
DRUG DEVELOPMENT AND INDUSTRIAL PHARMACY, 13(4&5), 803-872 (1987)  

GRANULATION 
A R E V I E W  ON PHARMACEUTICAL WET-GRANULATION 

H.  G j e l s t r u p  K r i s t e n s e n  and T .  Schaefer 

Department of Pharmaceut i c s  

Royal Danish School  of Pharmacy 

2 Un ive r s i  t e t s p a r k e n  
DK-2100 Copenhagen 

Denmark 

ABSTRACT 

Recent  developments  i n  p h a r m a c e u t i c a l  wet g r a n u l a t i o n  tech- 

n i q u e s  are  rev iewed  w i t h  t h e  main emphasis  on g r a n u l a t i o n  i n  

f l u i d i z e d  beds  and h i g h  shear mixe r s .  The f o l l o w i n g  items are 

dea l t  w i t h :  Fundamentals  of g r a n u l e  g rowth ,  g r a n u l a t i o n  methods 

and equ ipmen t s ,  g r a n u l a t i o n  v a r i a b l e s ,  s c a l i n g - u p  and end-point  

c o n t r o l .  

INTRODUCTION 

G r a n u l a t i o n  is a p r o c e s s  of s i z e  enlargement  whereby small 
par t ic les  are gathered i n t o  l a r g e r ,  permanent a g g r e g a t e s  i n  which 

t h e  o r i g i n a l  par t ic les  can s t i l l  be i d e n t i f i e d l .  T h i s  d e f i n i t i o n  
compr i se s  s i z e  enlargement  by a g i t a t i o n  of moi s t ened  powders i n  

mixing equ ipmen t s ,  compress ion ,  e x t r u s i o n  and g l o b u l a t i o n 2 .  I n  t h e  

pharmacy wor ld ,  t h e  term g r a n u l a t i o n  u s u a l l y  re fe rs  t o  processes 
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804 KRISTENSEN AND SCHAEFER 

whereby a g g r e g a t e s  w i t h  s i z e s  r a n g i n g  from ab.  0.1 t o  ab.  2.0 mm 

are p roduced  by a g i t a t i o n  of  m o i s t e n e d  powders .  P e l l e t i z a t i o n  may 

be synonymous t o  g r a n u l a t i o n ,  b u t  i n  pharmacy t h i s  term u s u a l l y  

refers t o  t h e  m a n u f a c t u r e  of a g g r e g a t e s  w i t h  a n a r r o w  s i z e  r a n g e  

u s i n g  a g i t a t i o n  o r  e x t r u s i o n .  
The  p h a r m a c e u t i c a l  i n d u s t r y  b e n e f i t s  f rom wet g r a n u l a t i o n  by 

improvement of o n e  o r  more of t h e  p r o p e r t i e s  of powders :  Flow and  

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

r e s i s t a n c e  t o  s e g r e g a t i o n .  Wet g r a n u l a t i o n  s e r v e s  p r i m a r i l y  t o  
p r e p a r e  powders fo r  t a b l e t t i n g .  G r a n u l a t i o n  c a n  a l s o  s e r v e  t o  
p r e p a r e  m e d i c i n a l  p r o d u c t s  i n  a g r a n u l a r  f o r m  f o r  u s e  by  t h e  pa- 

t i e n t  d i r e c t l y  o r  f o r  t h e  p r e p a r a t i o n  of i n s t a n t  p r o d u c t s .  Impor- 

t a n t  a s p e c t s  are  f u r t h e r  t o  f a c i l i t a t e  e n c a p s u l a t i o n  and  t o  r e d u c e  

e n v i r o n m e n t a l  h a z a r d s  f o r  t h e  work ing  p e r s o n n e l .  

