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SUMMARY 

The kinetics and mechanisms of dissolution in a newly designed diffu- 

sion cell were investigated. It was found that benzoic acid is an ideal 

compound to calibrate the fluid hydrodynamics in the diffusion cell when 

the mass transfer at the boundary layer is the primary contributor for 

its dissolution process. The dissolution of a very lipophilic drug, proges- 

terone was also studied and the mechanisms of its dissolution process 

appear to be diffusion controlled. Using the dimensionless Sh-Re-Sc rela- 

tionsh p developed earlier, it became possible to study the kinetics and 

mechan sms of dissolution of a solid drug. A reciprocal plot was estab- 

lished to obtain the kinetic constant of dissolution at the interface. 

This approach could be applied to investigate the kinetics of dissolution 

and diffusional resistance of other drugs. 

INTRODUCTION 

Dissolution has been defined as a process in which d 

are dissociating from the solid matrix and subsequent 
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ffusant mol ecul es 
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1358 LIU, TAN,  AND C H I E N  

t h e  e l u t i o n  medium. The k i n e t i c s  o f  d i s s o l u t i o n  i s  u s u a l l y  cons ide red  

t o  be a f i r s t - o r d e r  r a t e  process w i t h  t h e  assumption t h a t  t h e  d i f f u s a n t  

i s  l e a v i n g  f r o m  t h e  s o l i d  phase i n t o  t h e  su r round ing  s o l u t i o n  phase i n  

t h e  form o f  s o l u t e  molecules r a t h e r  than  aggregates.  Severa l  mechanisms 

o f  d i s s o l u t i o n  have been p o s t u l a t e d  by  a number o f  researchers ;  t h e y  a re :  

d i f f u s i o n  c o n t r o l ,  eddy c u r r e n t  c o n t r o l  and s u r f a c e  energy b a r r i e r  c o n t r o l  

(1). 

The i n t r i n s i c  d i s s o l u t i o n  r a t e ,  which i s  d e f i n e d  as t h e  mass d i s s o l v e d  

i n  a system w i t h  a c o n s t a n t  area ( 2 )  and i s  o f t e n  expressed i n  mg/time/cm , 

has been used t o  compare t h e  d i s s o l u t i o n  c h a r a c t e r i s t i c s  o f  v a r i o u s  drugs.  

I t  was suggested t h a t  a d rug  compound w i t h  an i n t r i n s i c  d i s s o l u t i o n  r a t e  

o f  g r e a t e r  t h a n  1 mg/min/cm2 u s u a l l y  produces n e g l i g i b l e  d i s s o l u t i o n  prob-  

lems, w h i l e  t h e  d rug  w i t h  a r a t e  below 0 .1  mg/min/cm2 m i g h t  have some 

d i s s o l u t i o n  problems ( 2 ) .  

2 

Among t h e  t h r e e  p o s s i b l e  d i s s o l u t i o n  mechanisms d i scussed  by  H iguch i  

( l ) ,  t h e  d i f f u s i o n  l a y e r  model i s  t h e  most p o p u l a r  one and has been a p p l i e d  

e x t e n s i v e l y  i n  b o t h  conven t iona l  dosage forms and c o n t r o l l e d - r e l e a s e  d rug  

d e l i v e r y  systems. However, one o f  t h e  d i s s o l u t i o n  concepts,  which has 

n o t  been c l e a r l y  de f i ned ,  i s  t h a t  t o  what e x t e n t  does t h e  d i f f u s i o n  boundary 

l a y e r  p l a y  a r a t e - l i m i t i n g  r o l e  i n  t h e  d i s s o l u t i o n  process? And, when 

does t h e  i n t e r f a c i a l  energy b a r r i e r  c o n t r i b u t e  s i g n i f i c a n t l y  i n  t h e  p a r t i -  

t i o n i n g ?  Furthermore, how does t h e  f l o w  p a t t e r n s  o f  t h e  d i s s o l u t i o n  f l u i d  

a f f e c t  t h e  d i f f u s i o n  boundary l a y e r ?  

