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ABSTRACT 

The dissolution rate of benzoic acid was measured in various 

concentrations of aqueous solutions of propylene glycol and 

colloidal solutions of guar gum. In polymeric solutions of guar 

gum the dissolution rate was influenced primarily by the effect 

of viscosity on the hydrodynamic shear in the dissolution 

medium. In the aqueous solutions of propylene glycol the 

dissolution rate was a complex function of kinematic viscosity, 

solubility, diffusivity and rotational speed. By means of 

dimensionless analysis it appears that the difference in the 

hydrodynamics of the true and colloidal solutions causes a 

difference in dissolution rate because of dissimilar fluid flow 

patterns. 

INTRODUCTION 

It has been demonstrated that the dissolution rate of a 

nondisintegrathg compact in a stirred vessel is decreased in 

Copyright 0 199 1 by Marcel Dekker, Inc. 
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1732 CHANG AND PARROTT 

polymeric s o l u t i o n s  as t h e  v i s c o s i t y  i s  inc reased  ( I . ,  2 ) .  This  

may be i n t e r p r e t e d  i n  terms of  t h e  in f luence  of  v i s c o s i t y  on 

d i f f u s i v i t y .  

equat ion appeared t o  f i t  t h e  experimental  d a t a  b e t t e r  than bulk 

v i s c o s i t y  measured by a viscometer (1) .  Florence e t  a l .  ( 3 )  

concluded t h a t  d i s s o l u t i o n  ra te  i n t o  viscous s o l u t i o n s  was no t  a 

simple func t ion  of t h e  d i f f u s i v i t y  because t h e  r e s i s t a n c e  

encountered by t h e  s o l u t e  molecules i n  polymeric s o l u t i o n s  i s  n o t  

d i r e c t l y  r e l a t e d  t o  measured bulk v i s c o s i t y  and t h e  th i ckness  of 

t h e  d i f f u s i o n  l aye r  i s  dependent on t h e  d i f f u s i o n  c o e f f i c i e n t .  

V i scos i ty  c a l c u l a t e d  by t h e  S tokes -E ins t e in  

Nelson and Shah ( 4 )  r epor t ed  t h a t  t h e  dec rease  i n  

d i s s o l u t i o n  rate of e t h y l  p-aminobenzoate i n  aqueous s o l u t i o n s  of  

sucrose was r e l a t e d  t o  t h e  d i f f u s i v i t y  of t h e  s o l u t e ;  however, 

t h e  d i s s b l u t i o n  ra te  i n  s o l u t i o n s  of  hydroxypropyl c e l l u l o s e  

remained cons t an t  under a f i x e d  f l u i d  flow because of  t h e  

n e g l i g i b l e  e f f e c t  of t h e  polymer on t h e  d i f f u s i v i t y  of t h e  

s o l u t e .  A change i n  f l u i d  flow r a t e  a l t e r e d  t h e  d i s s o l u t i o n  ra te  

and was c o r r e l a t e d  wi th  t h e  ra te  of  s h e a r .  

The slowing of d i s s o l u t i o n  r a t e  w i th  inc reased  v i s c o s i t y  may 

I n  s o l u t i o n s  of small molecules t h e  be caused by two mechanisms. 

mic rov i scos i ty  is i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  d i f f u s i v i t y  and 

as t h e  v i s c o s i t y  is inc reased  and t h e  d i f f u s i o n  c o e f f i c i e n t  

becomes smaller, t h e  d i s s o l u t i o n  r a t e  is slowed. In  d i l u t e  

s o l u t i o n s  of a polymer t h e  s o l u t e  molecules i n f r e q u e n t l y  

encounter a polymeric cha in  du r ing  d i f f u s i o n ,  and consequently,  
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HYDRODYNAMICS OF DISSOLUTION 1733 

the bulk viscosity has little effect on diffusivity. 

second mechanism the bulk viscosity affects the flow 

characteristics of the dissolution medium with a reduction of 

shear rate in the vicinity of the solid solute as the viscosity 

is  increased resulting in a slower dissolution rate. 

In the 

The purpose of this study was to consider the extent to 

which each of the two mechanisms influenced dissolution in 

aqueous solutions of propylene glycol and colloidal solutions of 

guar gum. 

dimensionless parameters were used to characterize the 

hydrodynamics of dissolution into a stirred medium. 

Following the suggestion of Carstensen (5) 

EXPERIMENTAL 

The methodology and procedures have been reported (1, 6 ) .  