F o r  decades g r a n u l e s  have been  p r o c e s s e d  o n  a p u r e l y  e m p i r i -  

cal b a s i s  and  o f t e n  i n  a small scale .  R e p r o d u c i b i l i t y  of t h e  g r a n -  

u l e  charac te r i s t ics  was of l e s s  i m p o r t a n c e  wh i l e  t a b l e t  c a n p r e s -  

s i o n  r a n  s m o o t h l y .  T h i s  s i t u a t i o n  has  changed  c o m p l e t e l y  t o d a y .  
T h e  i n c r e a s i n g  sca le  of m a n u f a c t u r e ,  t h e  n e e d  f o r  f a s t  r u n n i n g  

p r o c e s s e s  and  GMP a n d  v a l i d a t i o n  r e q u i r e m e n t s  have  stressed t h e  

n e c e s s i t y  t o  d e v e l o p  c o n t r o l l a b l e  g r a n u l a t i o n  p r o c e s s e s  h a v i n g  as 
few p r o c e s s i n g  s teps  as p o s s i b l e  and  p r e f e r a b l y  c o m p l e t e d  i n  a 

closed c i r c u i t 3 t 4 .  T h i s  has l a r g e l y  been  a c c o m p l i s h e d  by t h e  

i n t r o d u c t i o n  i n  t h e  60's of f l u i d i z e d  bed t e c h n i q u e s  a n d  i n  t h e  

70 ' s  of h i g h  shear m i x e r s .  G r a n u l a t i o n  by s p r a y  d r y i n g  a n d  con- 

t i n u o u s  g r a n u l a t i o n  methods are a v a i l a b l e ,  b u t  are  less  wide 

s p r e a d  t h a n  t h e  two former methods b e c a u s e  t h e i r  b e n e f i t s  r e l y  o n  

a larger s c a l e  of m a n u f a c t u r e  t h a n  is normal  i n  most p h a r m a c e u t i -  

cal i n d u s t r i e s .  T h e r e  i s  no d o u b t ,  however ,  t h a t  c o n t i n u o u s  gra- 

n u l a t i o n  i n  t h e  f u t u r e  w i l l  g a i n  a more d o m i n a t i n g  p o s i t i o n  i n  

pharmacy a l o n g  w i t h  a p p r o p r i a t e  equ ipmen t  b e i n g  d e v e l o p e d .  

The  i n t r o d u c t i o n  of modern g r a n u l a t i o n  e q u i p m e n t s  has g i v e n  
r ise  t o  a n  i n t e r e s t  i n  basic research o n  wet g r a n u l a t i o n .  E x p e r i -  

e n c e s  h a v e  shown t h a t  many f o r m u l a t i o n  and p r o c e s s  v a r i a b l e s  i n -  

f l u e n c e  t h e  pe r fo rmance  charac te r i s t ics  of t h e  f i n a l  p r o d u c t 5 .  
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GRANULATION 805 

The need  f o r  f a s t  r u n n i n g  p r o c e s s e s  has c a u s e d  s i g n i f i c a n t  i n t e r -  

es t  i n  i n s t r u m e n t a l  methods  f o r  g r a n u l a t i o n  end-po in t  c o n t r o l .  

The i n c r e a s i n g  sca le  of m a n u f a c t u r e  g i v e s  r i s e  t o  problems i n  
s c a l i n g - u p  f rom l a b o r a t o r y  t o  p r o d u c t i o n  scale.  

An e x t e n s i v e  t e c h n i c a l  l i t e r a t u r e  on  g r a n u l a t i o n  has been 
r ev iewed  i n  a number of monographs on  s i z e  e n l a r g e m e n t  methods,  

e.g. Capes617 ,  Pietsch8,  S h e r r i n g t o n  and O l i v e r 2  a n d  Kapurg. 

These monographs p r e s e n t  f u n d a m e n t a l s  of s i z e  e n l a r g e m e n t  methods,  

equipments  and a p p l i c a t i o n s  t o  d i f f e r e n t  i n d u s t r i a l  areas. 
I t  i s  n o t a b l e  t h a t  t h e  c o n c e r n  of a great p a r t  of t h e  l i t e r a -  

t u r e  on  t h e  f u n d a m e n t a l s  of g r a n u l a t i o n  i s  powders t h a t  are in -  

s o l u b l e  i n  t h e  l i q u i d  phase .  They a r e  o f t e n  agglomerated i n  

equipments  wi th  a mode of a c t i o n  t h a t  d i f f e r s  from t h a t  of t h e  

equipment  n o r m a l l y  u s e d  i n  t h e  p h a r m a c e u t i c a l  i n d u s t r y .  

