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Abstract The dissolution behavior of benzoic acid, 2-naphthoic acid, 
and indomethacin from rotating compressed disks into aqueous solutions 
of constant ionic strength ( p  = 0.5 with potassium chloride) at  25' was 
investigated. The pH of the bulk aqueous medium was maintained during 
dissolution by means of a pH-stat apparatus. A model for the initial 
steady-state dissolution rate of a monoprotic carboxylic acid was derived 
from Ficks second law of diffusion. This model assumed that diffu- 
sion-controlled mass transport and simple, instantaneously established 
reaction equilibria existed across a postulated diffusion layer. Using 
previously determined intrinsic solubilities, pKa values, and diffusion 
coefficients, the model was found to predict the dissolution rates of these 
acids accurately as a function of the bulk solution pH. Hydroxide ion and 
water were the only reactive base species present in the bulk solution. The 
concentration profiles of all of the species across the diffusion layer were 
generated for a given bulk pH. Furthermore, the model generated values 
for the pH profile within the microclimate of the diffusion layer and the 
pH at the solid-solution boundary. 

Keyphrases 0 Dissolution kinetics+arboxylic acids, effect of pH under 
unbuffered conditions 0 Carboxylic acids-dissolution kinetics, effect 
of pH under unbuffered conditions Kinetics-dissolution of carboxylic 
acids, effect of pH under unbuffered conditions 

The purpose of this study was to examine the effect of 
solubility and unbuffered bulk solution pH on the disso- 
lution kinetics of three carboxylic acids: benzoic acid (I), 
2-naphthoic acid (111, and indomethacin (111). The disso- 
lution of carboxylic acids into a basic medium represents 
dissolution with a simultaneous, instantaneous, reversible 
chemical reaction. Modeling of this system should allow 
determination of the solid-liquid interfacial pH and the 
composition of the diffusion layer (l), the unstirred liquid 
layer postulated to exist adjacent to the solid surface. 

The dissolution kinetics of acidic compounds into a basic 
medium were studied initially by Brunner (2) and later by 
other investigators (3-7). Factors that affect the dissolu- 
tion of benzoic acid, which undergoes a simultaneous 
chemical reaction with basic species from the bulk solution, 

I I1 

I11 

were studied and modeled in detail by Higuchi et al. (5). 
They used the film theory of Nernst (l),  which is based on 
Fick's laws of diffusion (8). 

To investigate the initial dissolution rates of 1-111 over 
a wide range of bulk pH values without using buffers, au- 
tomatic potentiometric monitoring employing a pH-stat 
system can be employed (9-13). This technique, combined 
with a rotating-disk apparatus similar to that described 
by Wood et al. (14), results in a constant dissolution sur- 
face area. The hydrodynamic theory of Levich (15) was 
applied to rotating disks (16, 17). From this theory, the 
thickness of the diffusion layer may be calculated and used 
in a modified Nernst (1) expression to predict initial dis- 
solution rates (16,17). 

A simplified equation was used to describe the dissolu- 
tion of acids in a basic medium (18, 19). However, this 
equation is derived by assuming that the bulk solution pH 
and the interfacial pH, pHo, are identical. However, the 
bulk hydrogen-ion concentration is not necessarily equal 
to that at the solid-liquid interface or elsewhere within the 
diffusion layer. The interfacial pH is affected by the degree 
of dissociation of the acid at  the interface, which is deter- 
mined by the concentration and pKa of the acid. Disso- 
ciation of the acid liberates hydrogen ions, thereby low- 
ering the pH of the diffusion layer relative to that of the 
bulk solution. 

THEORETICAL 

The starting point for a model of dissolution of an acid in a basic me- 
dium comes from the work of Higuchi et al. (5). Their model was for- 
mulated around that of Nernst (1) for a diffusion-controlled process in 
the solution phase and postulates the existence of a diffusion layer (a 
region of unstirred solvent) adhering to the dissolving surface. Within 
this layer, all concentration gradients of reactants and products are 
postulated to exist as a result of diffusion and the chemical reaction be- 
tween the dissolving solute and the incoming base from the bulk solution. 
The bulk solution is regarded as a homogeneous mixture with no con- 
centration gradients. 

Figure 1 is a pictorial representation of the model where a solid car- 
boxylic acid, HA, dissolves a t  the phase boundary. At the solid-liquid 
interface, the boundary condition is X = 0 and the concentration of HA 
is [HAIo, which is the saturated solubility of the unionized acid. The acid 
diffuses and simultaneously reacts with the incoming base (B-) or water 
to give the conjugate base (A-) and HB. The diffusion layer has a thick- 
ness h; the model specifies that, for the limit X = h, [HA] and [A-] are 
effectively zero under sink conditions. 

The model also specifies that, at  steady state, the acid-base reaction 
occurs anywhere within the diffusion layer and any equilibrium formed 
between the reacting species is regarded as being established instanta- 
neously, i.e., the diffusional processes are slow relative to the chemical 
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X'O - x- X - h  

Figure 1-Schematic diagram of the model of Higuchi et al. (5) for the 
dissolution of an acid, HA, into a reactive medium containing base, B- 
( A -  and HB are products of the reaction). 

processes (reaction). Individual diffusivities for all components must be 
accounted for in the model. 

The present model describes the dissolution of an acid in a system 
where the only reactive base species are hydroxide ion and water. The 
equilibria involved are given in Schemes I and 11. 

HzO + HA 5 H 3 0 +  + A- 
Scheme I 

H30+ + OH- + 2 H20 
Scheme I I  

For simplicity, H30+ may be regarded as hydrogen ion (H+). When the 
equilibria are combined, they produce the situation shown in Scheme 111, 
which also was used by Higuchi et al. (5). 

K :  
HA + O H - e H p O  + A -  

Scheme I I I  

In the model of Higuchi et al. (5), only Scheme 111 was considered for 
the chemical reaction of HA with hydroxide ion. By including the equi- 
libria of Schemes I and 11, the general applicability of this model is 
broadened. 

The equilibrium constants for Schemes 1-111 are given by: 

(Eq. 1) 

K, = [H+][OH-] (Eq. 2) 

"4-1 
K1 = [HA][OH-] (Eq. 3) 

where [HpO] is regarded as constant and is included in the relevant 
equilibrium constants and H30+ is equivalent to H+. 

Application of Fick's Laws of Diffusion to Dissolution with Si- 
multaneous Chemical Reaction-When a chemical reaction occurs 
between diffusing species, the mass balance of any species across the 
diffusion layer involves not only diffusion into and out of any element 
but also the chemical reaction, which simultaneously changes the effective 
concentrations of the species at any given point X. To account for the 
simultaneous chemical reaction, a reaction rate function, 4, is introduced 
into the steady-state equations for each species. A t  present, this function 
will remain undefined. A t  steady state and by utilizing Fick's laws of 
diffusion, the following equations can be written for all of the relevant 
species: 

- DHA @[HA] -- aX2 + 4 1 = 0  at  

where $14 are the reaction rate functions. Equations 4-7 are equal to zero 
under steady-state conditions. When a chemical reaction occurs in the 
diffusion layer between species, there is a finite rate of change of flux with 

X. Alternatively, the concentration profile of a species across the diffusion 
layer is not represented by a simple linear relationship, as in the 
Noyes-Whitney model, but instead by a curve whose rate of change of 
the slope at any point is dependent on the reaction of that species a t  that 
point. 