Under sink conditions the dissolution rates of benzoic acid 

(Fisher Scientific Co., Lot 783313) from spherical 0 . 9 5 6  f 

0.001 cm compacts compressed at 2270 kg of force were determined 

in various concentrations of aqueous propylene glycol (Barton 

Solvent, Lot CB16171087) and guar gum (Colony Import & Export 

Corp., Lot 0-59-241) solutions at 25OC. 

RESULTS AND DISCUSSIO_N 

Dissolution Rate and Mass Transfer Parameters. For guar gum 

colloidal solutions that exhibit pseudoplastic behavior it was 

shown in a previous report ( 6 )  that for dilute solntions at 

rotational speeds of the Brookfield viscometer exceeding 10 rpm, 

the upper Newtonian viscosity was attained (7). The shear rates 
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1734 CHANG AND P A R R O T T  

TABLE 1 

Parameters of Aqueous Guar G u n  and Propylene Glycol 
Solutions and Benzoic Acid in These Solutions at 25OC 

6 
10 Diffusion 

Concentration, Dens i tr 9 Viscosity, Coeffi ient, Solhility, 
mg/mL 

P z w/v 'g/M Cps cm /s 

Guar Gum Solution 

0 . 1  0 .998 5 .46  5 .875  3 . 2 7  
0 . 2  0 .998 13.06 5.802 3 .29  

0 . 3  0 .998  34.92 5 .729 3.24 

Propylene Glycol Solution 

10 .0  1.005 2.88 8 .797 4 .26  

2 0 . 0  1.010 3 .33  6 .137 5.44 

40.0 1.030 5 . 8 8  2.387 14 .33  

encountered i n  t h e  d i s s o l u t i o n  apparatus  a l s o  produced t h e  upper 

Newtonian v i s c o s i t y ,  which may be considered a s  t h e  bulk 

v i s c o s i t y  of t h e  polymeric s o l u t i o n .  

Aqueous s o l u t i o n s  of propylene g lyco l  are t r u e  s o l u t i o n s  

c o n s i s t i n g  of small  molecules of so lven t  and s o l u t e ,  and t h e  

v i s c o s i t i e s  of t h e  s o l u t i o n s  a r e  independent of t h e  app l i ed  shea r  

r a t e s  (Newtonian behav io r ) .  The v i scos - i t e s  and d e n s i t i e s  of 

var ious concen t r a t ions  of guar gum and aqueous propylene g l y c o l  

s o l u t i o n s  are given i n  Table 1. The high v i s c o s i t y  of guar gum 
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HYDRODYNAMICS OF DISSOLUTION 1735 

solutions at low concentrations of guar gum is due to the 

entanglement of the long chains of the macromolecules. 

The dissolution rates of benzoic acid in guar gum solutions 

and in aqueous propylene glycol solutions at various rotational 

speeds are given in Tables 2 and 3 .  For the guar gum solutions 

at each speed the dissolution rate is decreased as the viscosity 

is increased. For the dissolution of benzoic acid in propylene 

.pat glycol solutions at each speed as the viscosity of the 

aqueous propylene glycol solutions is increased, the dissolution 

rate does not necessarily decrease. Thus, for the true solutions 

in aqueous propylene glycol the dissolution rate is not solely a 

function of viscosity. 

As the speed of rotation is increased] the dissolution rate 

is faster for all viscosites studied as shown in Tables 2 and 3 .  

As illustrated in Table 1 the solubility and diffusion 

coefficient of benzoic acid in guar gum solutions did not change 

measurably as a result of the low volume fraction of polymer in 

dilute solutions. The influence of polymeric molecules on the 

diffusivity of the benzoic acid only occurs when the diffusant 

encounters an obstruction due to a polymeric chain. As the 

volume fraction of polymer is very low in dilute solutions, the 

change in diffusivity of the diffusant is insignificant compared 

to the marked change of the viscosity and flow characteristics. 

In contrast as shown in Table 3 the dissolution rate of 

benzoic acid is not always faster in lower concentrations of 
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1738 CHANG AND PARROTT 

aqueous propylene glycol solutions wjth a low viscosity than in 

higher concentrations possessing a higher viscosity. 

parameters listed in Table 1 change with the concentration of 

propylene glycol. For example, the solubility of benzoic acid is 

increased as the concentration of propylene glycol is increased. 

