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Abstract [] The transport of solute into and through a hetero-
geneous system involving interfacial barriers was theoretically in-
vestigated. The system consisted of a ““donor” bulk aqueous phase,
the aqueous diffusion layer, and a matrix in which oil droplets
of uniform size were dispersed. The theoretical method employed
was able to account quantitatively for the barriers existing at the
oil droplet-water interface, and the technique should have general
applicability to all situations involving a heterogeneous medium in
which the local interface equilibrium is achieved slowly. Computa-
tions were carried out using the interfacial barrier permeability
coefficient, the volume fractions of the phases, and the particle
size of the oil droplet as the parameters.
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When mass transfer occurs into and through poly-
phase media, especially those involving finely dispersed
heterogeneous phases, various factors influence the
transport behavior of solutes. Among these factors,
the transport resistances existing at the dispersed phase-
continuous phase boundaries would be expected to be
very important in certain situations (1-3). Yet little is
understood about the problem.

The purpose of this study is to describe a procedure
for the computations of the transport rate of a solute
through a matrix containing a dispersion of oil droplets
and for which the solute partitioning rate between the
local bulk aqueous and the oil droplet phases might be
slow and for which the diffusion through the oil drop-
lets might also be slow (1). The general technique should
be applicable to any situation involving a heterogeneous
medium in which the local interface equilibrium is
achieved slowly. Thus, for example, this approach
should also be applicable to the treatment of transport
and distribution rate data of drugs in various biological
tissues in which the interfacial transport resistance of
the cell membrane is appreciable.

THEORY AND GENERAL DESCRIPTION OF MODEL

The system consists of three compartments (Fig. 1). The first
compartment is the donor aqueous phase and the second is the
aqueous diffusion layer. The third is the matrix in which oil droplets
of uniform size are assumed to be dispersed. The donor phase is
assumed to be well stirred, and the nature and intensity of the
agitation determine the thickness, 4, of the ditfusion layer. It is
assumed that steady-state conditions exist in the diffusion layer,
but the distribution of diffusing solute in the matrix compartment
follows nonsteady-state diffusion.

In using the finite difference method (4), the matrix compartment
1s divided into appropriate small segments of equal width. The
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assumptions on which the model is based are: (@) diffusion is one
dimensional within the diffusion layer and the matrix, (b) the solute
begins to penetrate the continuous phase at r = 0, (¢) the number of
particles in each segment is constant, and (d) the particle size of the
oil phase is small compared to the overall dimensions of the trans-
port matrix so that equilibrium inside each oil phase is fast. Then,
the solute that enters each segment may be divided into two parts:
the portion that goes into the continuous phase and the portion
that goes into the oil phase.

The concentration changes with time, 7, of the donor phase may
be expressed as follows:

6,

D,A
@ _V_wh(cb — Co)

(Eq. 1)
where C; is the concentration of the solute in Compartment I, D,,
is the diffusion coefficient of the solute in the diffusion layer, Vi,
is the volume of Compartment I, 4 is the surface area exposed, and
C.: is the solute concentration at the diffusion layer—matrix inter-
face. The fluxes passing through the interface between the donor
phase and the first segment of the matrix are assumed to be equal
and may be expressed by:

I (Cb - Cai) =

~ Caw) (Eq. 2)
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where D, is the effective solute diffusion coefficient in the matrix,
TH is the thickness of the segment, and C.(, is the average aqueous
solute concentration in the first segment.