Independently of Eqs. 4-7, relationships between rates of change of 
flux for the various species can be described by mass balance equations 
across the diffusion layer. Therefore, by mass balance: 

d2[HA1 - d2[A-] 
DHA - dX2 - -DA 7 dX (Eq. 8) 

and: 

Equation 8 shows that any change in the HA flux due to a chemical 
reaction must mean that the flux of A- changes in the opposite direction. 
Equation 9 states that OH-, while diffusing in, will react with both HA 
and H+ simultaneously as defined by the equilibrium constants in 
Schemes I and 11. Hence, any change in the flux of OH- must be reflected 
by corresponding changes in HA and H+. Comparing Eqs. 8 and 9 to 
Schemes I and I1 and Eqs. 1-7 shows tha t  

41 = -43 (Eq. 10) 

or: 

d2L4-1 - 41 DA-- 
dX2 

and: 

4 2  = 41 + 44 
Integrating Eqs. 8 and 9 once gives: 

(Eq. 11) 

(Eq. 12) 

where C1 and CZ are constants of integration. It can be shown that C1 and 
Cz are equal by mass balance considerations based on Schemes I and 111. 
Substituting for Cp in Eq. 14 and integrating with respect to X in Eqs. 
13 and 14 give the following linear equations: 

DHA[HA] = DoH[OH-] - DH[H'] + c1x + cq (Eq. 15) 
and: 

DHA[HA] = -DA[A-] + c1X + C3 (Eq. 16) 

Equations 15 and 16 must be given boundary conditions to allow 

Boundary Conditions- 
A t X = O  

[HA10 = solubility of HA 
[OH-]o = unknown 

[H+]o = unknown 
[A-]o = unknown 

where C3 and C4 are additional constants of integration. 

evaluation of the resulting constants. 

A t X  = h: 

[HA]h = 0 (under sink conditions) 
[OH-]h = from bulk pH 

[H+]h = from bulk pH 
[A-]h = 0 (under sink conditions) 

Evaluation of Constants and Conditions at X = 0-Utilizing these 
boundary conditions (X = 0 and X = h ) ,  Eqs. 15 and 16 and 2 and 3 at 
X = 0, and algebraically solving for [H+]o yield: 

-DH[H']~ + [H+lo(D~[H+lh - D o H [ O H - ] ~  
+ K,(DoH + DAK~[HA]o) = 0 (Eq. 17) 

Equation 17 is of the type: 

az2 + bz + c = 0 (Eq. 18) 
where: 

z = [H+]o 
a = -DH 
b = &[H+]h - Do~[oH-]h 
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c = K ~ ( D o H  + D A K ~ [ H A ] ~ )  

the solution of which is: 

By considering the possible signs of the coefficients a,  b, and c in Eq. 
19, it may be shown that only: 

-b  - db2 - 4ac 
2a 

z =  (Eq. 20) 

will be the correct root. Having obtained [H+]o, all of the other unknowns, 
including c1-c4, may be calculated in a sequential manner from the 
preceding equations since all of the constants required in the quadratic 
expression (Eq. 17) are known or can be estimated. 

Expression for Total Flux of Acids at Any Given Bulk Solution 
pH-The concentrations of all species at  the solid-liquid interface, i .e.,  
where X = 0, can be calculated. An expression for the total flux of the 
dissolving acid is now required as a function of changing conditions in 
the bulk solution or a t  X = h. 

Again, from Eqs. 15 and 16 and the stated boundary conditions: 

c l= - (  DHAIHA1n ) + ([H+Ih - [H+Io) 

where the right side of Eq. 21 is exactly the negative of the total flux of 
species across the diffusion layer. Thus: 

+ ((OH-Ih - [OH-]o) (Eq. 22) 
h 

and: 

Jtotal = J H A  + J H  + JOH = -C1 (Eq. 23) 
where Jtotal is the total flux of HA from the solid surface at  X = 0. Para- 
doxically, there is no expression relating the flux for the diffusion of A- 
across the diffusion layer because the fluxes of H+ and OH- automatically 
account for that of A-. Equation 22 differs from that derived by Higuchi 
et al. (5) in that it includes the terms for [H+], but it is similar to the 
equations of Hamlin and Higuchi (7) and Tsuji et al. (17). 

It is important to examine some conditions where the different parts 
of Eq. 22 exert their influence on the total flux or dissolution rate from 
the solid surface. 

1. The case where the bulk pH is considerably lower than the pKa of 
the dissolving acid, ix., [H+]h >> KO. Under this condition, the ionization 
of the acid is suppressed within the diffusion layer, making [H+]o and 
[H+]h (and, hence, [OH-]o and [OH-]h) equal. The total flux then is 
given by: 

(Eq. 24) 

for the case of sink conditions ( i e . ,  [HA10 >> [HA]h). 
2. The case where the bulk solution pH is increased such that it no 

longer suppresses ionization in the film. Thus, HA is able to dissociate 
(due to interaction with water) as described by Scheme I and Eq. 1. 

Hence, in pH regions around the pKa of the acid and up to neutrality 
in the bulk solution, the dominant form of the equation is: 

The flux of OH- will not be zero, but, in this region, it is negligible 
compared to the flux of HA and H+. 

3. The case where the bulk solution pH is increased such that [OH-]h 
approaches [HA]o. The controlling factor in dissolution now is the dif- 
fusion of hydroxide ion into the diffusion layer and the reaction with HA 
as given by the equilibrium described in Scheme I11 and Eq. 3. 

Thus, as HA is diffusing across the diffusion layer, the reaction with 
water and hydroxide ion occurs simultaneously. Hence, the total flux now 
is given by the full expression described in Eq. 22. 

Therefore, for an accurate description of the total flux of acid where 
water and hydroxide ion are the onlv reactants in the bulk solution. it is 

The concentrations of all of the species may be determined at any point 
X in the diffusion layer to observe their concentration profiles. A t  any 
distance across the diffusion layer (X = X), Eqs. 2,3,15, and 16 apply. 
The unknowns [HA], [A-J, [OH-], and [H+], without subscripts, repre- 
sent the concentrations of the respective species at  position X in the 
diffusion layer. The process of solving for a particular unknown is similar 
to that given in the previous section for the solution at  X = 0, except that 
[HA] also is an unknown. The C1, C4, and C3 values previously were nu- 
merically determined from bulk solution boundary conditions in solving 
for the concentration of a species a t  X = 0. 

