted by
entrapped air at the particle surface, he ascribed
this variation to the relative rates of release at
the interface of the crystalline forms.

The more recent work of Shefter (56) on the
dissolution properties of certain polymorphic and
solvate forms of various drugs also was carried out
using a fine multiparticulate system. From the
concentration versus time curves for these sub-
stances, definite differences in the dissolution rate
of the crystal forms can be observed. However,
it would be impossible to quantitate these differ-
ences because of the uncontrolled surface area and
rapid dissolution rate of these materials.

Using a variety of methods to determine the
dissolution rates, Hamlin and co-workers (57)
studied the rate of dissolution of two polymorphic
forms of methylprednisolone. They found that
a loss of sensitivity in distinguishing between the
rates occurred at higher agitation intensities.
This change was ascribed to relative changes in
the calculated diffusion layer thickness, assuming
complete diffusion control of dissolution. In
their study the ratio of the diffusion layer thick-
nesses of the two polymorphs varied from a value
greater than 1 to less than 1. Even though this
interpretation of the diffusion layer thickness does
appear to be open to question, the study does
point out, nevertheless, that relative dissolution
rates will vary with agitation speed and condi-
tions. Furthermore, as suggested by these
authors, dissolution rate studies at high agitation
intensities may not reflect necessarily the relative
rates of different crystal forms under low agita-
tion intensities.
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In a more recent investigation (58) by Wurster
and Taylor, the activity, dissolution rate, and
crystal behavior of three crystalline forms of pred-
nisolone were studied. By determining the rela-
tive dissolution rates of these crystal forms under
different agitation conditions, it was found that
the dissolution process could be described by con-
secutive processes involving a reaction at the
interface and transport away from the interface.
Thus, under the experimental conditions em-
ployed, the data suggest that these two processes
pose a double barrier to dissolution. Milosovich
employed dissolution rate measurements to deter-
mine the solubility of a metastable sulfathiazole
polymorph (59).

Isotropic Crystalline Mass.—It was found
that an isotropic crystalline mass prepared by
compression underwent dissolution in a manner
sitnilar to a single crystal. The dissolution rate
of a nondisintegrating compressed benzoic acid
particle was independent of the particle density
over a measured density range of 1.054 to 1.304
2).

Effective Surface.—In a dissolution study
(39) conducted in which the surface area—weight
ratio was not maintained constant, cylindrical
compressed tablets containing large pores were
employed to follow the dissolution process. Stud-
ies in distilled water indicated that the surface
area of the pore was exposed incompletely to the
solvent due to occlusion by air. Solutions with
a lower surface tension than water were capable
of wetting the entire surface, and a corresponding
increase in the dissolution rate was obtained.
When the air was evacuated from the pores, the
solvent again was able to contact the entire
surface, and the dissolution rate again increased.
Dissolution from the pore surface occurred at a
slower rate than from the exterior surface of the
particle due to the longer diffusional pathway of
the solute molecules (39). Similar effects would
be expected in lyophilized and other porous
particles.

Schroeter and co-workers (60) studied the dis-
solution rates and disintegration times of a large
number of tablets prepared from a variety of
drugs. Their results emphasize the difficulty to
be expected in obtaining a quantitative relation-
ship between the two rates as a result of the
many variables involved.

Levy (61-63) studied the effect of certain tablet
formulation factors on the dissolution rate of the
active ingredient. Included in the factors
studied were the agitation intensity, granule size,
starch concentration, compression pressure, and
lubricants. Using rotating disks, it could be
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shown that for a single component in the disk the
dissolution rate varied as the square root of the
stirring rate in the same manner as shown by
Cooper and Kingery (64). Levy and Procknal
(65) also have shown the inhibition of the dis-
solution rate of aluminum acetylsalicylate due to
the formation of a basic water-insoluble alumi-
num compound on the surface of the dissolving
solid.