The mass balance for each segment is given by:

dCisy _  dCagiy dCos

Vi dt =V dt +Ve =

(Eq. 3)

where V., V., and ¥, are the total volume, the volume of the aqueous
portion, and the volume of the oil phase, respectively, of a segment;

F———MATRI X ————————]
owrusion  LOM CONTINUOUS PHASE
\taver / ,NTERNAL PHASE (ol droplet)

T ERIGIR ;O
Ch O: O \ o
O ! :

BULK AQUEOUS oY o
PHASE A :OO
To )k 'O
O E OE “ e o o o e : O
Cai | OOE O; gO
bio io
ot O {0
o 10 1 O

THM

A

Figure 1—Schematic model describing the uptake of the solute from
the donor bulk aqueous phase to the matrix. THM is the thickness
of the matrix, TH is the thickness of the segment, and h is the thick-
ness of the diffusion layer.
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Figure 2—The concentration-distance distribution profiles in the local bulk aqu_eods phase (solid line, which corresponds t6 the left scale) and in the
oil phase (dotted line, which corresponds to the right scale). Permeability coefficients are P = 1 X 1075 cm. sec.™* (A) and 1 X 10~° cm. sec.™?

(B). The diffusion coefficient of the donor aqueous phase is D, =

8 X 107 ¢m.? sec. 1. The diffusion coefficient in the matrix is Dy, = 5.8 X

1075 ¢m.? sec.™ . Volume fractions of the agueous and the oil phases are 0.8 and 0.2, respectively. Other parameters remain fixed.

C.ciy and C,y are the aqueous solute concentration and the oil
phase concentration of the solute in segment 7, respectively. One
may also write the following relations involving the first segment:
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where Ca.q is the aqueous concentration of segment 2, a is the
radius of the oil droplet; n is the number of droplets in a segment,
Pis the permeability coefficient for the oil-water interfacial barrier,
and K, is the oil-water partition coefficient.

The following equations may be written where segment i is neither
the first nor the last in the matrix:

dCy: AD,, ) :
_dl,(—) = THV, [Coticty — 2Caty + Caisn] (Eq. 6)
dC, draP Coii
——dT() = & Wa Cotiy — —I‘(‘(_) (Eq 7)
The rate expressions for the last segment, segment n, are:
dCiw
o = THV 7 [Catnty = Coen] (Eq. 8)

Table I—Parameters Describing the Systein and Their
Numerical Values and Dimensions

Parameter Values
D, 8 X 107% (cm.? sec.™!)
D, 5.8 X 1078 (cm.? sec.™!)
h 0.085 (cm.)
Vo 50 (cm.3)
THM 0.185 (cm.)
00— o (cm. sec.”?)
a 2.3 X 1074, 0.5 X 1074 (cm.)
v, 0.8,0.5
Ve 0.2,0.5
CONCNI= 1 (mole)
A 0.37 (cm.)
50

KGD
NOSEG? 10

e« CONCNI = initial concentration in the donor phase. 3 NOSEG =
number of segments divided.
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Accordingly, the concentrations of drug in the bulk aqueous phase
and in each segment in the matrix can be calculated as a function
of time by solving the set of differential equations, Egs. 1-9.

The transport behavior for a typical situation was simulated by
the IBM 360/67 digital computer, The parameters selected for the
calculations are shown in Table I along with the other input data.
The calculations were then carried out for several sets of values
of the interfacial barrier permeability coefficient, the volume frac-
tion of the phases, and the oil phase particle size. The detailed out-
line of the method of computation is given in the Appendix.

RESULTS AND DISCUSSION

Typical profiles of the solute concentration-distance distribution
in the local bulk aqueous phase and in the oil phase with time are
shown in Figs. 2A and 2B. These were simulated under the condi-
tions where the interfacial barrier permesbility coefficient, P, was
107¢ and 10~® cm. sec.”!, respectively. The total penetration into
the oil phase is shown in Fig. 3 for three P values. These results
show that a strong effect of the permeability coefficient is. evident
in this range of P values. When the permeability coefficient is 10~5
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Figure 3—Time dependence of solute penetration into the total oil
phase of the matrix. At equilibrium, the amowunt in the oil phase is
92.6% of the total amount in the entire matrix.
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Figure 4—The concentration change of the donor phase for different
oil-water permeability coefficients. Dy, = 8 X 107¢ em.? sec.™?,
Dp = 58 X 1006 cm.2 sec.™, Vo = 0.8, Vo = 0.2, and a = 2.3 X
10=* cm. The calculations for 0 < P < 1071 are carried out with the
present procedure. The calculation for P = o is based upon a previous
procedure (5) using the Bruggeman mixture relationship (6) for Dp,.