The concentration of any one species may be solved for, but [H+] will 
give better insight at  any particular position in the film. Hence, using Eqs. 
3 and 15 to convert [OH-] to terms in [H+]: 

To express [HA] in terms of [H+], Eqs. 3 and 16 must be used: 

Collecting terms in Eq. 27: 

[HA] = (CiX + C3) (DHA[H+] [H+l + D A K ~ L  ) (Eq. 28) 

Equation 28 now may be substituted into Eq. 26 to give: 

- DH[H'] + CiX + c4 (Eq. 29) 

Multiplying Eq. 29 by [H+] 
give: 

+ D A K ~ K ~ )  and collecting terms 

p[H+I3 + q[H+I2 + r[H+] + s = 0 (Eq. 30) 

where: 

p = -DADHA 
4 = C&HA - C$HA - D A K ~ K ~ D H  
r = L ( D H A D O H  + C ~ D A K ~  + CIXDAKI) 
s = D A D o H K ~ K ~  

The form of Eq. 30 is cubic, with the relevant coefficients being rep- 
resented asp,  9, r, and s as defined. As such, Eq. 30 has three roots for 
[H+]. The correct solution was found by the iterative method of Newton 
(20) utilizing a digital computer'. 

Once [H+] is calculated from Eq. 30, sequential solution of Eqs. 15,16, 
2, and 3 enables [OH-], [HA], and [A-] to be determined and the diffusion 
layer profiles for all species to be calculated. 

Calculation of Film Thickness (h)-The Levich rotating-disk model 
provides a technique for following the dissolution of a solid drug from 
a compressed disk that maintains a constant surface area during disso- 
lution. The Levich (15) model defines the film thickness as: 

h = 1.612D1/3~'/6w-1/2 (Eq. 31) 

where D is the diffusivity, u is the kinematic viscosity of the medium, and 
w is the angular velocity in radians per unit time. 

The Levich theory used here is based on a single diffusing species with 
the boundary layer thickness dependent on the diffusion coefficient of 
that species to the one-third power (15). In the current study, there are 
several diffusing species with different transport properties; thus, the 
assumption of a constant-thickness boundary layer may not be correct 
where the diffusivity of a possible reaction- and flux-controlling species, 
e.g., hydroxide ion, is significantly different from that of the acid, HA. 
As will be seen later, the total flux equation (Eq. 22) can collapse to where 
the diffusivity of hydroxide ion becomes a dominant term. Thus, the error 
contribution to the calculated fluxes could occur only at  high pH. How- 
ever, the differences in the calculated boundary layer thickness consid- 
ering the differences in the diffusivities are dampened by the one-third 
power dependency of the thickness on diffusivity. Although it may be 
possible to derive a theoretical extension of the Levich approach for a 
multispecies system, it will be assumed that the simplified theory of a 
single-thickness layer presented here is reasonabb considering the scope 
and intent of this work. 

The Noyes-Whitney or Nernst-Briinner model describes the flux (J) 
necessary to consider [HA]o, the intrinsic solubility of the acid, K,; the 
dissociation constant of the acid, and the diffusivities of the acid, hy- 
drogen, and hydroxide ions. 

1 Honeywell model 66/60, A copy of the procedure and program can be obtshed 
from V. J. Stella. 
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of the acid under sink conditions, where no chemical reactions occur, as 
J = DHACs/h, where C, is [HA]o. 

By combining this equation and Eq. 31, the following expression is 
obtained 

J = O . ~ ~ D ~ ~ V - ' / ~ C , W ~ / ~  (Eq. 32) 

where J is proportional to the square root of the rotation speed. 

EXPERIMENTAL 

Materials-Benzoic acid2, 2-naphthoic acid3, and indomethacin4 were 
obtained in the pure, crystalline form. Benzoic acid was used as supplied, 
while 2-naphthoic acid was recrystallized from 95% ethanol according 
to the method of Perrin et al. (21). Indomethacin, despite high purity, 
was not in a suitable form for disk formation under high compression. 
Using a method described by Pakula et  al. (22), the a-form of indo- 
methacin was prepared, which is the lowest melting form of the compound 
but has been shown by Pakula et al. (23) to be stable. 

All other chemicals were reagent grade and were not purified fur- 
ther. 

Solubility and pKa Determinations-The intrinsic solubility (i.e., 
the solubility of the undissociated species) of a monoprotic weak acid and 
its corresponding pKa may be determined simultaneously by measuring 
the total solubility of the acid as a function of pH under controlled ionic 
strength and temperature conditions. This method was described pre- 
viously (24, 25) and is readily applied to compounds of poor aqueous 
solubility. This solubility method was used to determine the solubilities 
and pKa values of the acids a t  an ionic strength of 0.5 (with potassium 
chloride) and 25 f 0.5" in a range of hydrochloric acid or 0.1 M acetate 
hullers. 

Excess solid acid was shaken for a t  least 48 hr in vials containing -10 
ml of buffer a t  25 f 0 . 5 O  in a shaking water bath5. In all cases, 48 hr was 
sufficient for obtaining equilibrium solubility. Indomethacin is subject 
to decomposition by light and hydrolysis (26-28) in aqueous solutions. 
By excluding light from the vials and optimizing the equilibration time, 
these problems were shown to be insignificant. I t  was approximated from 
data given by previous investigators that  the half-life for hydrolysis in 
the pH region of interest (pH 2-5) was considerably longer than the time 
required for equilibration during the solubility studies. 

After equilibration, the solutions were filtered using a 5.0-fim mem- 
brane filter6, and portions of the filtrate were diluted appropriately with 
0.1 M HCl. Concentrations of all compounds were measured using a 
UV-visible spectrophotometer7 with the appropriately diluted buffer 
solution as the reference. The wavelengths and molar absorptivity for 
measurement of the three acids are given in Table I. The pH of the filtrate 
prior to detection was measured at  25" using a combination microelec- 
trodeE and a pH meter8. All samples were run a t  least in duplicate. 

Determination of Dissolution Rates-The procedure for following 
the initial dissolution rates of the three acids was similar to that of Tsuji 
et al. (17) and Underwood and Cadwallader (13). The apparatus (Fig. 
2) was based on the rotating-disk method of Nogami et al. (29) and Wood 
et al. (14). It consisted of three main parts: the dissolution cell and ro- 
tating disk, the pH-stat with a measuring electrode, and the detection 
system for continuous monitoring of the bulk solution concentration in 
the dissolution cell. 

The dissolution cell consisted of a water-jacketed beaker maintained 
at  25 f 0.1°9. The dissolution medium (250 ml) was placed in the cell into 
which was immersed a combination pH electrode, a Plexiglas disk hold- 
erl0 with a shaft, and a titrant delivery tube. Also, two sampling tubes, 
which were connected to a flowthrough system, were placed in the solu- 
tion at  set positions to sample and return the solution during a dissolution 
run. 

The shaft and disk holder were rotated by an overhead synchronous 
motor of variable speed" that was calibrated by a tachometer12. Disks 
of solid material, previously compressed to a precise size, were inserted 
into the holder to form a surface flush with that of the disk holder. The 

Fisher Scientific Co., Fair Lawn, N.J. 
Aldrich Chemical Co., Milwaukee, Wis. 
Merck Sharp & Dohme, West Point, Pa. 
American Optical Corp., Buffalo, N.Y. 

Radiometer Instruments, Copenhagen, Denmark. 