Morozowich (4) and Higuchi (66) both have
reported on the inhibition of benzphetamine re-
lease in acid medium due to the deposition of
pamoic acid on the surface of the dissolving par-
ticle, according to the reaction: benzphetamine
pamoate (pellet) 275 benzphetamine (solution)
+ pamoic acid (pellet surface).

METHODS OF STUDY

To study dissolution in a quantitative manners
it is necessary to alter the Noyes-Whitney equa-
tion to account for the variable surface. Hixon
and Crowell (67) derived a general expression for
the reaction rate in terms of variable surface area
and concentration. The derivation of their well-
known “cube root law’* was based on the follow-
ing assumptions: (e) dissolution takes place
normal to the surface of the dissolving solid, (b)
the same effect of agitation is observed on all
areas of the surface, (¢) no stagnation of the
liguid takes place in any region, and (d) the solid
particle remains intact throughout dissolution.

The Noyes-Whitney equation can be written

dw

’E = —K2S(Cs - C)

(Eq. 3)
with the notation the same as in Egs. 1 and 2.
Letting Ws represent the initial weight of the
particle, W the weight at time ¢, W, the weight of
solute needed to saturate the liquid, .S the effec-
tive surface area, V the solution volume, and d
the crystal density, the following relationship can
be set up: (Wo—W) /V = C, and W,/V = C,.
Substitution into Eq. 3 gives

v (‘%” = —KS(W, — Wy + W) (Eq. 4)

If there is no change in the shape of the solid
during dissolution, the surface can be related to
the weight by means of shape-volume factors:
S V23 (for a sphere S = 4.85V%/3). With the
consideration of density, S = aW?*3 where a
includes the density and a shape-volume constant
(for a sphere ¢ = 4.85/d*'%).

Then by substituting for S in Eq. 4 and setting
W, — W, = g, the following equation is obtained:

y (‘%’) — —KW¥S (g + W) (Eq.5)
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Rearrangement and integration gives

dw
14 f gWis f WEs T

where Cis the constant of integration.

By imposing ¢t = 0, W = Wo,and C = Qasa
limit of integration and letting g'/3 = b, Wy¥/3 =
¢, and WY3 = x the integrated equation for the
general case is obtained.

—‘Klfdt"-c (Eq. 6)

2B —x)

30 + (2c — b)(2x — b)

(0 + )2 (% — bx + x?)

(b 4+ x)2 (b — bc + Cz)’] (Eq. 7)

Kit = %[\/3 tan—!

+1.1513 log

Niebergall et al. (68), working with various
particle size powders stated that the Hixon-
Crowell cube root law did not describe their data.
They reported results which adhered to a rate
expression in which it was assumed that the
thickness of the diffusion layer was proportional
to the square root of the mean volume diameter.

If certain conditions are invoked by imposing
certain experimental restrictions, this equation
can be simplified greatly. These conditions are
(@) Wo = W,, (b) C,— C is constant, and (c) the
surface remains constant. Thus, if the concentra-
tion gradient, (C,— C), is maintained essentially
constant by keeping the dissolution medium
sufficiently dilute, the dissolution rate then is
proportional to the surface only or

- ‘fl—zt” = 3KS = 3KaW?*  (Eq.8)

Integration between the limits Wyand W yields
Kat = WD1/3 — Wus (Eq. 9)

With the aid of the above mathematical model
and large particles, an easy method for determin-
ing dissolution rates can be devised (2). The
large particles of known geometry and effective
surface area are allowed to rotate freely in a
medium which is being agitated at a constant
rate. Then by analyzing the solution and/or the
particle, the dissolution rate in terms of Gm.
cm. "2 hr. 71 is determined easily. The method is
particularly useful for studying various influences
on the dissolution rate as other complicating
factors, such as surface area, etc., are minimized.

A most significant contribution in methodology
for handling the dissolution kinetics of finely
divided powders has been presented by Higuchi
and Hiestand (69). The long mathematical
derivation given by these authors is beyond the
scope of this paper but is applicable to those
systems where the dissolution process is diffusion
controlled, and the particle size distribution is
known. In a subsequent paper (70), these
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authors report reasonably good agreement be-
tween the calculated and experimental values ob-
tained for micronized methylprednisolone.