Recent ly ,  t h e  e f f e c t  o f  f l u i d  hydrodynamics i n  a d i f f u s i o n  c e l l  on 

t h e  r e l e a s e  p r o f i l e s  o f  a d rug  has r e c e i v e d  a g r e a t  dea l  o f  a t t e n t i o n .  

Exper imenta l  r e s u l t s  have demonstrated t h a t  a d i f f u s i o n  c e l l  shou ld  be 

c a l i b r a t e d  i n  advance t o  c o r r e c t  t h e  p o s s i b l e  v a r i a t i o n  i n  d rug  r e l e a s e  

p r o f i l e s  a r i s i n g  f r o m  t h e  e f f o r t  o f  hydrodynamics on t h e  r e l e a s e  and perme- 
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DISSOLUTION KINETICS AND RATE-CONTROLLING MECHANISMS 1359 

a t i o n  p r o f i l e s  so t h a t  t h e  boundary l a y e r  e f f e c t  of  a very l i p o p h i l i c  

d r u g  such a s  proges te rone  can be c o r r e c t e d  ( 3 ) .  Although t h e  concept  

has long been e s t a b l i s h e d ,  a survey of  l i t e r a t u r e  has suggested t h a t  no 

i n v e s t i g a t i o n  has been conducted t o  q u a l i f y  benzoic a c i d  a s  t h e  repre-  

s e n t a t i v e  f o r  s tudying  t h e  d i s s o l u t i o n  o r  r e l e a s e  p r o f i l e s  of v a r i o u s  

drug molecules. In o t h e r  words, whether o r  not  t h e  e f f e c t  of  t h e  physico- 

chemical p r o p e r t i e s  of a d r u g  should be taken i n t o  c o n s i d e r a t i o n .  

The o b j e c t i v e  of t h i s  i n v e s t i g a t i o n  i s  t o  e v a l u a t e  t h e  e f f e c t  of  

d r u g  l i p o p h i l i c i t y  on t h e  d i s s o l u t i o n  p a t t e r n .  Three drugs with 

physicochemical p r o p e r t i e s  ranging from hydrophi l ic  t o  l i p o p h i l i c :  benzoic 

a c i d ,  desoxycor t icos te rone  and proges te rone  were s t u d i e d .  Shear  r a t e  

and mass t r a n s f e r  p r o p e r t i e s  were v a r i e d  by changing the v i s c o s i t y  and 

t h e  d e n s i t y  of t h e  d i s s o l u t i o n  medium a s  well a s  t h e  r o t a t i o n  speed i n  

t h e  d i s s o l u t i o n  c e l l .  The r e s u l t s  were analyzed by mathematical t r e a t m e n t  

and the p o t e n t i a l  in pharmaceut ical  a p p l i c a t i o n s  were a l s o  e l u c i d a t e d .  

EXPERIMENTAL 

Materi iil s ____ 
1 1 Progesterone , desoxycor t icos te rone  , benzoic a c i d 2  and polye thylene  

2 glycol  ( P E G )  400 were used a s  obta ined .  

Prepara t ion  of Drug Discs 

The d i s c s  i n  cy l inder -shaped ,  of  var ious  d r u g  compounds (250 mg) 

were prepared d i r e c t l y  i n  a s p e c i a l l y - d e s i g n e d  d i s c  holder  ( F i g u r e  1) 

using a hydraul ic  press. The s u r f a c e  of t h e  d i s c s  was found t o  be smooth 

with minimum d e f e c t s .  

