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SUMMARY 

It is shown that dissolution of a srtlprbk dng in iti& crtttccrtrmbtt 
matrix follows the Higuchi square root equation, except an initial lag ph 
diffu&n phase exist. ,The parameters (6) involved in these correspond to c 
The diffusional cross-sectional area is an almost linear function with 
obtained from square root plots are in reasonable agreement with thesreiic 
the diffusion coefficient for the terminal phase correlates with the actual d~ff~~~~~ CC&%- 
cient of the drug used (diphenhydramine hydrochloride). 
-_~_____-__._._~.~_- .__ __ __ __ _ . 

INTRODUCTlON 

The Higuchi square root law (Higuchi, 1963) has been validated in n~~~r~~~~ c& 
(e.g. Roseman and Higuchi, 1970; Roseman, 1975: Corby et al., 1974r. b: Cl&n %fp 
Lambert, 1974; Chien et & 1974). The general derivation of t!le law may be feud in 
standard texts (e.g. Carstenscn, 1977), and the law takes the form 

Q = {?IDS(#)[A -- O.SSe]*) “‘\/i III 

Q(g) = the amount of drug released per ~111’ of surfar:e at rime t (st, 

S = the solubility of the drug in g/cmJ in the dissolution medium. 
A = the content of drug in the insoluble matrix, 
B = the porosity of the matrix, 
D = the diffusion coefficient (cm’/s) of the drug in the dissolutfcn medium, 
7 ;: a tortuusity farWr. 

The main assumptions made are that the two&l~ensional cross~ti~nnl ‘~~~~~~~~~ 
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Fig. 1. A: tablet before, dwiig and after drug is dissolved. B: development of ghost section as a 
function of time ;ii a plate. t : 0. r) < t < 8. t 2 8. C: development of ghost portion (not cross- 
hatched) as a function of time i.t~ a cylinder. 

has the same mean as the volumetric porosity, a point validated by Gray (1968), and 
that the dissolving substance is sufficiently dilute so as not to affect the porosity. 

However, in somes pharmaceiltical applications, A is large, and as the drug dissolves 
the porosity increases with the amount dissolved. This might, on the surface, seem to 
imply that the porosity is time dependent, but it is the porosity in the portion of the 
matrix which is penetrated which is of importance. As demonstrated in Fig. 1, this will 
always have a value r f [l - e] A on the average, and hence this is simply introduced 



into the expression (Eqn. I) to obtain the thsoreticai slope. 
The second ~ssu~~lpt~on mode in the derivation of Eqn. I is that ;he concentr;tti;m 

of drug in the dissolution medinm at the plant of penetration is S, and t!rat ii is hero 
(sink conditron) in the butk liquid outsLIe the solid. This tacitly impilcs thct the so!id 
(Fig. 1B) extends ad infrnitrmc to the left. However, in practl:e this is not so and a 
critical time, 8, will be reached w!rcre the solvent front will juoi h&e reached lhc ‘end’ 
(P cm from the surface) of the solid. In an actual tabtet (Fig. I C) this will be tile point 
where the ‘center’ is reached by the liquid. kyand this point the concentration at V 
will decrease below S and hence the rekase rate wiil decrease below that prcdiitcd by 
Eqn. 1. 

Fin&y, the surface area from which the release tlt!:cs pfuce is usu;!lly assuurvc! con+ 
stant, and froln. for example, a ‘strip’ of plastic this is ct?rrect. However. 9 tablet 3s 
shown in Fig. 1 B will have an area which is a functinu of time. IA and Carstensen (1978) 
hsve shown that for cylinders, in such cases, there rs linear dependence with time o1 
radius, r, and height, 11, with common rate constant, k, i.e. 

3(t) = 2, - kt ( 11 -, 

h(t) = ho - k: 4-J) 

If the he&tit is less than the diameter then 

k = ir()/e (4) 

The surface area, at time t, of the intel.frice at the zone of penetration will be given by: 

:n(r,-!+n(r,- ;t)(ho-kt) 

The mean surface area experienced by the diffusing species at time 1’ is denoted oft b 

and is given by 

The time dependence of O(t) can be introduced into the clcri,laliort of Eqn. ! 