The wet p h a s e  of p h a r m a c e u t i c a l  g r a n u l a t i o n  t e c h n o l o g y  has  

been  r ev iewed  by Recordlo who c o v e r s  a l l  g e n e r a l l y  u s e d  equ ip -  

ments .  Au l ton  and Banks11 have  r e v i e w e d  f l u i d i z e d  bed g r a n u l a -  
t i o n .  Anderson e t  a 1 . 3  have  d e s c r i b e d  t h e  p r i n c i p l e s  of improved 
t a b l e t  p r o d u c t i o n  s y s t e m s  i n c l u d i n g  modern g r a n u l a t i o n  equ ipmen t s  . 
The l i t e r a t u r e  on  t h e  c h a r a c t e r i z a t i o n  of g r a n u l a t i o n s  and  t h e  

i n t e r a c t i o n s  between g r a n u l e  and  t a b l e t  character is t ics  are re- 
viewed by Fonner  e t  al .5.  

The aim of t h e  p r e s e n t  p a p e r  i s  t o  r e v i e w  r e c e n t  deve lopmen t s  
i n  p h a r m a c e u t i c a l  wet g r a n u l a t i o n .  Emphas is  i s  g i v e n  t o  g r a n u l a -  

t i o n  i n  f l u i d i z e d  beds and  h i g h  shear m i x e r s  b e c a u s e  these equ ip -  

men t s  t o d a y  are t h e  most wide-spread  i n  t h e  p h a r m a c e u t i c a l  i ndus -  

t r y ,  and  a l s o  b e c a u s e  t h e y  have  been  t he  c o n c e r n  of t h e  a u t h o r s ’  

own research. 

FUNDAMENTALS OF GRANULE GROWTH 

G r a n u l a t i o n  Mechanisms 

Wet g r a n u l a t i o n  p r o c e e d s  by d i f f e r e n t  mechanisms f o r  agglom- 
erate g rowth  and  d e g r a d a t i o n  which are  dependen t  o n  t h e  g r a n u l a -  
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806 KRISTENSEN AND SCHAEFER 

t i o n  equipment a s  well as the  p r o p e r t i e s  of t h e  feed m a t e r i a l ,  

e s p e c i a l l y  i t s  p a r t i c l e  s i z e  d i s t r i b u t i o n 1 2 .  I n  t h e  manufac tu re  

of pha rmaceu t i ca l  p r o d u c t s  wet g r a n u l a t i o n  normally conce rns  f i n e  

powders w i t h  wide  s i z e  d i s t r i b u t i o n s .  Agglomerate f o r m a t i o n  and 

growth of these powders can be  d e s c r i b e d  a d e q u a t e l y  by t h e  two 
growth mechani sms2,6,9 : 

( i )  N u c l e a t i o n  of p a r t i c l e s  

( i i )  Coalescence between agg lomera te s  
"Ball growth",  a r a p i d  f o r m a t i o n  of l a r g e  a g g l o m e r a t e s ,  is 

cons ide red  t o  be u n c o n t r o l l e d  growth by c o a l e s c e n c e .  I t  o c c u r s  

when t h e  feed m a t e r i a l  becomes o v e r w e t t e d ,  e s p e c i a l l y  when t h e  

m a t e r i a l  r o l l s  and s l i d e s  over  i n c l i n e d  s u r f a c e s .  

Agglcmerate f o r m a t i o n  and growth r e q u i r e  t he  p r e s e n c e  of 

l i q u i d ,  v i z .  a b i n d e r  s o l u t i o n ,  i n  o r d e r  t o  es tab l i sh  a b i n d i n g  

s t r e n g t h  wh ich  s u f f i c e s  t o  resist  t h e  d e g r a d i n g  f o r c e s  e x e r t e d  by 

t h e  a g i t a t i o n .  I t  i s  l i k e l y  t h a t  most wet g r a n u l a t i o n  p r o c e s s e s  
o p e r a t e  i n  a b a l a n c e  between agg lomera te  growth and d e g r a d a t i o n .  