D i s s o l u t i o n  K i n e t i c s  S t u d i e s  

A w e l l - c a l i b r a t e d  Ghannam-Chien ( G - C )  d i f f u s i o n  system3 with t h r e e  

p a i r s  of water - jacke ted  h a l f - c e l l s  was modif ied t o  s tudy  t h e  k i n e t i c s  
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li 
&UPPER CAP r-9 

CROSS SECTION SCHEMATIC VIEW 

Figure 1: Diagrammatic illustration for the cross-section view of disc 

hol der. 

of dissolution from the discs. Each pair of half cells was made into 

two dissolution cells by partitioning an impermeable Teflon sheet in-between 

for duplicate studies. One hundred and seventy (170) milliliters of a 

dissolution medium containing 0-40% PEG 400, previously thermostated at 

37"C, were charged into each dissolution cell and one unit of the modified 

disc holder assembly (Figure 1) was then inserted into the dissolution 

medium and held at a position which has a distance of 10 cm from the bottom 

(Figure 2). The magnets in the 6 units of dissolution cells were made 

to rotate at synchronized, constant speed, ranging from 125 t o  900 rpm. 

At predetermined intervals, 10 ml of sample was withdrawn from each 

of dissolution cell and immediately replaced with the same volume of drug- 

free elution medium to maintain a constant total volume. The samples 

were then analyzed by a U V / V I S  spectrophotometer . 4 
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D I S S O L U T I O N  KINETICS A N D  RATE-C,ONTROLLING MECHANISMS 1361 

sampling 
- 

7 silicone 

water 
lacket -_ 

modified - 
Pellet holder 

water --- 
inlet 

- 

EkPtCilMETAL SET-UP 

F i g u r e  2: D iagrammat ic  i l l u s t r a t i o n  o f  one u n i t  o f  m o d i f i e d  G-C d 1 f  f u s i o n  

sys tem f o r  d i s s o l u t i o n  s t u d y .  

RESULTS AND DISCUSSION 

S e v e r a l  mechanisms have been p roposed  t o  d e s c r i b e  t h e  k i n e t i c s  and 

r a t e  o f  d i s s o l u t i o n  ( 3 ) ,  among w h i c h  t h e  f i l m - c o n t r o l l e d  t h e o r y  i s  t h e  

most  p o p u l a r  one and i s  d e f i n e d  as :  

J = ( d C / d t ) ( V / A )  = (D/h)  ( C s  - C )  = k, ( c S  - C )  (1) 

where J r e p r e s e n t s  t h e  f l u x  o r  r a t e  o f  d i s s o l u t i o n ;  D i s  t h e  d i f f u s i o n  

c o e f f i c i e n t  o f  d r u g  m o l e c u l e s  i n  t h e  e l u t i o n  medium; h i s  t h e  t h i c k n e s s  

o f  d i f f u s i o n  boundary  l a y e r ,  C s  and C a r e  d r u g  c o n c e n t r a t i o n s  a t  s o l i d  

s u r f a c e  and b u l k  r e s p e c t i v e l y ,  and km (=D/h)  i s  t h e  mass t r a n s f e r  c o e f f i -  

c i e n t .  A d i m e n s i o n l e s s  Sherwood-Reynolds-Schmidt (Sh-Re-Sc) r e l a t i o n s h i p  

(4), d e f i n e d  as :  

Sh = c o n s t .  RemScn ( 2 )  
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1362 L I U ,  T A N ,  AND C H I E N  

can be c o r r e l a t e d  w i t h  t h e  d i s s o l u t i o n  process (wh ich  i s  known as a mass 

t r a n s f e r  phenomenon) w i t h  t h e  assumption t h a t  d i f f u s i o n  boundary l a y e r  

i s  t h e  predominant r e s i s t a n c e  d u r i n g  t h e  d i s s o l u t i o n  process.  The Sherwood 

number i s  def ined as (km d/D), t h e  Reynolds number as ( d p p / r i )  and t h e  

Schmidt number as ( r i / pd ) ,  where d, a c h a r a c t e r i s t i c  l e n g t h  o f  t h e  magnets 

used; u ,  a c h a r a c t e r i s t i c  v e l o c i t y  o f  t h e  f l u i d ;  p ,  t h e  d e n s i t y  o f  t h e  

f l u i d  and r l ,  t h e  v i s c o s i t y  o f  t h e  f l u i d .  

