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Research Articles__

Dissolution Rates of Polyphase Mixtures

By W. I. HIGUCHI, N. A. MIR, and S. J. DESAI

The theory for the dissolution rate of polyphase mixtures has been investigated and

applied to several situations.

Physical models involving simultaneous diffusion

and rapid equilibria have led to relationships that describe experimental data rather
well for the benzoic acid-salicylic acid, the benzocaine—caffeine, and the benzoic
acid-trisodium phosphate mixtures.

HYSICAL models involving the use of simul-

taneous diffusion and rapid equilibria have
been successful (1) in describing diffusion-con-
trolled kinetics of dissolution in reactive media.
Most of these methods have been applied to single
pure phases dissolving, although in a few in-
stances the effects of surface-precipitating new
phases have been examined (2).

In many practical situations one often deals
with the simultaneous dissolution of more than
one phase. It appeared, therefore, that it would
be worthwhile to study the dissolution rate be-
havior of polyphase mixtures. Several situations
have now been studied, and these are reported
here.
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SIMPLE CASE OF TWO NONINTERACTING
PHASES: BENZOIC ACID—SALICYLIC ACID

General Theory.—When a uniform, intimate, non-
disintegrating mixture of two crystalline com-
pounds, A and B, is exposed to a solvent, both
phases should initially begin to dissolve at rates
proportional to their solubilities and diffusion coef-
ficients according to the Noyes-Whitney law.  After
a short period of time, usually one of the phases
would become depleted in the solid-liquid interface
region of the solid mass because N4/Np may not
necessarily be equal to (D.Cs°)/(DgpCg), where
N4 and Np are the amounts of 4 and B in the mix-
ture, D4 and Dp are the respective diffusion coeffici-
ents, and C,4% and Cg® are the solubilities. We are,
of course, assuming diffusion-controlled rates. Asa
result of this situation, a surface layer is formed
made of only one of the phases.

The three possible cases after time, f, > 0 are
illustrated in Fig. 1. Most mixture ratios would
lead to cases A or B. Only for the critical mixture
ratio,
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Ny _ DaCo
Ng ~ DsCs

would the two phases always coexist at the solid—
liquid interface.

Let us now consider the quantitative aspect of
this problem. Assume that the situation is case A
so that surface becomes pure 4 after time zero.
Then let S; and S, be the coordinate value repre-
senting the phase A—solution boundary and the bulk
mixture—-phase A boundary, respectively. These
are defined so that at time, 2 =0, .5, = S; = 0. At
t >0, AS = S, — S; gives the thickness of the 4
phase layer.

Now since A4 is always on the surface, the dissolu-
tion rate of A4 is given by

(Eq. 1)

DaCs®

Ga = 7 (Eq. 2)

where k is the effective diffusion layer thickness.
On the other hand, molecules of B must diffuse not
only through the liquid diffusion layer but also
through the A phase layer of thickness, S; — .5,
porosity, ¢, and tortuosity, . As a result, we must
write for Gp the dissolution rate of B

DgCpg®
b+ (r/e)(S: — S1)
In both Egs. 2 and 3, we are neglecting the bulk
solution build-up of 4 and B, and also we are con-

sidering steady-state diffusion conditions only.
We may also write

Ga

Gs = (Eq. 3)

It

Aa(dS:/dt) (Eq. 4)

and

Gp = As(dS:/dt) (Eq. 5)

where A 4 and A4 p are the amounts per unit volume of
A and B in the mixture. Equation 4 states that the
dissolution rate of A must be equal to the rate of
movement of boundary, S, times the 4 phase con-
centration in that layer. In Eq. 5, the amount of
B that remains as solution in the pores has been
neglected. For most practical situations, this is a
good assumption.

Equation 4 may be combined with Eq. 2 and
integrated to give

= (DaCa®/A 4h)t (Eq. 6)

Now Eq. 6 may be substituted into Eq. 3 and the
resulting relation may be combined with Eq. 5 to

give
dss _ DgpCg®
@ Tkt (7/[S: — (DaCa® /AN

The solution to Eq. 7when S; = §; = 0até =0is
Kiis - £ (F - 1) x
T

I:l — exp { — & 52):“ (Eq. 8)

Ky = Aah/D4Cs®

As 7

(Eq.7)

where

and
K, = Ap/DpCs®

1t can be seen from Eq. 8 that when
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Case A Case B Case C
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+ A + B +

B B B
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Fig. 1.—Dissolution behavior of two-phase mix-
ture of 4 and B. In case A, phase B dissolves fast
enough to leave a layer of pure 4 behind; in case B,
the reverse is true; while in case C, dissolution rates
of A and B are proportional to their relative amounts
in the mixture.