6 Gellman Metrical, 13 mm. ' Cary Instruments model 118. 

9 Model Fe Haake Instruments, Karlsruhe, West Germany. 
lo  Manufactured at the University of Kansas. 
l1 Model T2, G. K. Heller Corp., Floral Park, Long Island, N.Y. 

Tak-ette, Power Instruments, Skokie, Ill. 

Table I-Spectral Characterist ics of the Three Carboxylic Acids 
Used in Solubility Studies (25") 

Xman Solvent for 
Compound nm €molar Measurement 

Benzoic acid 229 11,375 0.01 M HC1 
2-Naphthoic acid 235 54,332 0.01 M HCl 
Indomethacin 264 17,926 0.01 M HC1 

or 0.1 M 
acetate buffer 

pH electrode and titrant tubing were connected to the pH-stat assembly, 
which continuously monitored the pH of the medium during a dissolution 
run and delivered titrant to maintain a predetermined pH within that 
medium. Once steady-state conditions were reached during a dissolution 
run, the titrant was delivered at a constant rate, which was dependent 
on the release rate of acid from the disk and the concentration of titrant 
used. In all cases, sodium hydroxide solution was the titrant and ranged 
from 0.01 to 0.5 M, depending on the acid and the pH being main- 
tained. 

The continuous monitoring device was a flow system with a UV spec- 
troph~tometer '~.  The spectrophotometer, equipped with a flowcell with 
a 1-cm path length, was set to measure the acid concentration in the bulk 
solution a t  the optimum wavelength of absorbance for each compound 
after standardization. A peristaltic pump14 circulated the solution using 
silicon tubing of fine bore (4.1 mm 0.d. X 0.76 mm i.d.); the remainder 
of the tubing was made of polytefI5 (1.5 mm 0.d. X 0.8 mm i.d.\ to reduce 
potential adsorption during an experiment. 

When dissolution experiments were performed under acidic conditions 
(i.e., pH 2.00), the pH-stat system was not required due to the suppression 
of any ionization of the dissolving acid. However, to maintain consistmt 
hydrodynamics between runs performed a t  varying pH, the pH electrode 
and delivery tubing were not removed. T o  determine if the compounds 
dissolved by a diffusion-controlled mechanism, the dissolution rates of 
the acids were measured (where possible) a t  pH 2.00 over a range of 
rotation speeds. 

Disk Preparation-Individual disks of 200-500 mg of each compound 
were compressed a t  4.5 X lo3 kg for 1 min using an IR potassium bromide 
pellet punch and die16 in a hydraulic pressI7. The disks were 1.3 cm in 
diameter and of varying thickness, depending on the amount and com- 
pressibility of the material used. Benzoic acid and 2-naphthoic acid were 
compressed directly, but indomethacin presented some difficulty due 
to capping. The y-polymorph of indomethacin (mp 160-162°) was the 

J n 

U V  SPEC b 
Figure 2-Diagram of the rotating disk and cell, the pH-stat and con- 
centration monitoring devices, the combination electrode (A), the 
Plexiglas disk holder with disk (B), the recorder for concentration versus 
time readout (C), the peristaltic pump (Dj, the thermostated-jacketed 
dissolution cell (E), the water jacket inlet (Fj, the water jacket outlet 
(G),  the delivery tubing from the pH-stat (H), and the circulating tubing 
for the UV flowcell (J).  

Carl Zeiss, New York, N.Y. 
l4 Masterflex, Cole-Parmer, Chicago, Ill. 
l6 Rainin Instrument Co.. Brighton, Mass. 
l6 Coleman Products, England. 
l7 Carver Press, Fred Carver, N.J. 
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5 0  100 150 200 
l / [ H * I  X 10-3,M-'  

Figure 3-plot of total solubility ofindomethacin at 2 5 O  versus lI[H+] 
for equilibrated 0.1 M acetate buffers, p = 0.5 (potassium chloride); SO 
i s  obtained from the intercept, and K, is obtained from the slope. 

worst for disk formation, while the a-form was suitable. 
According to IR measurements (23) before and after compression, no 

appreciable amount of y-indomethacin was formed during compression 
so th'e disks were regarded as being of uniforn a-indomethacin. Where 
disk formation was hindered by capping and sticking, the material was 
compressed once, ground, and recompressed. Again, no apparent poly- 
morphic changes were observed in the slugged a-indomethacin. It was 
assumed that the surface area of the disk did not change during disso- 
lution, even though some pitting was seen with the more soluble com- 
pounds. 

The rotation speed of the mounted disk was varied from 50 to 900 rpm, 
which corresponds to Reynolds numbers of 226-3983 as defined by: 

r2o  
R e = -  

V 
(Eq. 33) 

where Re is the dimensionless Reynolds number and r is the radius of 
the disk. The Reynolds number range calculated here is well below that 
quoted by Levich (15) for transition from laminar to turbulent flow at 
the disk surface. 

RESULTS AND DISCUSSION 

Solubility and pKa-The total solubility of a monoprotic weak acid 
in aqueous solution is equal to the sum of the concentrations of the species 
appearing in solution at  equilibrium, i.e.: 

S = [HA10 + [A-] (Eq. 34) 

where S represents the total solubility and [HA10 and [A-] are as defined 
previously. Combining Eq. 34 with the K, expression for the acid 
y i e 1 d s : 

(Eq. 35) 

where [H+] is the hydrogen-ion concentration at  equilibrium. A plot of 

Table 11-Measured Intrinsic Solubilities and K. Values for 
Benzoic Acid, 2-Naphthoic Acid, and Indomethacin at 25" 
(f0.5') and a n  Ionic Strength of 0.5 with Potassium Chloride 

Intrinsic 
Solubility 

Compound (HAo), M Ka pKa ra 

Benzoic acid 2.16 X 9.25 X 4.03 0.9999 
2-Naphthoic acid 1.3 X 9.64 X 4.02 0.9998 
Indomethacin 2.62 X 6.70 X 4.17 0.9996 

Correlation coefficient from plots of S uersus I/[H+] (Eq. 35). 

0 1 2 3 4 5 6 7 8  

w%, (radians/sec)% 
Figure 4-ptot of the flux, J, of benzoic acid as a function of the square 
root of the rotation speed, u, in 0.01 N HCI, jt  = 0.5 (potassium chloride) 
at 25O. 

S uersus l/[H+] yields an intercept of [HA10 and a slope of K,[HA]o. 
Dividing the intercept into the slope gives K,. Figure 3 is such a plot for 
indomethacin. Similar plots were obtained for the other two acids, and 
the results are summarized in Table XI. 

Dissolution Rate as Function of Rotation Speed-The adherence 
to the Levich model for the dissolution of benzoic acid, 2-naphthoic acid, 
and indomethacin was examined. It was studied at a bulk solution pH 
of 2.00 for benzoic and 2-naphthoic acids. Indomethacin was too insoluble 
a t  this pH to give an accurate initial dissolution rate, especially a t  the 
lower rotation speeds. Hence, its dissolution rate study was carried out 
a t  pH 7.00. 