The d i s s o l u t i o n  p r o f i l e s  o f  benzoic  a c i d  and p roges te rone  i n  t h e  

d i s s o l u t i o n  media o f  0-40% PEG 400 a t  a r o t a t i o n  speed o f  425 rpm a r e  

shown i n  F i g u r e  3, which c l e a r l y  demonstrated t h e  s i g n i f i c a n t  d i f f e r e n c e  

i n  d i s s o l u t i o n  k i n e t i c s  o f  these two d rug  compounds. By p l o t t i n g  l o g  

( C s - C o ) / ( C s - C )  a g a i n s t  ( A / V ) t ,  l i n e a r  r e l a t i o n s h i p  was e s t a b l i s h e d  ( F i g u r e  

4 ) ,  as expected f rom t h e  f o l l o w i n g  e q u a t i o n  r e s u l t i n g  f rom t h e  i n t e g r a l  

o f  Equa t ion  (1): 

The mass t r a n s f e r  c o e f f i c i e n t  (k,) can be d i r e c t l y  o b t a i n e d  f rom t h e  s lope,  

f r o m  which t h e  Sherwood number i s  c a l c u l a t e d .  

The Sh-Re-Sc r e l a t i o n s h i p  (Eqn. 2 )  was a p p l i e d  s u c c e s s f u l l y  t o  p r e d i c t  

t h e  r a t e  o f  d i s s o l u t i o n ,  t h e  d i f f u s i o n  boundary l a y e r  and i t s  e f f e c t  on 

t h e  r a t e  o f  membrane permeat ion ( 4 ) .  The l i n e a r  S ~ / S C ’ ’ ~  v s .  Re r e l a t i o n -  

s h i p  was a l s o  observed ( F i g u r e  5)  f o r  t h e  d i s s o l u t i o n  o f  benzoic  a c i d  

d i s c s  i n  t h i s  d i s s o l u t i o n  system, which can be desc r ibed  as 

0.72 Sh/Sc13 = 0.06 Re ( 4 )  

w i t h  a c o r r e l a t i o n  c o e f f i c i e n t  o f  0.9666. S i m i l a r  l i n e a r i t y  was observed 

f o r  p roges te rone  as w e l l  ( F i g u r e  6) ,  which i s  desc r ibed  by: 

0 .72 S ~ / S C ’ / ~  = 0.107 Re ( 5 )  

w i t h  a c o r r e l a t i o n  c o e f f i c i e n t  o f  0.9738. 
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F i g u r e  3: D i s s o l u t i o n  p r o f i l e s  o f  b e n z o i c  a c i d  (A) and p r o g e s t e r o n e  

( B )  i n  aqueous PEG 400 s o l u t i o n s :  ( 4 )  0%, ( A )  
(0) 40%. 

7 
I B 

0.1 I i% 20% 

10 20 30 4C 50 60 70 

At /V  

20% and 

F i g u r e  4: L i n e a r - r e l a t i o n s h i p  between l o g  [ C  - C o ) / ( C s  - C ) ]  and ( A / V ) t  

o f  b e n z o i c  a c i d  ( A )  and p r o g e s t e r o n e  ( B )  i n  aqueous PEG 

s o l u t i o n s :  (a) 0%, (A) 20% and ( 0 )  40%. 
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Figure 5:  L inear  S ~ / S C ’ / ~  vs .  Re r e l a t i o n s h i p  f o r  the d i s s o l u t i o n  of  

benzoic  a c i d  i n  t h e  G-C modified d i s s o l u t i o n  system (Equat ion 

4). 