S > ek, €A 4hDpCpg°
3 €

Ky T TDiCs'4p
Eq. 8 may be written

t~ K [52 -< (% - h)] (Eq. 10)

and so, from Eqs. 5 and 10 the dissolution rate of
B, Gp, also becomes constant

ABDACA°
Aah

Let us now estimate the S, value given by Eq. 9
for the benzoic acid-salicylic acid mixtures. Let
compound 4 = benzoic acid and compound B =
salicylic acid.

Reasonable values for the parameters for the
experiments to be discussed later are 7 = 2.5 X 103
cm., C4 = 3.5 X 1073 Gm. ml.71, Cp® = 2.0 X
1073 Gm.ml.™, Dy ~ Dg ~ 1.2 X 1078 cm. sec. ™2
For the case in which the amount of entrapped air
in the mixture is small, we may also write

(Aa/pa) + (AB/pB) = (Eq. 12)

where py = 1.27 and pp = 1.44 are the densities for
benzoic acid and salicylicacid. Then also

(Eq. 9)

- - s
Gp = = N. Ga (Eq. 11)

e = Ap/pn (Eq. 13)
so that for the present situation, Eq. 9 becomes
0
S > AAhC‘; (Eq. 14)
7pBCA

Now if a = value ~ 3 is taken which is reasonable,
we find that for 4 4 ~ 1.0 Gm. ml. !

Ss > 4-1074 cm.

This means that for S; values appreciably greater
than 4 X 10~¢ cm., say § 10 u, Gp will be well
approximated by the steady-state Eq. 11 with
Gagiven by Eq. 2.

As most practical situations involve disks or
tablets with thicknesses the order of millimeters or
greater, the nonsteady-state considerations may be
neglected for mixtures behaving like benzoic acid-
salicylic acid mixtures. From Eq. 14 it can be seen
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that the solubility ratio, Cp%/C,® is probably the
most important single factor determining whether
the nonsteady-state portion of the problem may be
neglected.

While the above discussion pertained to case A
in Fig. 1, the same equations would be obtained for
case B but with the 4 and B subscripts exchanged in
all terms.

Comparison of Theory with Data.—Figures 2 and
3 give data on the amount dissolved of benzoic acid
and salicylic acid from surfaces of compressed disks
of various mixture ratios. This particular set of
runs was in 0.10 N HCl and involved disks made
from melts of the mixtures that were ground, sieved,
and compressed into disks. As expected from the
previous theoretical considerations, the rates appear
to be constant of the entire range of composition
and time.

Figure 4 presents relative rates (open circles,
salicylicacid; squares, benzoic acid) calculated from
the straight plots in Figs. 2 and 3. Also rate data
obtained from disks made from mechanical mixtures
of benzoic and salicylic acid powders are also pre-
sented (triangles, salicylic acid; closed circles, ben-
zoic acid). The y axis gives the actual dissolution
rate (Gm. sec.™!) divided by the dissolution rate of
pure benzoic acid disks.

The theoretical curves were constructed by means
of Eqs. 2 and 11 in the range N4/Np > (Da/C4%)/-
(DpCx®) and in the range Ny/Np < (D4C4%)/-
(DpCg®) by means of Egs. 15and 16

Ga = (N4/Ns)Gs (Eq. 15)
and
Gs = DsCg%%k

The experimental values, Cy® =

(Eq. 16)
3.5 X 1073 Gm.

18T

BENZOIC ACID DISSOLVED, mg.
Tl B *R &= &
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2t 9l
4 8 12 16 20 24 28 30
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Fig. 2.—Data showing the effect of mixture ratio
on the time-release behavior of benzoic acid from
benzoic acid—salicylic acid mixture disks in 0.10 N
HCL Numbers give the salicylic acid-to-benzoic
acid w/w ratio in the mixtures. Mixtures were
made from melts.
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3.—Data showing salicylic acid release in the
same experiments as Fig. 2.

Fig.

BENZOIC ACID (THEORY)

4

SALICYLIC
L A ACID (THEORY)

RELATIVE DISSOLUTION RATES
T

1 1 1 1
20 40 60 80 100
SAL. ACID IN MIXTURE, wt. %

Fig. 4—Comparison of theory with data on dis-
solution rate as function of the salicylic acid—
benzoic acid mixture ratio. See text for more
explanation.

ml."tand Cg® = 2.0 X 1073 Gm. ml. 1, were used
with Dg = 0.96 D4 to give the fit as shown.