Niebergall (68, 71) also studied the dissolution
of small particles and described a continuous re-
cording technique for following the rapid dis-
solution of the particles.

Another useful method for studying dissolution
rates is the use of rotating nondisintegrating
disks, as described by Levy (61-62, 72). Milo-
sovich (59) employed a tablet mounted in a die
and subjected to solvent agitation produced by a
baffle system. This system is similar, in some
respects, to that reported by Nelson (3, 73).

Schroeter (74) devised an automated method
for following the dissolution rate of drugs in
tablets and capsules. The method provides for
automatic sampling, dilution, and spectrophoto-
metric analysis of the dissolution medium.

It is not possible in a single review article to
include all of the important work in a field as
broad as dissolution kinetics. Particular atten-
tion, however, has been paid to the pharmaceuti-
cal literature and those investigations of apparent
importance to pharmaceutical research and de-
velopment. It is hoped that the information
presented will serve as a starting point for those
intending to initiate investigational work on or to
study dissolution rates.

REFERENCES

(1) Sperandio, G. J., Evanson. R. V., and DeKay, H. G,

Tms Jour~ar, 37, 71(1 8).

(2) Parrott, E L., Wurster, D. E., and Higuchi, T.,

ibid., 44, 269(1
(3) Nelson, dnd 46, 607(1957).

(4) Morozowxch W., et al., sbid., 51, 993(1962).
(5) Levy, G., Gumtow, R., and Rutowskl J., Can. Med.

Assoc, J., 85 414(1961)

{6) Bali ard B. E., and Nelson, E., J. Pkarmacol. Expil.

Therap., 135, 120 (1962).

(7) Levy, G., THIS JOURNAL, 50, 388(1961).
(8) Wagner, _I G., tbid., 50, 359(1961).
(9) Noyes, A., and Whltney, W., J. Am. Chem. Soc.,

19, 930(1897).

686((1))8 I;I)oyes. A., and Whitney, W., Z. Physik. Chem., 23,
11) Bruner, L., and Tol]uczko, ., $bid., 35, 283(1900).
12) Nernst, W., #bid., 47, 52(1904).
13) Brunger, E., zb:d 47, 56(1904).
(14) Roller, P., J. P

(1(13) Van Name, R., and Hill,
(16) Ibid., 42, 307(1916).

(17) ng, C.V J. Am. Chem. Soc., 57, 828(1935).
(18) Fage, A,, and Townend, H., Proc. Roy. Soc. London,

Al135, 656(1932)

as (‘llil)g Hixson, A., and Baum, S., Ind. Eng. Chem., 33, 478

. Chem., 39, 221(1935).
D., Am. J. Sci., 36, 543

175

(20) Ibid., 34, 120(1942).

(21) Nagata, S Adachi, M., and Yamaguchi, 1., Mem.
Fac, Eng. Kyoto Umv., 20, 72(195 ).
(1;%3 Carner, F,, and Hoffman, J., A.I.Ch.E. J., 7, 148
(1523% Levich, B., Acta Physicochim., U.R.S.S., 17, 257

(24) Abramson, M., and King, C. V., J. Am. Chem. Soc.,
61, 2280(1939).

(25) Riddiford, A, C., J. Phys. Chem., 55, 745(1952).

(26) Edwards, L. J., Trans. Faraday Soc 47, 1191(1951).

(27) Roehl, E., King, C. V., and Kipness, S., J. Am. Chem.
Soc., 61, 2290(1939).

(28) Kressman T.,
Soc., 7, 90(1949).

(29) Colburn, A. P., Trans. Inst. Chem. Engrs. London,
29, 174(1933).

(80) Wagner, C., J. Phys. Chem., 53, 1030(1949).

{31) Einstein, A., Ann. Phys., 17, 548 (1805).