The 

In solutions of small molecules the diffusivity is inversely 

proportional to viscosity (Stokes-Einstein relation), and hence, 

the diffusion coefficient of benzoic acid in aqueous propylene 

glycol solutions is decreased with an increase in concentration 

of propylene glycol as shown in Table 1. The dissolution rate of 

benzoic acid in various concentrations of aqueous propylene 

glycol is a combined function of kinematic viscosity, solubility, 

diffusion coefficient and rotational speed. 

1Iy&odynamics. The general equation for forced-convection mass 

transfer in an agitated fluid is (see Appendix) 

or I3 Sh = C (SC)~ (Re) (Eq. 2.) 

in which Sh is the Sherwood number, Sc is the Schmidt number, 

Re is the Reynolds number, and C ,  a and f3 are 

coefficients. 
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HYDRODYNAMICS OF DISSOLUTION 1739 

The dissolution rates of benzoic acid in various 

concentrations of aqueous guar gum and propylene glycol solutions 

at various rotational speeds are given in Tables 2 and 3 from 

which the values of the three dimensionless parameters were 

computed. Assuming the diffusion coefficient of benzoic acid in 

a particular medium is independent of the shear rate, the Schmidt 

number is constant for each concentration as under isothermal 

conditions 0, p and D are constant. Therefore, Eq. 2 

reduces to 

13 Sh = C (Re) ( E q .  3 )  

In its logarithmic form 

log (Sh) = log C,  + 13 log (Re) (Eq. 4 )  

Theoretically a plot of the logarithm of Sherwood number against 

the logarithm of the Reynolds number is linear with a slope of 

13. As shown in Figure 1 for solutions of guar gum the slopes of 

the lines are unity so that 

Sh = C, (Re)'.' (Eq. 5 )  

The deviation of the curve from linearity at high Reynolds 

numbers probably arises due to the difference in hydrodynamic 

flow. At a low Reynolds number the flow in the dissolution 

apparatus is  laminar; however, at high Reynolds numbers the flow 
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1740 CHANG AND PARROTT 

10,000 

Sh 
1000 

I00 1 I 

200 1000 10,000 

R e  

Figure 1. Log-log relationship of Sherwood number and Reynolds 
number for solutions of guar gum. Key: , 
0.1%; 0 0.2%; and 0.3% w/v. 

is turbulent. The dissolution kinetics in laminar and turbulent 

flow are not identical. 

A similar plot is shown in Figure 2 for the dissolution of 

benzoic acid in aqueous propylene glycol solutions. The value of 

the Reynolds number at which the curve deviates from linearity 

(critical Reynolds number) is decreased as the concentration of 

propylene glycol is increased. Using the average slope 

The value of the Schmidt number increases as the 

concentration (and viscosity) of the aqueous propylene glycol 
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HYDRODYNAMICS OF DISSOLUTION 1741 

f 10,000 

Sh 

I000 I I 
I I 

I000 10,000 

R e  

Figure 2. Log-log relationship of Sherwood number and Reynolds 
number for aqueous solutions of propylene glycol. 
Key: , 10% 0 , 20%; and , 40% w/v. 

solution increases, and consequently, values of the slope of the 

linear portion of the curve becomes greater. Thus, there is a 

tendency as the solution becomes more viscous for the slopes of 

the two linear curves to approach a single value (form a single 

straight line). 

As seen in Figures 1 and 2 for a given Schmidt number the 

value of the Sherwood number increases proportionally on a 

logarithmic scale with an increase of Reynolds number, and then 

the increase of the Sherwood number with respect to the Reynolds 

number slows at a critical Reynolds number to another linear 

relationship. 

hydrodynamics in the dissolution apparatus as a velocity profile 

is a function of position and time. Above the critical Reynolds 

number the spherical benzoic acid compact was restricted in 

This phenomenon may be attributed to the 
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1742 CHANG AND PARROTT 

movement and did not move freely throughout the dissolution 

medium. In less viscous fluids (aqueous propylene glycol 

solutions) the spherical compact moved freely in the dissolution 

medium. 

In a diffusion layer model, the thickness of the diffusion 

layer is decreased as the agitation is increased. However, when 

the speed is increased to a certain value, further increases in 

speed become progressively less effective in reducing the 

thickness of the diffusion layer. Thus, in Figures 1 and 2 after 

the critical Reynolds number is reached, the curve has a concave, 

downward profile. 