With both the melt and the mechanical mix data,
the agreement of theory with data is very good.
The presence of the plateaus in Fig. 4 clearly proves
that the model is essentially correct for this system.

There are some deviations of theory from data
near (Na/Np) = (DasCa®)/(DpCg®. This is not
too surprising because the dissolution rates are ex-
pected to be sensitive to small local variations in
composition or to small fluctuations in the rates
themselves when the mixture ratio is near the critical
value. It is noteworthy that the data with the
melt mixes agree better with theory in this region,
This is consistent with the expected more intimate
mixing of the phases in the melt preparations and the
resulting better definition of the boundaries, S; and
Sa.

A CASE INVOLVING SOLUTION
INTERACTIONS: BENZOCAINE-CAFFEINE

Steady-State Theory.—Let us consider again the
one-dimensional problem but only for the steady
state, 7.e., for S; — S; = constant with respect to
time. As in the previous example, we expect three
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Fig. 5.—Data showing time-release behavior of
caffeine from benzocaine—caffeine mixture disks in

water. Numbers on plots give the caﬁe_ine-to-
benzocaine w/w ratio in the mixtures. Mixtures
were made from melts.
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Fig. 6.—Same experiments as in Fig.
show benzocaine release.

5, but plots

important cases analogous to those shown in Fig. 1.
These are the situations corresponding to the caf-
feine surface phase, the benzocaine surface phase,
and the critical mixture situation in which both
phases coexist at the solid—solution boundary.

Assuming that the only interaction involves the
solution reaction B + C = B-C, we have

K = Cp.c/CeCc (Eq. 17)

Here Cg, C¢, and Cg. ¢ are the concentrations of ben-
zocaine, caffeine, and the 1:1 complex. The thermo-
dynamics of this system have been investigated by
Higuchi et al. (3, 4) to some extent. Equation 17 is
probably only approximately correct as it has been
observed that caffeine self-associates considerably
at the higher concentrations.

Again, the problem is symmetrical so that it
suffices to consider in detail only one of the cases.
Let us take, then, the situation in which caffeine is

the pure phase on the surface at steady state. Then
the dissohution rate of caffeine, Gg, is given by
. dCc dCB~C
Ge = D¢ % + Ds.c ix (Eq. 18)

where D¢ and Dj. ¢ are the diffusion coefficients for
unbound caffeine and for the complex, and X is the
coordinate in the direction of diffusion in the liquid
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diffusion layer. For the dissolution rate of benzo-

caine we have
dCs
= Dp =B
Ce b dx
where Dg is the diffusion coefficient of benzocaine.
Both Eqs. 18 and 19 represent the diffusional be-
havior in the liquid diffusion layer, and these equa-
tions may be integrated over the limits with the
boundary conditions:
at X = 0 (the solid-liquid interface):

Co Ce® Cs = Cp’, and Cp.c = Cr.¢’
and at X = k (the bulk solution):
C0=CB=CB.0=0

Here C? is the caffeine solubility in the absence of
benzocaine, and Cg’ and Cs.c’ are the concentrations
of free benzocaine and the complex at the solid—
solution interface. Integration then gives us the
following pair of equations:

Gsh = DpCs’ + Dp.cCr.c’

dCB.S;

= +Dpe X (Eq. 19)

Il

(Eq. 20)
and
Gch = DcCc° + DB.cCB.c' (Eq. 21)

Because in the steady state the following relation is
true,

= Ne

Ge Vo

(& (Eq. 22)
where N¢/Np is the caffeine-to-benzocaine ratio in
the bulk mixture, we may now solve Egs. 17, 20-22,
eliminating Cr’ and Cg.c’ and obtain the following
equations for G¢ and Gs,

=
w
T

CAFFEINE

=
-
]

e
o
-

e
~
T

RELATIVE MOLAR RATE

e
o
L

BENZOCAINE

20 40 60 80 100
wt. % CAFFEINE

Fig. 7.—Comparison of theory with data on dis-
solution rate of benzocaine—caffeine mixtures as
function of mixture ratio. See text for more
information.
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_ DcCo®
Goh = e P KCa (Eq. 23)
Ng  Ds + Ds.cK(Cc®
and
_ DoCe?
Goh = e e (Ea. 24)

1

" No(Ds + Dp.cKCc®

By analogy it is seen that when pure benzocaine is
the surface phase, the following pair of equations
should result,

DpCg®

Gnh = L NCDB-CKCBO (Eq. 25)
Np(Ds + Dp.cKCg®)
and
_ DnCp?
Geh = Ny DnoCa'R (Eq. 26)