It was assumed that the hydrodynamics at pH 7.00 were similar to 
those at pH 2.00. A t  the highest rotation speeds, an estimate of the initial 
dissolution rate of indomethacin was made at  bulk pH 2.00. Indomethacin 
dissolution rates a t  pH 7.00, as a function of rotation speeds, were de- 

9- 

8 -  

7 -  

6- 
z 

w % ,  (radians/sec)" 
Figure 8-plot of the flux, J, of2-naphthoic acid as a function of the 
square root of the rotation speed, w ,  in 0.01 N HC1, jt  = 0.5 (potassium 
chloride) at 25'. The error bars represent the standard deviation for 
each point. 
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Table 111-Data Obtained from Plots of J versus u1/2 fo r  
Benzoic Acid, 2-Naphthoic Acid, and Indomethacin 

Calculated 
Slope Diffusivity 

(Levich from Slope, 
Compound Plots)a cm2/sec r b  

Benzoic acid 1.594 X 9.6 X 0.9996 
2-Naphthoic acid 1.003 X 6.1 X 0.9986 
Indomethacin 4.889 X 5.0 X ' s d  0.9613 

7 -  

6 -  

5 .  
"3 z 
0 4 -  
% 

X 

. N . 6 3. 
E" 

(I Slope = 0.62D2'3uy-'~6C from Eq. :36. Correlation coefficient for least-squares 
Surface linear plotofJuersus U ~ / ~ . ' ' C  Using 1, = 9.77 X lo-" Stokes from Ref. 31. 

pH calculated Irom Eq. 20. 

termined with the pH-stat to maintain the bulk solution pH. It was as- 
sumed that a change in the rotation speed did not affect the mixing of 
the added base during dissolution. The results of the dissolution rates 
versus w112 are given for each compound in Figs. 4-6. A summary of the 
slopes and diffusivities is given in Table 111. 

The linearity, intercepts, and slopes obtained in Figs. 4 and 5 suggest 
that  a truly diffusion-controlled mechanism operates in the dissolution 
of benzoic and 2-naphthoic acids under acidic bulk pH. However, the 
indomethacin data do not agree with the theory in view of the pronounced 
nonzero intercept. The results suggest that  dissolution occurs when the 
disk is static. The Levich theory considers only a forced-convection 
component due to rotation and ignores other mechanisms, such as natural 
convection, which may occur at low rotation speeds. 

There are several possible reasons for the nonzero intercept with in- 
domethacin. One is that the intrinsic error in the curve is large, as noted 
by the large standard deviations a t  each point, because the initial disso- 
lution rates of indomethacin are slow and subject to greater errors than 
are those of the other two acids. Another possible cause is that  the pH 
of the solution may influence the kinetics such that, with a compound 
as sensitive to changes in the bulk conditions as indomethacin, an addi- 
tional mechanism at the surface may influence the dissolution. The 
possible source of this pH effect could be the assumption that the 
boundary layer thickness is dependent only on the diffusivity of the acid 
(HA) and not on the diffusivities of hydrogen and hydroxide ion, whose 
effects may be rotation rate dependent (see Theoretical). The source of 
an additional mechanism is unclear and was not investigated in the 
present study. 

Theoretical and Observed Diffusion Coefficients-Tsuji et al. (17) 
found good agreement between diffusion coefficients derived from the 
Levich analysis of the dissolution rate and those determined by the dif- 
fusion cell method of Goldberg and Higuchi (30). Diffusion cell mea- 
surements were not performed for benzoic acid, 2-naphthoic acid, and 
indomethacin in the present study; literature values were used instead. 
Diffusion coefficients determined under identical conditions to those used 
here (25' a t  p = 0.5 with potassium chloride) are not found in the liter- 
ature, but approximations are given in Table IV. 

Flynn et al. (31) reviewed various ways of calculating diffusion coef- 
ficients in liquid and gaseous systems. The most commonly accepted way 
is to use the Stokes-Einstein equation which predicts that  D is propor- 
tional to where M is the molecular weight of the diffusing mole- 
cule. 

Dayal et al. (34) showed that there is a good correlation between dif- 
fusivity and molecular weight to the negative one-half power of many 
organic compounds of pharmaceutical interest. This square root rela- 
tionship would be consistent with drug molecules being planar rather 
than spherical. 

To calculate the diffusivity from the Levich plot (Fig. 6) for indo- 
methacin, the total concentration of ionized and unionized acid must be 

i I / a2r 1 

I I 

0 2 4 6 8 1 0  
w x ,  (radianshec)" 

Figure 6-Hot of the flux, J, of indomethacin as a function of the square 
root of the rotation speed, w, in 0.5 M KC1, adjusted and maintained 
a t  pH 7.00 by a pH-stat at 25'. Error bars represent the standard de- 
viation for each point. 

known a t  X = 0. By assuming a value of D A  in Eq. 17 and also the dif- 
fusivities of H+ and OH-, [H+]o for bulk pH 7.00 may be calculated. A 
value of 5.6 X cm2/sec for DHA was calculated from the square root 
relationship, using benzoic acid as the reference. Having calculated [H+]o, 
the total indomethacin concentration at X = 0 can be obtained using Eq. 
35. On substitution of this value for C,  into the Levich equation slope 
obtained from Fig. 6: 

slope = 0.62D2/3v-1/6C, (Eq. 36) 

a value for the slope of 4.88 X is calculated. Hence, good agreement 
is shown between the experimental and calculated values for the slope 
if a D A  value of 5.6 X cm2/sec is assumed. This substitution also was 
tried using the Stokes-Einstein equation as a means of estimating the 
indomethacin diffusivity, but it failed to give a set of values as close as 
those from the square root relationship. Due to the presence of swamping 
electrolyte in the dissolution medium (0.5 M KC1) in all further calcu- 
lations, the diffusivities of the conjugate bases of the acids are assumed 
to be equal to those of the acids. 

Hydrogen and hydroxide-ion diffusivities have been discussed in the 
literature (32,35-38). Many determinations have been performed using 
conductivity to obtain the diffusivities of the ions. However, according 
to Erdey-G& (37), care must be exercised in using diffusivity values from 
these sources since diffusional forces exerted on an ion in an electric field 
or across a potential gradient may not be identical to those in a neutral 
medium. 

Stokes (35) determined the diffusivity of hydrochloric acid using a 
porous frit method and conditions similar to those employed here. He 
found a value of DH = 3.1 X cmz/sec at 2 5 O ,  which is very close to 
the diffusivity of the hydroxide ion found by Higuchi et al. ( 5 )  in 0.75 M 
NaCl a t  2 5 O ,  DOH = 2.92 X cm2/sec. In the present study, it will be 
assumed that hydrogen and hydroxide ions have equal diffusivities (ig- 
noring the effects of dissimilar hydration and ionic geometry in solution) 
which approximate the value for the self-diffusion of water. The value 

Table IV-Diffusivity Data  Available for  Benzoic Acid, 2-Naphthoic Acid, and  Indomethacin 

DeXpa Dtheory 
Molecular (25O, p = 0.5) (Stokes-Einstein), Dtheory *, Dliterature. 