cm. see.” !, the distribution rate between the local aqueous phase and
the oil phase is very fast, and the solute distribution between the
aqueous and the oil phases is nearly at equilibrium about 30 min.
later. On the other hand, in the case of P = 107° cm. sec.”?, the
amount that enters the oil phase is only 2% of the total amount
evenat ¢ = 2 hr. Figure 4 gives the results of the present calculations
and those for additional situations expressed in terms of the time
changes in the donor phase solute concentration. The only parame-
ter that was varied in these calculations was P from zero to infinity.
The other parameters, shown in Table I, remained fixed.

These results may be summarized in the following mannei. For
the case of extremely low P values, i.e., from zero to 107? cm. sec.™},
the uptake rates for these situations were nearly the same and are
classified in the first group. For the range of P values of 1078 ~~
P ~ 1075, the uptake rate was rather sensitive to P and are classified
in the second group. The third groups® results correspond to 1075 >~
P ~ 1075, where again the uptake behavior is somewhat insensitive
to P. When the P values are larger than 10~ cm. sec.”! but not very
large, the uptake rates again increase with increasing P. This region
is classified as the fourth group. When the P is very large, the maxi-
mum rate is approached and these results are classified as the fifth
group. For this last situation, the present method of calculation was
not used. Instead a previous procedure (5) and a D,, value were used
‘based upon the Bruggeman mixture equation (6). )

The physical description of these results may be conveniently
presented with the help of Fig. 5, in which the effects of changing
the permeability coefficient are schematically illustrated. The first
situation (Group I results) corresponds to that in which P is so small

Figure 5-—Schematic illustrations of drug transport through the con-
tinuous phase (aqueous bulk phase) and involving the internal phase
(oil phase), corresponding to different situaiions dependent upon the
magnitude of the interfacial barrier permeability coefficient.
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Figure 6—The solute concentration changes in the donor phase for dif-
ferent permeability coefficierts. Dy = 8 X 1078 em.2sec.™}, D =
58 X 1078 em.t sec.™,V, = 0.5, Vo, = 0.5, anda = 2.3 X 10~* cm.

that oil phase droplets act as impermeable spheres (e.g., glass beads)
and only a little solute enters the internal phase, The second situation
is that in which the solute distribution rate between the continuous
phase and the internal one is still relatively slow but begins to
influence significantly the uptakeé kinetics. For this situation, the
partition coefficient, K,,, may not be so influential when it is large
and when P is in the lower end of this range. In the third situation
(1IN, the solute distribution is sufficiently fast and the aqueous-oil
equilibrium is esséntially maintained throughout the matrix. In the
fourth situation, the P values are sufficiently great so that the oil
droplets are not only locally equilibrated with the aqueous phase but
dre contributing as significant pathways to the transport of solute.
Finally, when P approaches infinity the oil dropiets are both fully
equilibrated with the aqueous phase and maximally contributing
to the effective diffusion coefficient of the heterogeneous system (5).

Figure 6 shows the effect of changing the volume fraction ratio
from 0.8/0.2 to 0.5/0.5. As can be seen, there are no significant
qualitative differences with the results in Fig. 4. However, the
effects are much larger as might be expected.

The effect of particle size is shown in Fig. 7. The particle-size
effect is largely restricted to Group II results, where the larger the
size of the oil droplets the faster is the uptake rate. However, for
much larger and for much smaller P values, the particle size should
have no effect on the uptake kinetics.

This study has provided a quantitative method for analyzing the
transport behavior of solutes through a heterogeneous system in
which local interfacial barriers play important roles in determining:
(a) the extent to which the internal phase is in equilibrium with the
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Figire T—Effect of particle size on the solute uptake rate. Particle
radius = 2.3 X 1078 em. and 0.5 X 10~ cm., V, = 0.8, and V, =
0.2.



local continuous phase, and (b) the extent to which the internal
phase acts as a pathway for transport of the solute. The theoretical
procedure permits the calculation of the influences of the inter-
facial barrier permeability coefficient, the particle size, the volume
fractions of the phases, and the partition coefficients in the phases
upon the solute transport rates through the heterogeneous media.