In the region of laminar flow for colloidal solutions of 

guar gum 

Sh = C (Re)' (SC)~ 

and for aqueous propylene glycol solutions 

To evaluate a the Sherwood numbers calculated at some 

fixed Reynolds numbers are plotted on log-log grids against the 

corresponding Schmidt numbers as shown in Figures 3 and 4 

utilizing the data in Table 4 .  

gum solutions range from 0 .336  to 0 . 3 4 4  with correlation 

coefficients exceeding 0.993. The slopes for the aqueous 

The slopes for the aqueous guar 
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I I 

1743 

i 
10,000 

30 00 10,000 l00,000 

sc 

Figure 3. Log-log relationship of Sherwood number to Schmidt 
number for solutions of guar gum. Key: Reynolds 
number: , 1800; 0 , 2000; , 2200; 
and 0 2400. 

i 
10,000 

t 

1000 10,000 

sc 
Figure 4 .  Log-log relationship of Sherwood number to Schmidt 

number for aqueous solutions of propylene glycol. 
Key: Reynolds number 2000; 0 , 3000; 
4000;  and 0 , 5000. 
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1744 CHANG AND PARROTT 

TABLE 4 

Schnidt and Sherwood Nunbers for  Various Reynolds Mmbers 

Concentrmt ion, Re sh 
z w/v 

sc 

0 . 1  

0 . 2  

0.3 

10.0 

20.0 

40.0 

Aqwovs Guar G u n  Solutions 

1800 1200.33 9312.24 
2000 1331.16 
2200 1461.76 
2400 1592.14 

1800 1709.73 
2000 1908.88 
2200 2108.95 
2400 2309.85 

1800 2262.77 
2000 2524.02 
2200 2786.24 
2400 3049.35 

22554.59 

61075.20 

Acpeous Propylene Glycol Solutions 

2000 716.46 3257.56 
3000 1035.45 
4000 1344.64 
5000 1646.74 

2000 898.13 
3000 1272.45 
4000 1629.27 
5000 1973.61 

2000 1421.74 
3000 2024.80 
4000 2602.16 
5000 3161.14 

5372.38 
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HYDRODYNAMICS OF DISSOLUTION 1745 

Figure 5 

100 I000 I0,OOO 

R e  

Log [(S~)/(SC)~*~~~ ] as a function of log (Re) 
for aqueous propylene glycol and guar gum solutions. 
Key: Guar gum: , 0.1%; , 0.2%; and A , 
0 . 3 %  w/v. Propylene glycol: 0 , 10%; 0 , 20%; 
and A , 40% w/v. 

propylene glycol solutions range from 0 . 3 2 4  to 0 . 3 3 5  with 

correlation coefficients exceeding 0 . 9 9 6 .  It appears that for 

both the colloidal and the true solutions a = 0 . 3 3 ,  if the 

Reynolds number is small (laminar flow). 

The experimental and theoretical reports on mass transfer in 

Newtonian fluids (8) and in non-Newtonian fluids (9, 10) support 

the experimental result that the Sherwood number is proportional 

to the cube root of the Schmidt number. Thus, for Newtonian and 

non-Newtonian fluids 
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1746 CHANG AND P A R R O T T  

Sh = C (SC)’.’~ (Re)’ (Eq. 9) 

for dissolution of a solid into laminar flow agitation. 

Equation 9 may be rearranged and expressed in logarithmic 
form 

In Figure 5 a plot of log [Sh/(Sc)’-”] against log (Re) is 

linear with a slope of 0. The values of R are 1.0 and 

0 . 8 9  for guar gum solutions and aqueous propylene glycol 

solutions, respectively, and agree well with those evaluated from 

Figures 1 and 2. 

From the above analysis the equation for forced-convection 

mass transfer of benzoic acid in the dissolution apparatus 

described is for non-Newtonian, colloidal solutions of guar gum 

Sh = 0.029 (Re) (Sc)’.” (Eq. 11) 

and for Newtonian solutions of aqueous propylene glycol 

Sh = 0.058 (Re)0**9 ( S C )  ’ * ’ ’ (Eq. 12) 

Although attempts have been made to develop a single mass 

transfer equation for Newtonian and non-Newtonian fluids (11, 

12), deviations occur at low or high Reynolds numbers, and it 

seems that each system is best represented by its own equation 

because the flow pattern with diluted polymeric solutions is 

different from that with Newtonian fluids (13-14). 
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HYDRODYNAMICS OF DISSOLUTION 1 7 4 7  

I n  t h i s  s tudy  t h e  e f f e c t  of t h e  Schmidt number on t h e  

Sherwood number i s  t h e  same f o r  c o l l o i d a l ,  polymeric s o l u t i o n s  

and t r u e  s o l u t i o n s .  The e f f e c t  of t h e  Reynolds number on t h e  