Cnmnniind Weieht cm2/sec cmzlsec cm2Isec cm2/sec 

Benzoic acid 122.1 9.6 x 6.63 x lo-& 8.90 X 11.0 x 10-6 = 

2-Naphthoic acid 172.2 
12.1 x 10-6 

6.1 X 6.11 X f 8.08 X g - 

5.6 x g 4.80 X 5.60 X g - Indomethacin 357.8 

From Figs. 4-6. * Using the square root relationship. Using p = 1.266 g/ml, T = 29S°K, and 1 = 9.97 X poise. Using o-aminobenzoic acid as the reference 
Using benzoic (D = 8.4 X 

acid as a comparison. 
cm2/sec) at 25' in water from Ref. 33. In water at 25' ( p  = 0 )  from Refs. 5 and 22. f Using p = 1.40 g/ml (T  and 7 as for benzoic acid). 

Using 2-naphthoic acid as a comparison. 
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Table V-Initial Dissolution Rate Data for Benzoic Acid in 0.5 M 
KC1 (p = 0.5) with Varying Bulk Phase pH * 

Jobs, Jtheor', 
pHob moles/cm2/sec moles/cm2/sec 

PHbulk (x = 0) X los ( fSD)  x 108 

2.00 2.00 9.39 (f0.30) 9.06 
3.00 2.83 - 9.55 
4.00 3.05 - 9.93 
5.00 3.08 - 9.98 
6.00 3.08 - 9.99 
7.00 3.08 9.60d 9.99 
8.00 3.08 9.16 (f0.43) 9.99 
9.00 3.08 9.91 (f0.56) 9.99 

10.00 3.11 9.50 (f0.33) 10.05 
11.00 3.33 10.73 (f0.43) 10.08 
11.20 3.45 11.14 (f0.10) 11.33 
11.40 3.60 12.17 ifo.39j 12.33 
11.70 3.87 14.58 (f0.43) 15.22 
12.00 4.16 23.23 (f1.12) 21.19 
12.30 4.46 33.53 (f3.10) 33.21 
12.61 4.77 64.38d (f5.20) 58.38 
13.04 5.20 136.31 141.89 

~ 

,I Rotation speed of the disk was 450 rpm for all dissolution rate measurements 
( h  = 2.31 X cm). Calculated from Eq. 20. Calculated from Eq. 22. d Mean 
taken from at least two determinations. 

assigned to the diffusivity of hydrogen ion and hydroxide ion was DH = 
DOH = 2.80 X cm2/sec. 

Initial Dissolution Rates as a Function of Bulk Solution pH-The 
initial dissolution rates of benzoic acid, 2-naphthoic acid, and indo- 
methacin are given in Tables V-VII. These tables include the predicted 
or theoretical dissolution rates based on Eq. 22. To calculate these the- 
oretical dissolution rates for given values of [H+]h and [OH-]),, diffusion 
coefficients, [HA10 values, and equilibrium constants are used as previ- 
ously determined or calculated. For comparative purposes, the relative 
dissolution ratio, R, is used, which normalizes the dissolution rates of all 
of the acids to the rate at pH 2.00, where the undissociated species is the 
only diffusant; R is defined by: 

J R = -  
Jn 

(Eq. 37) 

Both Rtheor (theoretical) and Robs (experimental) values are plotted 
versus bulk solution pH in Fig. 7. It can be seen from Eq. 37 thatR is 

Table VI-Initial Dissolution Rate Data for 2-Naphthoic Acid in 
0.5 M KCl ( p  = 0.5) with Varying Bulk Phase pH a 

Jobs, Jtheordr 
PHO moles/cm2/sec moles/cm2/sec 

PHbulk (x = 0)  X 1O'O ( Z ~ S D ) ~  x 10'0 

2.00 2.00 4.28 (f0.18) 4.02 
2.50 2.50 4.75 (f0.01) 4.10 
2.65 2.65 4.91 (f0.25) 4.15 
3.00 3.00 4.94 (f0.13) 4.36 
3.50 3.49 5.85 (f0.17) 5.16 
4.00 3.91 7.84 (f0.34) 7.11 
4.50 4.15 10.28 (f0.64) 9.42 
5.00 4.24 11.85 (f0.151 10.64 
6.00 4.28 i3.30 ifo.4oj 11.24 
7.00 4.28 13.82 (f0.61) 11.31 
8.00 4.29 13.59 (f0.43) 11.38 
8.50 4.29 14.17 (f0.97) 11.63 
9.00 4.32 14.99 (f0.24) 12.04 
9.20 4.35 16.15 (f0.56) 12.50 

.9.50 4.41 18.24 (f1.07) 13.85 
10.05 4.69 27.36 if0.70) 22.58 
10.20 4.80 34.62 (f1.45) 28.37 
10.50 5.07 56.22 (f0.92) 49.43 
10.70 5.27 - 74.90 
11.00 5.56 - 144.36 

a Rotation speed of the disk was 450 rpm for all dissolution rate measurements 
(h  = 1.99 X cm). Calculated from Q. 20. Standard deviation from at  least 
three determinations. Calculated from Eq. 22 and h calculated from Eq. 31. 

Table VII-Initial Dissolution Rate Data for Indomethacin in 0.5 
M KCl ( p  = 0.5) with Varying Bulk Phase pHa 

PHbulk 
2.00 
2.50 
2.65 
3.00 
3.50 
4.00 
4.50 
5.00 
6.00 
7.00 
7.50 

pHob 
(X = 0 )  

2.00 
2.50 
2.65 
3.00 
3.50 
4.00 
4.49 
4.89 
5.19 
5.23 
5.24 

Jobs, 
moles/cm2/sec 
X (fSD)c 

12.17 (f3.0) 

26.987f1.9) 

30.99 (53.38) 

80.60(f9.6) 
133.59 (f12.9) 
150.63 (f11.5) 
166.00 (f2.7) 

- 

- 

Jtheord, 
moles/cm2/sec 

x 10'2 

8.82 
8.94 
9.02 
9.34 

10.61 
14.60 
26.70 . 
54.80 

100.06 
108.02 
110.44 

8.00 5.26 181.38 (f10.2) 116.68 
138.04 8.50 5.34 
158.32 8.70 5.41 

9.00 5.56 338.16 (f9.3) 222.75 

227.21 (f8.3) 
253.23 (f23.8) 

9.20 5.71 - 307.85 
9.50 5.97 - 557.83 

a Rotation speed of the disk was 600 rpm for all dissolution rate measurements 
( h  = 1.67 X cm). Calculated from Eq. 20. Standard deviation from at  least 
three determinations. d Calciulated from Eq. 22 and h calculated from Eq. 31. 

independent of h, the diffusion layer thickness. Hence, benzoic acid and 
2-naphthoic acid data obtained at  450 rpm can be compared directly to 
the indomethacin data obtained at  600 rpm. For the calculation of the 
theoretical dissolution rates, h, as defined by the Levich relationship, 
was used for each compound at its designated rotation velocity as given 
by Eq. 31. 