APPENDIX: NUMERICAL COMPUTATION PROCEDURE

The flow diagram of the calculating procedure is briefly shown in
Scheme 1. After r = 0, a series of calculation procedures undergo

set of inifial condition
T=@ Cp = CONCNI

Cag) =0

Cop =0 fi=leewmd

l

newQp
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Scheme I—-Flow diagram for computation of concentration distri-
butions .

A New Tablet Disintegrating Agent:

Cross-Linked Polyvinylpyrrolidone

SAUL S. KORNBLUMA and SAMUEL B. STOOPAK

successive approximation for each time increment, Az. On the cal-
culation of Gy, Cyiy, Caciy, and then Coy at t = Ay, the first approxi-
mation of AC; is obtained from Eq. 1, assuming (Cui)ca: = (Cai) tmo.
Then under the assumption of both Cu¢:) and Coivny = 0, the first
approximation of AC is calculated by Egs. 4, 6, and 8, respectively,
and then Cy;) at + = At is assumed ACy for 0 < ¢ £ Ar. Next,
by assuming AC,) = 0, ACys»y = ACa) according to Eq. 3 and
then C,(y is also assumed 0.5 X AC.q for 0 < ¢ £ Ar. Accord-
ingly, AC,; is calculated by Egs. 5, 7, and 9, respectively, under the
assumption of C,;) = 0, and then Coy is assumed 0.5 X ACqq
for 0 < ¢ = At. The second approximations of Ca;, Cs, Cisy, Cacs),
and C,; are calculated by using the first approximations succes-
sively. These procedures are repeated until respective values con-
verge. The calculation of the next step (added Ar) starts from the
values of one step before in the same manner mentioned above.
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Abstract [] Cross-linked polyvinylpyrrolidone was studied for
its disintegration property in comparison to starch USP and
alginic acid. Certain physical parameters of the disintegrants
(maximum moisture sorption, hydration capacity, bulk density, and
specific surface area) were determined for the purpose of differ-
entiating their relative efficiency. A linear relationship was found
to exist when the maximum moisture sorption was plotted versus
the specific surface area for each disintegrant. It was postulated
that capillary activity of the cross-linked polyvinylpyrrolidone for
water appears responsible for its tablet disintegration property.
Cross-linked polyvinylpyrrolidone demonstrated superiority over
starch USP and alginic acid in most of the experimental tablet

formulations made by either dry or wet granulation. A quinaz-
olinone compound was formulated into tablets employing each
disintegrant to provide identical disintegration times, and these
tablets were submitted to dissolution rate analysis. The dissolution
results showed some differences for those made by direct compres-
sion but no variation for wet granulated tablets.

Keyphrases [] Polyvinylpyrrolidone, cross linked—evaluated as
tablet disintegrant, compared to starch USP and alginic acid []
Tablet disintegrants—cross-linked polyvinylpyrrolidone evaluated,
compared to starch USP and -alginic. acid [] Disintegration prop-
erties—cross-linked polyvinylpyrrolidone, compared to starch
USP and alginic acid ’

Today’s emphasis on the availability of drugs high-
lights the importance of the relatively rapid disintegra-
tion of a tablet as a criterion for ensuring uninhibited
“drug dissolution behavior (1-3). Only a few acceptable
tablet disintegrating agents are available to the research
pharmacist. The starches (corn, potato, wheat, rice,

and arrowroot) have been extensively studied (4-7) as
to their varying properties as disintegrants (8). The
mechanism of action of the starches is still undergoing
study, although at one point it was wrongly felt that
grain swelling was responsible (7). Experiments with
compressed starch, both dry and wetted, observed with
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