Nc¢ D¢ + Dp.cCe'K

For the critical mixture case, Egs. 18 and 19 may
be solved with the boundary conditions:

at X = 0:
Cc = Cc®and Cg = Cg°
andatX = h:
Cc=C =0

Therefore, we have in this instance

Gch = DcC¢® 4 Dp.cKCs*Cc® (Eq. 27)
and

Gph = DpCg® + Dg.cKCr°Cc? (Eq. 28)

Comparison of Theory with Data.—Figures 5 and
6 show data on the time-dissolution behavior of
disks made of benzocaine-caffeine mixtures. These
were melt samples as in the one set of benzoic acid-
salicylic acid experiments. It can be seen from
these plots that, in some instances, the results are
not linear over the entire time range. This occurs
for those cases in which the mixture ratio, Ng/Ng,
is relatively small. As we shall see later, in these
mixtures the surface phase was benzocaine, and the
curvature represents the nonsteady-state period.
This follows from a consideration of Eq. 14 which is,
of course, only qualitatively applicable here. From
this equation, it can be seen that a relatively large
S: will be required for steady state when Cp?/C4® is
large. Thus, the curved plots, particularly the 1:1
and the 1:2 curves in Fig. 5, are consistent with this
consideration when benzocaine is the surface phase.

The steady-state dissolution rates were calculated
from the limiting, large-time slopes of the data in
Figs. 5 and 6, and these are presented (open circles,
caffeine; closed circles, benzocaine) in Fig. 7 in
normalized form. The ordinate in Fig. 7 is the
relative rate found by dividing the actual molar rate
by the rate for pure caffeine.

The theoretically predicted behavior for this sys-
tem is represented by the smooth curves in Fig. 7.
The theoretical calculations were carried out with
Eqgs. 23-26, and the following values were used for
the parameters: C¢® = 0.16 M, Cp® = 5.5 X 103
M, Dg.c = Dg = 0.70Dg, and K = 59. Some
explanation is required for the choice of these values.
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The Cp? value was determined experimentally, and
this compares well with the value (5.2 X 1073 M)
reported by Higuchi and Lach (3). The selection
of the Cc® value was made in the following way.

The dissolution rate of disks made from pure
caffeine melt was consistently greater by about 209,
than the rate for disks made from nonmelt caffeine
powder for which the solubility was found to be
0.136 M. Therefore, it was assumed that the solu-
bility of the melt powder was greater by the ratio of
the two dissolution rates in all of the mixtures.
This problem did not exist for Cg?. The value for
K = 593 was taken from the paper by Higuchi and
Lach (8). The value for D¢ = 0.70Ds was deduced
from experiments with pure caffeine and pure benzo-
caine disks and assuming the usual Noyes-Whitney
relation. The choice of Dg.¢ = 0.70Dp, though
not critical, has no basis except that it is a reasonable
value, Actually both choices, D¢ = 0.70Dp and
Dg.¢ = 0.70Ds, are consistent with the effective
molecular weight of the diffusing caffeine being
somewhere between that for a dimer and a trimer.
This tendency for caffeine to associate forming
dimers, trimers, and tetramers has been noted pre-
viously (4).

The agreement of theory with data is generally
good. The experimental critical mixture ratio (809,
caffeinie) agrees well with theory, although the caf-
feine dissolution rate at this point appears to be
significantly greater than theory. It is believed
that this is largely due to the approximate nature of
the assumption that only a 1:1 complex contri-
butes to the increased solubility of caffeine in the
presence of benzocaine. The benzocaine data for
caffeine percentages greater than 80 agree extremely
well with theory.

For caffeine percentages between 50 and 80, the
experimental results are much larger than theory.
It is believed that flaking of the disks during dissolu-
tion was responsible for this. Considerable flaking
was observed in the 2:1 experiments, and the phe-
nomenon was probably also very important for the
3:1 mixture even though it was not observable, It
is reasonable to expect flaking in mixtures with
caffeine percentages just less than 80, because the
benzocaine residue in the surface phase would tend
to have extremely high porosities and would be
unable to remain as a substantial matrix. On the
other hand, for caffeine percentages greater than 80
there should be ample caffeine in the surface layer
giving sufficient mechanical structure.