Sherwood number i s  d i f f e r e n t  i n  d i l u t e  polymeric s o l u t i o n s  than  

i n  Newtonian s o l u t i o n s  as seen  i n  Eq. 11 and 1 2 .  I t  appears  t h a t  

macromolecules i n  s o l u t i o n  n o t  only i n c r e a s e  t h e  v i s c o s i t y  (while  

having minimal e f f e c t  on d i f f u s i v i t y )  but  a l t e r  t h e  f l u i d  

flow p a t t e r n .  
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APPENDIX 

Dimensionless Analysis. Dimensionless analysis is a method by 

which the experimental data may be correlated with a set of 

dimensionless parameters. If the variables are expressed in the 

same dimensions, they may be manipulated mathematically so that 

the separate variables can be reduced to a smaller number of 

independent dimensionless groups of variables. Thus, the 

variables may be arranged into a dimensionless equation that 

predicts how the variables are related. 

In the hydrodynamics of forced-convection mass transfer at 

sink conditions the pertinent variables are dissolution rate (R) 

or mass transfer coefficient (K), solubility ( C s ) ,  diffusion 

coefficient (D), kinematic viscosity ( v )  or coefficient of 
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HYDRODYNAMICS OF DISSOLUTION 1749  

v i s c o s i t y  (q ) ,  d e n s i t y  ( p ) ,  v e l o c i t y  ( V )  o r  r o t a t i o n a l  

speed ( w )  of f l u i d  flow, and c h a r a c t e r i s t i c  l eng th  ( d ) .  The 

d i s s o l u t i o n  rate is  d i r e c t l y  p ropor t iona l  t o  t h e  s o l u b i l i t y  of a 

s o l i d  i n  t h e  d i s s o l u t i o n  medium (16) .  

cons t an t  is known as t h e  mass t r a n s f e r  c o e f f i c i e n t  ( K ) .  The 

s i g n i f i c a n t  v a r i a b l e s  can be included i n  a f u n c t i o n a l  equa t ion  

The p r o p o r t i o n a l i t y  

The dimensions of t h e  v a r i a b l e s  are 

[ K ]  = L/T 
[ d ]  = L 

[D] = L2/T 
[ q l  = M/LT 
[V] = L/T 

I P 1  = M/L’ 

The mass term can be e l imina ted  from Eq. 13 by combining 

wi th  a l l  v a r i a b l e s  t h a t  have t h e  mass dlmension, [ v / p ]  = 

L2/T, such t h a t  M i s  cance l l ed  

p 

The t i m e  dimension may be e l imina ted  by combining 

v a r i a b l e s  t h a t  have a t i m e  dimension so  

D with the 
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CHANG AND PARROTT 1750 

where [K/D] = 1 /L  
[d] = L 

[V/D] = 1 / L  
[ r l / P D I  = 1 

The remaining groups of variables have only the dimension of 

length. These are made dimensionless by combining with the 

length variable d 

Kd Vd 
- D = f, (; Y o> 

The Reynolds number (Re) is a recognized parameter in 

hydrodynamic flow to express the relationship of viscous forces 

to velocity, density and length (d). By dividing Vd/D by 

n/pD Eq. 16 has the form 

Kd 
- = f ,  D (any) 

in which 

= Sherwood number (Sh) D 

Jl = Schmidt number (Sc) 
PD 

Vdp = Reynolds number (Re) 
P 

The variables of Eq. 13 have been reduced to three dimensionless 

parameters, which are related 
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HYDRODYNAMICS OF DISSOLUTION 1751 

( E q .  18) 

i n  which C,  a and B a re  coe f f i c i en t s  of a system. 

The d i s so lu t ion  apparatus used i n  t h i s  s tudy was a beaker 

containing a f ixed volume of l i qu id  t h a t  was ro ta ted  about a 

v e r t i c a l  ax i s .  Thus t h e  ve loc i ty  term V of Eq. 18 may be 

expressed as the  product of t he  angular ve loc i ty  ( w )  i n  

radians per second and t h e  radius ,  which is one half  t h e  length 

of t h e  a g i t a t o r  blade so t h a t  

i n  which ordp/rl is a modified Reynolds number. All 

var iab les  except C ,  a and R may be determined by 

independent methods. The coe f f i c i en t s  may be evalua-ted by 

determining the  mass t r a n s f e r  coe f f i c i en t s  i n  so lu t ions  of 

various v i s c o s i t i e s  and a t  various ro t a t iona l  speeds. 
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