(Carstensen, 1977a) by noting that 

aQ _ a[Mcrf@t)l &I MN(t) 

at- at 
=-_--_-_ 

0(t)at [o(t)]% 
(7) 

where M is the anlount of drug released per tablet at time t. The awing eqwhom are 
cumbersome and a direct means of accounting for the time dependence of O(t) will be 
developed in thz article to follow. 
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MATERIALS AND MI:THaDS 

Tablets were made with the compositions shown in Table 1. The diphenhydramine 
hydrochloride was mixed with the polymer and the tricalcium phosphate, and granulated 
with a solution of the polyvinylpyrrolidone dissolved in ethanol pt a concentration. of 5%. 
The wet granulation was fluid bed dried at 60°C for 20 min, sized to a particle range of 
200 to 800 pm, lubricated and compressed at 500 mg on a single punch tablet machine 
using cylindrical punches of a diameter of 12 mm. The tablets had a thickness of 
0.345-0350 cm (mean of three batches and five ,tablets per batch); they had a hardness 
of 13-14 kg Heberlein and a friability of 0.40-0.60% using an Erweka friabilator at 
20 rpm for 5 min. 

One particular batch (IV) was made using isopropanol as granulating fluid and this 
batch was prepared three times consecutively to establish repreducibility. 

The dissolution rates were tested in a Desaga flow cell, using a peristaltic proportioning 
pump to pump the liquid. One tablet was placed in the cell which was positioned in a 
thermostatic bath at 37°C. The exiting liquid was collected in an Erlemneyer flask, 
and assayed at various points of time; the liquid composition was first changed in time 
according to the half change method described in U.S.P. XVIII, and the pumping speed 
was 2 cm3 of liquid/min. The results obtained in this fashion were identical to those 
obtained with distilled water,and the results reported here were hiI obtained with this latter 
solvent. The assay used consisted of addition of sulfuric acid, appropriate dilution, and 
determination of absorption at 440 mn. 

Porosities of the tablets were measured by means of a mercury porosimiter. The 
solubility of diphenhydramine hydrochloride at 37°C was determined by exposing an 
excess ofsolid to water in a constant temperature bath, and assaying the supernatant from 
time to time, until a constant value was obtained (72 hr). 

Viscosities of saturated solution and semisaturated solution were determined by means 
of a Rheomat 30 recording viscometer. 

TABLE 1 

FORMULAE USED IN DISSOLUTION STUDIES 

Formula I II III IV 0 v VI VII VIII IX 

Dipbenhydrunline 20% 20% 
hydrochloride 

Solvic 50% 60% 
Polyvinylpyrrolidone C% 0% 
Trickium phosphate Q.S Q.S 
Magnesium stearatc 3% 3% 
S’og$i0.~), 8.58 5.95 

20% 20% 20% 20% 20% 20% 

70%. 50% 60% 70% 50% 60% 
3% 3% w& b’. &% ;y Q.s Q.s 

3% 3% 3% 3% 3% 3% 
6.85 5 -08 5.33 4.65 6.45 9.68 

Porosity (mcasurcd) 0.37 0.28 0.26 0.31 0.22 0.22 0.19 0.13 
Porosity (total) 0.50 0.43 0.41 3.45 0.37 0.37 C.36 0.31 

a Three scparatc b:ltchcs of this I’ormulu wcrr! medc using isopropanol BS granulating liquid. 

20% 

70% 
3% 
Q.S 
3% 
8.57 

0.15 
0.32 
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TABLE 2 

PHYSICAL PARAMETERS OF DIPHENHYDRAMINE HYDROCHLORIDE 

Density of saturated solution at 37’C: 
Saturation cxxxcntration in water at 37OC: 
Viscosity of SiI .-rated solution (37’C): 
Viscosity of ~,.,l~~~ira~~~ solution (37OC): 
Density of solid (37’C) 
Molar volumr (molecular weight = 291.8) 
Molecular radius (from molccuiar volume) 
Diffusion cocfficicnt (Stokes-Einstein) a 

a Based on the viscosity of water. 

I.045 g;cm3 
I12 g/IOOg of water= 0.55 g/cm 3 

0.423 Poise 
0.041 Poise 
1.211 g/cm3 
290 cm3 
7.75 X IO+ cm 
3 X IO+ cm*/s 

The density of the saturated solution was deterl?~jned pycnometrica~ly (Carstensen, 
1977b). The density of solid diphenhydramine hydrochloride was determined pycno- 
metrically using cyclohexane as pycnometcr liquid. Values obtained in these studies are 
summarized in Table 2. 