Tables V-VII indicate that, in all cases, there is reasonable agreement 
between the theoretical and predicted quantities, Jtheor, and those ob- 
tained by experiment, Job. The theoretical values are based entirely on 
equations derived previously. Only independently determined or esti- 
mated parameters (i.e., DHA and [HA]o) are used in these equations and 
no curve fitting actually was done. 

The poorer agreement between Jtheor and Job (Table VII) relative to 
and Rob (Fig. 7) for indomethacin suggests that the value for either 

DHA or [HA10 may be off. That is, if the solubility or diffusivity of in- 
domethacin is underestimated by -30%, it would account for the dif- 
ferences noted. 

Figure 8 is a plot of the pH at the solid-liquid interface, p&, calculated 

30 - 
26 - 

22 - 
18- 
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2 
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h 14- 
10 - 

6 -  

PHbulk 

Figure 7-Relative dissolution rate, R, versus pHbulk  for several car- 
boxylic acids a t  25O, p = 0.5 (potassium chloride) using a pH-stat to 
maintain constant pHbulk. The solid lines are those predicted by Eq. 
22, and the data points are those experimentally determined; Jo refers 
to the dissolution rate a t  pH 2.00, p = 0.5. Key: A, indornethacin; D, 
2-naphthoic acid; and 0,  benzoic acid. 
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Figure 8-Plot showing the relationship between the calculated pH 
at  X = 0, pHo, and pHbulk for the dissolution of seueral carboxylic acids, 
where water and hydroxide ion are the only bases in the dissolution 
medium. Key: 1, indomethacin; 2, 2-naphthoic acid; and 3, benzoic 
acid. 

from Eq. 20 as a function of the bulk solution pH, pHbulk, for each com- 
pound. In all cases, there are three clearly defined regions, which can be 
explained in terms of Eq. 22. The only parameters that differ between 
the compounds are the diffusivity (DHA and DA) and the intrinsic solu- 
bility ([HAIo), assuming that the KO values at p = 0.5 are approximately 
equal. 

At very acidic bulk solution pH values, the pH at  the solid-liquid in- 
terface equals that of the bulk because the hydrogen-ion concentration 
in the bulk solution is sufficient to suppress dissociation of the dissolving 
acids in the diffusion layer. Hence, the total concentration of the acid 
species at the solid-liquid interface is determined by the bulk solution 
pH or hydrogen-ion concentration and is the intrinsic solubility of the 
acid. Under these conditions, Nernst conditions exist since pHo equals 
pHbulk. At lower bulk hydrogen-ion concentrations (larger pHbulk), the 
acid dissociates to its conjugate base and hydrogen ions. This provides 
a larger total acid species concentration at  X = 0, but hydrogen ions still 
limit the degree and amount of dissociation. As the bulk pH is increased 
or as [H+]h decreases, benzoic acid, which is the most soluble of the acids 
studied, contributes to its own diffusion layer pH microenvironment a t  
X = O  

K ,  [HA10 = [H+lo[A-lo = W+IE (Eq. 38) 

Alternatively, benzoic acid can be said to self-buffer the pH microen- 
vironment of its diffusion layer. In Fig. 8, this is represented as a plateau 
between pHbulk of -3.0 and 11.0. In this region, pHo changes very little 
and remains at the pH value of -3.08. This value would be the approxi- 
mate pH of a saturated benzoic acid solution in 0.5 M KCl at 25'. In this 
region, the flux expression, Eq. 22, may be approximated by: 

(Eq. 39) 

Since benzoic acid self-buffers at pH -3.0, the increase in the total 
benzoate species concentration at X = 0 over a wide range of bulk pH is 
only -10% of that at bulk pH 2.00, where ionization is essentially sup- 
pressed. Therefore, the relative dissolution rate for benzoic acid changes 
very little in this region. 2-Naphthoic acid and indomethacin, being less 
soluble than benzoic acid by factors of -lo2 and lo4, respectively, are less 
able to control or self-buffer the diffusion layer pH microenvironment 
at X = 0. Hence, lower hydrogen-ion concentrations in the bulk solution 
are required than for benzoic acid for the deviation from Nernst behavior 
to be observed. This change occurs a t  a pHbulk of -4.30 for 2-naphthoic 
acid and at a pHbulk of -5.20 for indomethacin. These pH values corre- 
spond again to those of saturated solutions of the two acids in 0.5 M KC1 
at 25O. 

The plateau pHo values of 2-naphthoic acid and indomethacin corre- 
spond to 2.65 and 11.35 times, respectively, the total acid species con- 
centration at x = 0 as there are at pHbulk 2.00. Hence, the dissolution 
rates of 2-naphthoic acid and indomethacin are much more sensitive to 
changes in the bulk solution pH. This stresses the importance of the in- 
trinsic solubility of the acid in determining its dissolution rate depen- 
dency on pH. The KO of the acids also is important since it will determine, 
in combination with the intrinsic solubility, when deviation from Nernst 
behavior occurs with a change in bulk solution conditions. 

With a further increase in the bulk solution pH, control of the disso- 
lution rate also is affected by hydroxide ion diffusing in from the bulk 
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Figure 9-Plot of the total dissolution rate of 2-naphthoic acid, J, as 
a function of the hydroxide-ion concentration difference across the 
diffusion layer of a rotating disk at 450 rpm. 

solution, which reacts with the acid according to the equilibrium ex- 
pression represented by Eq. 3. Thus, the total flux of the acid now in- 
cludes the hydroxide-ion term, Do~([oH-]h - [OH-Io), because it nu- 
merically approaches the values of the other terms in the equation. A 
similar expression and interpretation was given by Higuchi et al. (5). The 
pHo rises a t  a rate that is directly dependent on the rate and amount of 
hydroxide ion diffusing in. Indomethacin, being poorly soluble, has little 
self-buffering capability and shows a sharp rise in its relative dissolution 
rate a t  a bulk pH of -7.5.2-Naphthoic acid is of intermediate solubility 
and shows a rise in its dissolution rate a t  a bulk pH of -9.50 because the 
bulk hydroxide-ion concentration must be higher than that for indo- 
methacin to overcome the greater self-buffering ability of 2-naphthoic 
acid at  X = 0. Finally, at pH -11.00, the considerable self-buffering ca- 
pability of benzoic acid is overcome and an increase in the dissolution 
rate ensues with continued pHbulk increase. 

Further information can be derived from the profiles summarized in 
Fig. 7 if the terminal portion of the dissolution rate uersus PHbulk curve 
follows a limiting case of Eq. 2 2  

(Eq. 40) J = constant + - ([OH-]h - [OH-Io) 

The [H+]o - [H+]h term in Eq. 22 is not actually constant since any 
change in [OH-] must give a corresponding change in [H+]. However, at 
high bulk pH values, the hydrogen-ion term becomes negligible with 
respect to the hydroxide-ion term. A plot of Juersus [OH-]h - [OH-]o 
is shown in Fig. 9 for 2-naphthoic acid. In fact, [OH-]o is negligible rela- 
tive to [OH-]h for all of the acids in this pH range, with a plot of J uersus 
[OH-]h having an essentially identical slope to  that predicted from Eq. 
40. Similar plots were made for benzoic acid and indomethacin, and the 
results are summarized in Table VIII. 