(32) Sutherland, W., Phsl. Mag., 9, 781(1905).

(33) Arnold, J. H., J. Am. Chem. Soc., 52, 3937(1930).

(34) Wurster, D. E., and Polli, G. P., Farmacia (Bucharest),
12, 265(1964).

(35) Roller, P., J. Phys. Chem., 35, 1133(1931).

(36) Ibid., 36, 1202(1932)

(37) Ekwall P., Sjoblom, L., and Olsen, J., Acta Chem.
Scand., 7, 34 7( 953)

(38) Ekwall, P., Lundstein, T., and Sjoblom, L., sbid.,
5, 1383(1951).

(39) Wurster, D. E., and Seitz, J. A., THis JoURNAL, 49,
335(1960).

(40) Mukerjee, P,, and Mysels, K., J. Am. Chem. Soc.,
77, 2937(1955).

(41) Harkins, W., Mattoon, R., and Mittelmann, R., J.
Chem, Phys., 15, 765(1947)
as (42) Harkins, W., and Oppenheimer, H., ¢bid., 16, 1000

(43) Ekwall P., and Danielsson, 1., Acta Chem. Scand.,
5, 973(1951

(44) McBam, J., and Huff, H., J. Am. Chem. Soc., 70,
3838(1948).
. (45) Taylor, P, W., and Wurster, D. E., Ta1S JOURNAL,
in press.

(46) Levy, G., and Gumtow, R,, ibid., 52, 1139(1963)

47) Higuchi, W. L, et al., ibid., 47, 76(1 58).

(48) Higuchi, W. 1., Nelson, E and Wagner, J. G., tbid.,

53,333(1964).
(49) Nelson, E., tbid., 48, 96(1959).
E., J. Pharmacol. Expii.

and Kitchener, J., Discussions Faraday

(50) Ballard, B. B,, and Nelson,
Therap., 135 120(1962)

(51) Nelson, E., TH1S JOURNAL, 47, 297(1958)

(52) Wurster D. E., and Polli, G. P., ¢bid., 50 493(1961).

(53) Ibid., 53, 311(1964)

554) Wildermann M., Z Physik. Chem., 66, 445(1909).

55) Gross, Z. Knst 57, 145(1922).

(56) Sheftner, E., and Higuchi, T., Tuis JOURNAL, 52
781(1963).

(57) Hamlin, W., et al., ibid., 51, 432(1962)

(58) Wurster, D. E., and Tay! lm' P W ., $btd., in press.

(59) Milosovich, G., ibid., 53, 484(19

(60) Schroeter, L. C el al, thid., 51, 865(1962)

(61) Levy, G., ibid., 52, 1039(19 63),

(62) Levy, G., et ol., . 1bzd 52, 1047(1963).

(63) Levy, G., and Gumtow, R H., 1bzd 52, 1139(1963).

{64) Cooper, AR ., and Kingery, W. D., J. Phys Chem.,
66, 665(1962).

(65) Levy, G., and Procknal, J. A., Tris Journat, 51,
294(1962).
ass ¥§66) Higuchi, W. 1., and Hamlin, W. E,, ébid., 52, 575
92:(3?;) H)lxson A., and Crowell, )., Ind, Eng. Chem., 23,

(68) Niebergall, P. J., Milosovich, G., and Goyan, J. E,,
THis JOURNAL, 52, 236(1963).
as (69) Higuchi, W. I., and Hiestand, E. N., ¢bid., 52, 67

(70) Higuchi, W. 1., Rowe, E. L., and Hiestand, E. N.,
tbid., 52, 162(1963).

(7 ) Nxebergall P.J.,and Goyan, J. E., 1b¢d 52 29(1963)

(72) Levy, G., aud Sahll, B. A, sbid., 51,
(1673) Nelson, E., Chem. Pharm. Bull. (Tokyo), 10, 1099

(74) Schroeter, L. C., and Wagner, J. G., THIS JOURNAL,
51, 957(1962).