100 

1 100 , 1000 10000 

Re 

Figure  6 :  L inear  ~ h / S c ’ / ~  V S .  Re r e l a t i o n s h i p  f o r  the d i s s o l u t i o n  o f  

proges te rone  i n  the G - C  modif ied d i s s o l u t i o n  system (Equat ion 

5 ) .  
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DISSOLUTION KINETICS AND RATE-CONTROLLING MECHANISMS 1365 

‘Table I :  Physical Proper t ies  o f  Benzoic Acid and Progesterone 

Benzoic  Acid Proges te rone  

PEG 400 
( %  V / V )  

Log K* 

M o l a r  Volume 

3 
(cm /ml) 

D i  f f u s i v i t y  

(cm /sec x 10 ) 2 6 

0 

20 

40 

0 

0 

20 

40 

43.9 

153.6 

542.0 

1.87 

104 

1 4 . 5  

5 .4  

2 . 2  

0.125 

0.48 

1.98 

3.87 

269 

7 . 0  

2 .7  

1.0 

* P a r t i t i o n  C o e f f i c i e n t  f o r  o c t a n o l / w a t e r  system. 

It i s  i n t e r e s t i n g  t o  obse rve  t h a t  b o t h  benzo ic  a c i d  and p r o g e s t e r o n e  

y i e l d  e s s e n t i a l l y  t h e  same S ~ / S C ’ / ~  vs .  Re l i n e a r i t y  ( E q u a t i o n  4 & 5 ) ,  

d e s p i t e  t h e  g r e a t  d i f f e r e n c e  i n  t h e i r  p h y s i c a l  p r o p e r t i e s  ( T a b l e  I ) .  

By comb in ing  t h e  d a t a  f r o m  benoz ic  a c i d  and p r o g e s t e r o n e  t h e  same Sh/Sc 

vs .  Re Y i n e a r i t y  was o b t a i n e d :  

1/3 

( 6 )  
0.68 Sh/Sc1l3 = 0.07 Re 

w i t h  a c o r r e l a t i o n  c o e f f i c i e n t  of  0.9800 ( F i g u r e  7 ) .  The o b s e r v a t i o n  

suggested t h a t  t h e  same hydrodynamic r e l a t i o n s h i p  a r e  o p e r a t e d  i n  t h e  
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0 , 
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5 10 

1 10 
Re 

Kx) 

Figure 7: Linear S~/SC’/~ vs. Re relationship for both ( A  ) benzoic 

acid and ( 0 )  progesterone. 

G-C diffusion system for both benzoic acid, a water-soluble compound, 

and progesterone, a hydrophobic compound, as long as the system has been 

well calibrated hydrodynamically. The results also confirmed that the 

film theory is obeyed for the dissolution o f  both water-soluble and water- 

insoluble compounds. 

On the other hand, for those compounds of which the interfacial energy 

barrier might also play an important role in addition to the diffusional 

resistance discussed above in the dissolution process, the interfacial 

kinetics has to be considered: 

J = (dC/dt)(V/A) = k ’ ( C S  - C )  ( 7 )  

where k ’  is the interfacial rate constant for a first-order reaction. 

For instance, the linear Sh/Sc vs. Re relationship for the dissolution 
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I 1 

100 l00C 10030 
Re 

F i g u r e  8 :  Sh-Re-Sc c o r r e l a t i o n  f o r  t h e  d i s s o l u t i o n  o f  

d e s o x y c o r t i c o s t e r o n e .  

o f  d e s o x y c o r t i c o s t e r o n e  can  o n l y  be a c h i e v e d  w i t h  Reyno lds  number l e s s  

t h a n  1,000, i . e . ,  a t  l o w  r o t a t i o n  speed o r  i n  a h i g h  v i s c o s i t y  e l u t i o n  

medium ( F i g u r e  8 ) .  A l s o ,  n o n - l i n e a r i t y  was obse rved  f o r  t h e  d i s s o l u t i o n  

o f  d e s o x y c o r t i c o s t e r o n e  as compared t o  t h a t  f o r  b e n z o i c  a c i d  and p roges -  