A MORE COMPLEX SITUATION:
BENZOQIC ACID-TRISODIUM PHOSPHATE

One of the cases studied by Nelson (5) is the
dissolution of benzoic acid-trisodium phosphate
mixtures in water. Following methods similar to
those for the other two examples in this paper, we
may set up the appropriate equations for this prob-
lem., For benzoic acid-rich mixtures we have, in
the steady state,

Gph = DpCs’ 4+ DgpCus” (Eq. 29)
(Ne/Ngp)Gph = DupCrp’ + DuwpCup’ (Eq. 30)
DsCs" = 2DuypCape’ + DueCur’ (Eq. 31)

K = (Cup'Cs'/Cup’Crs®)  (Eq. 32)
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Here Gp is the dissolution rate of benzoic acid;
Cr’, Cgp’, and Cgp’ are the concentrations of the
benzoate, the HPO42~, and the H; PO, ions at the
disk-solution interface; Cgp® is the concentration
of unionized benzoic acid in equilibrium with the
solid; Npand Ng are the amounts of total phosphate
and total benzoate in the mixtures; K = the con-

stant for the reaction
HP2~ 4+ HB = H,P~ 4 B~

and all of the D’'s are the diffusion coefficients.
Since there are four equations, we may eliminate
Cp’, Ca,p’, and Cpmp’, and setting all the diffusion
coefficients equal we get

GBh=DCHB°§1+§(-1£-k—)[2k+’i—1

-y
(Eq. 33)

+(1—~4k+

where b = NP/NB.

For the situation in which the mixture is rich in
trisodinum phosphate, we may write the following
equations:

kGph = DapCrp’ + DHzPCHzPI + DeCp’ (Eq. 34)
kGBh = 3 DNaCNa (Eq 35)
kGB = DBCB’ (Eq. 36)
DpCp’ = 2Du;pCap’ + DurCar’ (Eq. 37)
Kgp = (Cxa")?Ce’ (Eq. 38)
Ksp Crop’Cp’

— = o Eq. 3

Kop (Crgp')? . (Eq. 39)

Here C.' is the concentration of species x at the
disk—solution interface. In addition to those species
entering into Egs. 29-32, we must now include Na*
and PO.*~. Also Kgp, Ksp, and Ksp are, respec-
tively, the solubility product for trisodium phos-
phate, the second and third dissociation constants
for phosphoric acid.

Equations 34-39 may be solved by eliminating all
of the C;’ to give

(Gah)(2k — 1) — (Gah)* DN’) X
KopD?mp(1 — k) :|
——— 4Dp(2k — 1
Ksgp Kee D + 4Dp(2k )
DNa) KopDpp? :|
Kgp?D ——=——— — 4D =0
SEEF | Kor Drge F

(Eq. 40)

In Fig. 8 theory, as represented by Eqgs. 33 and
40, is compared with Nelson’s data. The following
values for the parameters in the theory were em-
ployed: Kgp = 22, Kugg = 8 X 1075, Kpp = 1077,
Kzp = 10712, and all D’s were taken equal to each
other.

The agreement is much poorer in this instance
than in the other two examples of this paper.
This is perhaps not surprising for a number of
reasons. The solubilities involved here become ex-
tremely high (~80 M) near the critical mixtures.
It is believed that as a result of this considerable
disintegration of flaking (or incipient flaking) may
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Fig. 8—Comparison of theory with data on
release of benzoic acid from benzoic acid—trisodium
phosphate mixtures in water. Data taken from
Nelson (5).

occur in these cases. The high solubilities also
introduce considerable uncertainties in the param-
eters that should be used in the theoretical calcula-
tions.

Nevertheless, the theoretical maximum rate is
consistent with data so that the general agreement
should be considered satisfactory, at least tenta-
tively, in view of the large uncertainties.

EXPERIMENTAL METHODS

The data presented in Figs. 2-7 were obtained in
the following manner.

The mixes were compressed in a 3/g-in. die at
2400 1b. in a Carver press so that the disk surface
was flush with the die surface. The back of the
die was then wax sealed. The die was mounted
directly in a Plexiglas holder in a water-jacketed
beaker containing 400 ml. of solvent at 30°. Agita-
tion was achieved by a glass stirrer attached to a
Bodine synchronous motor (150 r.p.m.) mounted
on the beaker cover. The Plexiglas sample holder
was also mounted on the cover so that (a) the entire
unit could be introduced into the solvent imme-
diately at time zero and (b) the hydrodynamics
remained constant in all experiments.

For the benzoic acid-salicylic acid runs in 0.10 N
HCI, the steel dies were coated with a Plexiglas
spray coating to inhibit corrosion.

Samples were pipeted out at various times for
analysis by U.V. methods.

In runs with the melts, the melts were ground and
only particles less than 200 mesh size were used in
making the disks. These were also assayed to
make certain that the compositions were correct.

The mechanical-mix disks also were made from
< 200 mesh particles.
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