The b i n d i n g  s t r e n g t h  i n  t h e  m o i s t  agg lomera te  i s  t h e r e f o r e  a s i g -  

n i f i c a n t  f a c t o r  t o  g r a n u l e  growth. Powders w i t h  un i fo rmly  s i z e d  

p a r t i c l e s  produce r e l a t i v e l y  weak agg lomera te s  t h a t  a r e  l i k e l y  t o  
break. These powders show g r a n u l e  growth by l a y e r i n g  of f eed  

p a r t i c l e s  o r  f i n e s  from the  d e g r a d a t i o n  of t he  a g g l a n e r a t e s 2 , 6 .  

F i g u r e  1 o u t l i n e s  agg lomera te  f o r m a t i o n  and growth by nuc lea -  

t i o n  of comple t e ly  wetted par t ic les .  The s u r f a c e  t e n s i o n  of t h e  

l i q u i d  t e n d s  t o  r e d u c e  t h e  t o t a l  s u r f a c e  f r e e  energy by r e d u c t i o n  

of t h e  a i r - l i q u i d  i n t e r f a c i a l  a r e a .  Hence, l o o s e  agglcmerates or 

n u c l e i  are formed d u e  t o  mob i l e  l i q u i d  bondings between p a r t i c l e s .  
N u c l e a t i o n  is most e v i d e n t  w i t h  f i n e  p a r t i c l e s  and may accoun t  f o r  
growth of agglcmerates up t o  mm s i z e d .  

If  a g i t a t i o n  i s  i n s u f f i c i e n t  t o  a s s u r e  t h e  d i s t r i b u t i o n  of 

the l i q u i d  phase ,  o r  i f  w e t t i n g  of t h e  p a r t i c l e s  i s  incomple t e  due 

t o  t h e  s o l i d - l i q u i d  t e n s i o n ,  n u c l e i  may be  formed by immersion of 
t h e  p a r t i c l e s  i n t o  t h e  l i q u i d  d r o p l e t s .  T h i s  i s  f o l l o w e d  by con- 
s o l i d a t i o n  of t h e  assembly because  of t h e  l i q u i d  s u r f a c e  t e n s i o n .  
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Wetting 
Spread i nq’ 

0 

a 
(3 

N u c l e a t i o n  of p a r t i c l e s .  
FIGURE 1 

I n  t h i s  case t h e  d r o p l e t  s i z e  mus t  a f fec t  t h e  f i n a l  g r a n u l e  s i z e  

d i s t r i b u t i o n .  I t  i s  l i k e l y  t h a t  t h i s  mechanism is  s i g n i f i c a n t  t o  
g r a n u l e  g rowth  i n  f l u i d i z e d  beds  where i t  has been  shown t h a t  t h e  

d r o p l e t  s i z e  of t h e  a t o m i z e d  b i n d e r  s o l u t i o n  a f fec ts  t h e  g r a n u l e  

s ize l3 .  I n  h i g h  shear m i x e r s ,  t h e  v e r y  i n t e n s e  a g i t a t i o n  c o n t r i b -  

u t e s  t o  t h e  s p r e a d i n g  of t h e  l i q u i d .  The d r o p l e t  s i z e  of t h e  

a t o m i z e d  b i n d e r  s o l u t i o n  has  t h e r e f o r e  n o  effect  upon t h e  g r a n u l e  

s ize l4 .  The larger  lumps o c c u r r i n g  e v e n  i n  h i g h  shear m i x e r s  are 

l i k e l y  t o  b e  formed by loca l  o v e r w e t t i n g  of t h e  feed  material and  
f o r m a t i o n  of t h e  lumps by immers ion  and  c o n s o l i d a t i o n  as descr ibed  

above .  