t e r o n e  when t h e  a p p a r e n t  d i s s o l u t i o n  c o n s t a n t  ( k * ,  wh ich  c o n s i s t s  o f  t h e  

d i f f u s i o n a l  r e s i s t a n c e  a t  hydrodynamic  boundary  l a y e r  and t h e  k i n e t i c  

r e s i s t a n c e  a t  t h e  i n t e r f a c i a l  e n e r g y  b a r r i e r )  was p l o t t e d  a g a i n s t  r o t a t i o n  

speed r a n g i n g  f r o m  0-900 rpm ( F i g u r e  9 ) .  The r e s u l t s  sugges t  t h a t  t h e  

c o n t r i b u t i o n  f r o m  t h e  i n t e r f a c i a l  b a r r i e r  i s  more pronounced f o r  desoxy-  

c o r t i c o s t e r o n e  w i t h  t h e  i n c r e a s e  i n  t h e  r o t a t i o n  speed. 

The r a t i o n a l e  o f  a n a l y z i n g  d i s s o l u t i o n  r a t e  i n  c o n j u n c t i o n  w i t h  t h e  

k i n e t i c  r e s i s t a n c e  a t  t h e  i n t e r f a c i a l  e n e r g y  b a r r i e r  i s  o r i g i n a t e d  f r o m  

t h e  merge r  o f  d i f f u s i o n  boundary  l a y e r  and i n t e r f a c i a l  e n e r g y  b a r r i e r ,  

w h i c h  can  be exp ressed  m a t h e m a t i c a l l y  as f o l l o w s :  
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-- 
200 400 600 EOO 

Rotation Speed (RPM) 

Figure 9: Effect o f  rotation speed on the apparent dissolution constant 

of: ( 0 ) benzoic acid, ( ) progesterone and ( A  ) 
desoxycorticosterone in aqueous 40% PEG400 solution. 

and the dissolution f l u x  may be expressed as 

J = k*(CS - C )  

Comparing Equation (8) with Equation (9) yields the following relation- 

ship: 

Rearranging the Equation (10) gives: 

- 1 =  1 + 1  
k* (D/hJ 
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1 I I I I 
0 2000 4000 6000 

1/(Sh D/d)  

Figure 10: Linear l / k *  v s .  I/(Sh.D/d) relationship for desoxycorticosterone 

(Equation 12). 

Equation (11) implies that the apparent dissolution constant ( k * ) ,  ap- 

proaches the interfacial rate constant ( k ' )  as the diffusional boundary 

layer (h) becomes infinitely thin, i.e., h 0 .  

Since h = d / S h  

Equation (11) becomes: 

The interfacial rate constant ( k ' ) ,  for a given drug under investigation 

can thus be obtained from the intercept of the linear l / k *  vs. l/(Sh.D/d) 

plot, where Sherwood number can be calculated from Equation (6). A typical 

result is shown in Figure 10 for desoxycorticosterone. As expected, a 

fine linear relationship is established and the interfacial rate constant, 

as calculated from the reciprocal of intercept, is 0.001 cm/sec. 
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CONCLUSIONS 

The results indicated that the applicability of the film theory in 

a dissolution process depends upon the relative contribution of the kinetic 

energy barrier at the solid-liquid interface of a compound. The rate 

of dissolution appears to be influenced by both the hydrodynamic diffusion 

layer and the interfacial energy barrier. It was concluded that the disso- 

lution of a drug compound should be well characterized in terms of kinetics, 

mechanisms, and the conditions such as rotation speed and dissolution 

medium under which the mechanisms are essentially held. 

FOOTNOTES 

1. Sigma Chemical Company, St. Louis, Missouri. 

2. Fisher Scientific Company, Fairlawn, New Jersey. 

3. Bellco Glass Inc., Vineland, New Jersey. 

4. Perkin Elmer, 559A UV/VIS Spectrophotometer, Perkin-Elmer, Elmwood 

Park, New Jersey. 
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