The slopes of the three plots render values for the hydroxide-ion dif- 
fusivity that range from 2.63 X cm2/sec. A mean dif- 
fusivity of 2.79 X cm2/sec was determined, and this value was chosen 
for DH and DOH in the preceding theoretical calculations. Again, the 
assumption was made that the boundary layer thickness, h, used to cal- 
culate DOH from the slopes in Table VIII is that calculated for the acid 
flux dependency on w1I2. This assumption seems reasonable considering 
the good correlation between the experimental and calculated flux results 
and the consistency of the DOH values. Nevertheless, it is an assumption 
open to question. 

Apart from allowing an estimate of DOH for this system, Eq. 40 also 
shows that at extremely high hydroxide-ion concentrations, the fluxes 
of all of the acids are identical and independent of the properties of the 
acid: i.e., both the constant terms and lOH-10 are negligible relative to 

DOH 
h 

to 3.04 X 

. -  _ _  
the [OH-]h term. 

Concentration Profiles and DH across Diffusion Laver-Figure - 
10 shows idealized sections of the diffusion layer for benzoic acid, 2- 
naphthoic acid, and indomethacin a t  various bulk solution pH values. 
The fractional distance across the diffusion layer is calculated as Xlh.  
Fractional concentrations are given by dividing the concentration of the 
species a t  X = 0 into that a t  X = X in the case of HA, A-, and H+ or by 
dividing the concentration of the species at X = h into that a t  X = X for 
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Figure 10-Idealized diffusion layer cross sections for benzoic acid, 2-naphthoic acid, and indomethacin, showing the fractional concentration 
profiles with the fractional distance across the fi lm as calculated from Eqs. 30 and 31. Calculated ualues of pH across the film in each case also 
are included. Key: 0,  [HA]; - -, [AA-] ;  e, [H+I;  X, [OH-]; -, PH; A, pHbulk 4.00; B, pHbulk 7.00; c, pHbulk 9.00; and D, pHbulk 11.00. 

OH-, which diffuses in the opposite direction to that of the other species. 
These functions normalize the data across the diffusion layer and facil- 
itate comparison of concentration profiles for different compounds at  
the same bulk solution pH or for the same compound at different bulk 
solution pH. However, these values are useful only for comparative 
purposes and are obtained from the absolute data derived from Eq. 30 
and its dependent equations. 

The ability of benzoic acid to self-buffer the diffusion layer as [H+]h 
varies is seen in Fig. 10 by observing the pH changes across the diffusion 
layer as a function of the bulk solution pH. Only at  the rather high bulk 
solution pH of 11.00 does the hydroxide ion significantly affect pHo and, 
thus, increase the dissolution rate. 2-Naphthoic acid shows its ability to 
self-buffer between pHbulk 4.0 and 9.00, after which the diffusion of hy- 
droxide ion begins to affect the dissolution rate. Indomethacin, as dis- 
cussed previously, is less able to effect its own pH microenvironment of 
the diffusion layer. In this case, the bulk solution pH largely determines 
pHo and, therefore, the dissolution rate of the drug under these condi- 
tions. 

Table VIII-Hydroxide-Ion Diffusivity Calculated from the 
Slopes of the Jobs versus [OH-]j, - [OH-lo Plots for Benzoic 
Acid, 2-Naphthoic Acid, and Indomethacin 

~ 

Slope" h x lo3 b, DOH X lo5, 
Comaound x 108 cm cmZ/sec rc 

Renzoic acid 1.174 2.29 2.69 0.9964 
ZNaphthoic acid 1.334 1.97 2.63 0.9987 
Indomethacin 1.826 1.67 3.04 0.9898 

~ ~~ 

(I Units for [OH-] are moles per square centimeter. * Calculated from Eq. 31. 
Correlation coefficient for each plot. 

From the way in which the model has been developed, the diffusion 
layer thickness, h, from the Levich relationship has been taken as an 
absolute distance from the solid-liquid surface to where perfect mixing 
of the bulk solution abruptly occurs. This was shown by Levich (15), in 
electrochemical model systems, not to be totally correct. Rather, the 
concentration changes are more continuous around X = h. He showed 
that direct use of the postulated diffusion layer thickness in the Nernst 
relationship underestimates the true diffusion layer thickness and ap- 
proximates the shape of the concentration profile. Gregory and Riddiford 
(39) also demonstrated that h is represented more correctly by a more 
complex expression than that used by Levich. However, the Levich- 
Nernst combination is a good approximation to the real situation, as 
supported by the agreement between the theory and the experimental 
data over wide ranges of bulk solution conditions in the present study. 

CONCLUSIONS 

The rotating-disk dissolution apparatus, combined with a potentio- 
metric technique to maintain the bulk solution pH, has been demon- 
strated to be a convenient and precise system for the determination of 
dissolution rates of solid monoprotic acids into aqueous media. With 
minor modifications, the system is adaptable to the study of mass 
transport of basic compounds under similar conditions. 

A theoretical approach has been presented to describe the factors that 
determine the dissolution rates of monoprotic acids into an unbuffered 
but constant pH aqueous solution where a simultaneous chemical reac- 
tion occurs with water and hydroxide ions of the bulk solution. The model 
adequately describes the initial dissolution rates of three carboxylic acids 
having a broad range of solubility properties under various pH conditions. 
The concept of a pH microenvironment within the diffusion layer is used 
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to explain the influence of several factors, such as the bulk solution pH, 
solubility, and diffusivity, on the dissolution rate of the acids. 
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Abstract The dissolution behavior of 2-naphthoic acid from rotating 
compressed disks into aqueous buffered solutions of constant ionic 
strength ( p  = 0.5 with potassium chloride) at 25’ was investigated. A 
model was developed for the flux of a solid monoprotic carboxylic acid 
in aqueous buffered solutions as a function of the solution pH and the 
physicochemical properties of the buffer. The model assumes a diffusion 
layer-controlled mass transport process and a simple, instantaneously 
established reaction equilibrium between all reactive species (acids and 
bases) across the diffusion layer. Using intrinsic solubilities, pKa values, 
and diffusion coefficients, the model accurately predicts the dissolution 

of 2-naphthoic acid as a function of the bulk solution composition. The 
concentration profiles of all species across the diffusion layer are gener- 
ated for each buffer concentration and bulk solution pH, including the 
pH profile within the microclimate of the diffusion layer and the pH at  
the solid-solution boundary. 

Keyphrases 0 Carboxylic acids-dissolution kinetics, effect of buffers 
Dissolution kinetics-carboxylic acids, effect of buffers 0 Buffers- 

effect on dissolution kinetics of carboxylic acids 

The objective of this investigation was to determine 
experimentally the effect of buffers on the dissolution of 
2-naphthoic acid from a constant surface area pellet under 

controlled ionic strength (p = 0.5 with potassium chloride), 
temperature ( 2 5 O ) ,  and pH conditions (pH-stat). A model, 
an extension of one described previously (l), also was de- 
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