RESULTS A:qD DISCUSSION 

Fig. 2 shows the results of the dissoluGon tests on batch plotted according to Cqn. 1. 

it is noted that linearity of the amount, M, released as a functi(~n of square boot oT time 

Fig. 2. Square root plots of formulae IV, a, b. and c (three batches of identical formula) plotted BS 

amount released, M mg, vt?tsus the square root of thne (ruin*‘*). 0 = a; o = b; o = c. 
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TABLE 3 

LEAST SQUARES PAR,lMETISRS 01: DATA IN FIGS. 2,3 AND 4 

Formula 

a b C 

M versus fi 2 

Constant surface (Kg. 2) Zpel (ml: min--0-s) 
htercept 1 (me) 
t I (lag) bin) 

2 

SR;ope2 (mg min-0.5) 
Intercept2 (mg) 
0 (min) 
lo3 k (cm/min) 

Q versus 4 RJ2 
Variable surface (Fig. 4) Sh=J 

Interccpt~ 
tj(iag) (min) 

O(t) versus time (Fig. 3) O(O) (cm2), Fig. 3 
y (cm2/min), Fig.’ 3 
R2 Fig. 3 (individual) 

0.986 0.987 0.994 

7.03 7.58 8.15 
-9.62 - 10.25 - 14.33 

1.87 1.83 3.10 

0.964 0.996 0.9 36 
2.02 3.29 2.40 

52.7 41.0 51.3 
155 143 130 

2.69 2.45 2.26 

0.998 0.9595 0.999 
3.57 3.84 3.28 

-10.1 - 13.4 -9.7 
8.0 12.2 8.7 

3.56 3.55 3.56 
-0.0097 -0.0087 -0.0092 

0.997 0.995 0.993 

applies up to a certain time, 0, (about 142 min), after- which the slopes change. It is also 
noted that reproducibility is fairly good: the coefficients of variation are above 0.98 for 
the individual batches. 

Least squares parameters for the two linear portions are shown in Table 3; subscript 
‘1’ refers to the initial part of the square root plot, and the lag time observed ($I min. 
i.e. the x-intercept squared) is shown. The second portion is recorded with subscript 
‘2’ and the least squares intercept calculated; the square of this abscissa value is the 
critical time 8. The least squares slopes of the data as plotted in Fig. 2, for all the batches, 
are shown in Table 3. 

To get an overall estimate of the adherance of the data to Eqn. I, it is noted from 
Table 1 that the porosity on t!lc average is 0.39. + 0.05. The volume of the tablet is 
0.35 n 0.62 = 0.396 cm3 and since the tablet contains 0.1 g diphenhydramine hydro- 
chloride it follows that A in Eqn. 1 is equal to 0.110.396 = 0.25 g/cm3 of solid. In the 
Higuchi equation the A term is introduced in the derivation as the amount of material 
in 1 cm3 of total matrix (Roseman, 1975). The average measured porosity from Table 1 is 
0.24 + 0.06, hence the spatial concentration of drug is A = 0.25 (1 - 0.24) = 0.19 g/cm3. 
From Table 2 it is seen that D = 3 X 10V6 cm2/s and that S = 0.55 g/cm3, and inserting 
these values into Eqn. 1 gives: 

Q/dt = V’2 X 3 X 1 O-6 X 0.39 X 0.55 [O. 19 -- (0.5 - 0.55 x 0.39)] [ 1 /T] “2 

X 3.3 X 10m4 g s-1’2 cmm2 (8) 



271 

This implies a value of M/G cf 3.3-3.58X lo-” [l/~]r’*= 11.8X 10m4 [l,II]“*g 
s-l’*. The average value of M/& from Table 1 is (6.79 ? 1.30) mg mine”* = (8.7 + 
o.2)10-4 g s-0.5, giving a value of 7 of 2. This is a reasonable value, because with the 
high total porosity (in the ghost portior,), 7 should be low and close to unity, since the 
diffusion path should be rather unobstructed. The value of the diffusion constant used 
is that obtained from the Stokes-Einstein equation where, properly, the viscosity of the 
solvent (not the solution) is used. At high concentration (as seen in Table 2) the viscosity 
of the solution increases considerably. D in such systems is probably smaller than the 
value used, and this would make the value of 7 larger. 

Q in Eqn. I is the amount of drug released per unit surface area of an infinite plate. 
This diffusional cross-section does not change in time in this type geometry, but in the 
case of a cylinder, as shown in Fig. IB, the diffusional cross-section is not time indepen- 
dent. It has been shown (Lai and Carstensen, 1978) that the ghost portion of a cylinder 
will adhere to Eqns. 2 ar:d 3. As seen from !?g. 2, 8 can be estimated graphically 
(Table 3). The time required for h to reduce from 0.35 cm to zero is 8 so that k = 0.35/e 
(Eqn. 3). It is now possible to calculate the surface arca of the boundary of the ghost 
portion (L) (the cross-hatched area in Fig. 1C) as a function of time. The diffusional 
cross-section, 0(t). at any time point will be a figure in between this area, L. and the 
surface area of the tablet (3.58 cm*) as shown in Eqn. 6. Assuming that one can 
approximate O(t) by (L + 3.58)/2, i.e. the average of these two figures, one can find t)e 
time dependence of the diffusional cross-sectional area for the formulae a, b and c in 
Table 3. These are shown in Fig. 3, and it seen from the figure that 0(t) is almost linear 
in time, i.e. with a regression constant of y 

0(t) = O(0) -- yt (9; 

The least squares tit for the pooled data gives O(0) = 3.50 as opposed to the theoretical 

MINUTES 

Fig. 3. Diffusional cross-sectional arca as a function of time. o = a: o = b; * = c. 
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Fig. 4. Data from Fig. 2 plotted as Q versus Jt. o = a; 0 = b; 0 = c. 

intercept (thearea of the tablet) of 3.58. The least squares fit slope is -0.009. This should 
theoretically be -0.012 if the relation were strictly linear, because at the average 0 value 
(142.7 min in Table 3) the diffusional cross-section is (3.58 + 0)/2 = 1.79 so that the 
slope should be (1.79-3.58)!142.7 = -0.012. 

When the data in Fig. 2, which represent M, the mg of drug released at each time 
point, t, as a function of 4, are converted to Q values by dividing the 0(t) value at each 
time point, the data in Fig. 4 ensue. The fits here are somewhat better, since the correla- 
tion coefficients are consistcrztly higher (Table 3). In this case, using 3.45 mg min-0*5 
cm-* as the average slope it is found that 

Q/dt = 4.5 X 10q4 g s-“* cm-* (10) 

Comparing this with Eqn. 8 also gives a 7 value of 2. The physical presentation leading to 
Eqn. 10 is more realistic than straightforward plotting. 

It is obvious from both Fig. 2 and Fig. 4 that there is a lag time, 4. Lag times are 
usually not important in penetration kinetics because in most cases the dissolution of 
the drug is not the rate-determining step, In the case of a soluble drug in high concentra- 
tion as treated here, the situation will be as .shown in Fig. 5. Here, in oversimphtication, 
a linear capillary is considered walled by active material. As liquid enters the capillary, 
the situations in Fig. 5B through D will ensue. At a particular point (Fig. SC) the fluid 
penetration rate will match the dissolution rate so that from this point on the profile 
shown will persist (Fig. SD). 

The profile portion has a thickness of 6 cm as shown in Fig. 5C and 5D. Iu has been 
shown that the rate of height reduction (Eqn. 3) is 2.46 lo-” cm/min. The penetration 
rate is one half of this (since penetration takes place from two sides), and since the 
average lag time (Fig. 4 and Table 3 subscripts 3) is 9.7 min, then 6 is of the order of 
1.23 X IO-’ 9.7 = 0.012 cm. This is considerable, since it is about 7% of the ultimate 
penetration (0.175 cm). 
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Fig. 5. idealized spatial composition of a capillary in a matrk. A at t = 0. B at 0 < t < 0. ix. before 
the lag time C at the lag time t = @. D at rp < t < 6, i.e. after the lag time but prior to complete penc- 
tmtion. E at t = 0, i.e. at complete penetration. 1: at t = f3 + I$, i.e. at complete dissolution (but not 
complete release). 

At time 0, the liquid has penetrated to the center, and at time 8 + $ the drug is all 
dissolved. After this point in time the amount remgining in the matrix should diminish 
:by a diffusion process. It is convenient to employ a spherical approximation (Pitkin and 
Carstensen, 1973) and in the order of magnitude calculation to follow, it is assumed that 
Ithe tablet (which has a volume of 0.396 cm3) is actually a sphere of radius a = 0.456 cm 
(which also has a volume of 0.396 cm3). With this assumption, the amount remaining 
in the tablet is given by: 

In[{M(t) -- M(m)}/{M(O) - M(m)}] = -mJ/[t - 6 - (I’] 

where 

$ = 4n2D/a2 

Data plotted in this fashion are shown in Fig. 6. Least squares fitting yields 

Slope = J/ = 0.0138 niin-’ = 3 X 10e4 s-l 

Intercept = $@ = 0.287 

so that the lag time can be calculated as 

$I = Intercept/Slope = 20 min 

(11) 

(13) 

(13) 

(14) 

(15) 



Fig. 6. Data from Fig. 2 plotted according to Eqn. 11.0 = a; @ = b; 0 = c. 

This compares favorably with the lag times reported in Table 3 (subscripts 3). By insert- 
ing the slope and the radius, a, in Eqn. 12 one obtains that the diffusion coefficient is: 

D = $a2/4n2 = 1.6 X 10e6 cm’/s (16) 

This figure is in good order of magnitude agreement with the figure for D reported in 
Table 2. 
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