G r a n u l e  g rowth  can  a l so  proceed by c o a l e s c e n c e  be tween 

c o l l i d i n g  a g g l o m e r a t e s ,  F i g u r e  2. A t  t h e  moment of c o l l i s i o n  a 

bonding  s t r e n g t h  is  e s t a b l i s h e d  i n  t h e  area of c o n t a c t  be tween t h e  

a g g l o m e r a t e s .  The  s t r e n g t h  mus t  s u f f i c e  t o  w i t h s t a n d  t h e  s e p a r a t -  

i n g  f o r c e s  due t o  t h e  b e n d i n g  moment c a u s e d  by t h e  mass and  v e l o c -  

i t y  of t h e  two agglomerates. Growth by c o a l e s c e n c e  is f a v o u r e d  by 
f e e d  materials h a v i n g  f i n e  p a r t i c l e s  and  wide s i z e  d i s t r i b u t i o n s 6 ,  
b e c a u s e  these materials g i v e  r i s e  t o  h i g h  agglomerate s t r e n g t h s .  

I n  t h e  l i t e r a t u r e  t h e r e  i s  g e n e r a l  ag reemen t  t h a t  growth by 
c o a l e s c e n c e  r e q u i r e s  f r ee  l i q u i d  i n  t h e  agglomerate s u r f a c e .  The 

l i q u i d  may c o n t r i b u t e  t o  t h e  n e c e s s a r y  bond ing  s t r e n g t h .  I t  is  

l i k e l y ,  however ,  t h a t  t h e  p r i m a r y  e f fec t  of t h e  s u r f a c e  l i q u i d  is  
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808 KRISTENSEN AND SCHAEFER 

FIGURE 2 
Granu le  growth by c o a l e s c e n c e  

t o  improve t h e  s u r f a c e  p l a s t i c i t y  of t h e  agglomerate and t h u s  t o  

c r e a t e  a l a r g e r  area of c o n t a c t l 5 , 1 6 .  

The  f r ee  s u r f a c e  l i q u i d  can be  s u p p l i e d  by t h e  a d d i t i o n  of 

b i n d e r  s o l u t i o n  i n  t h e  f i rs t  s t a g e s  of t h e  p r o c e s s .  During wet 

massing,  l i q u i d  is f o r c e d  t o  the agg lomera te  s u r f a c e  because  of 
c o n s o l i d a t i o n  of t he  agglomerate. K r i s t e n s e n  e t  a1.17 have shown 

t h a t  g r a n u l e  growth d u r i n g  wet massing i n  a h i g h  shear mixer d i d  

not  occur  u n l e s s  there  was a s i m u l t a n e o u s  c o n s o l i d a t i o n  o f  t h e  

moist  agg lomera te s .  T h e r e f o r e ,  c o n s o l i d a t i o n  of t h e  m o i s t  agg lo -  

mera t e s  is  a b a s i c  mechanism invo lved  i n  g r a n u l e  growth. 
C o n s o l i d a t i o n  of t h e  agg lomera te s  p roceeds  due t o  t h e  con- 

t r a c t i n g  f o r c e s  e x e r t e d  by t h e  l i q u i d  phase ( s u r f a c e  t e n s i o n ,  

c a p i l l a r y  p r e s s u r e s ) .  These f o r c e s  a r e  s u p p o r t e d  by f o r c e s  pro- 

voked by t h e  a g i t a t i o n  of t h e  mass. The p a r t i c l e s  of a m o i s t  ag- 

g lomera te  are neve r  f u l l y  c o n s t r a i n e d ,  b u t  p o s s e s s  freedom of 

movement which  a l l o w  them t o  a d j u s t  t o  r e l a t i v e l y  dense  packing 

conf i g u r a t i o n s g .  The c o n s o l i d a t i o n  i s  r e v e a l e d  by measuring t h e  

i n t r a g r a n u l a r  p o r o s i t y  of d r i e d  samples  t a k e n  d u r i n g  g r a n u l a t i o n .  

I t  may be referred t o  by t h e  term d e n s i f i c a t i o n  o f  agg lomera te s .  
The r a t e  of c o n s o l i d a t i o n  and t h e  f i n a l  l e v e l  reached d u r i n g  g ra -  

n u l a t i o n  depend of c o u r s e  on t h e  p r o p e r t i e s  of t h e  feed  m a t e r i a l ,  

e s p e c i a l l y  i t s  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  p a r t i c l e  s h a p e ,  s u r f a c e  

roughness ,  e t c .  I t  has been shown t h a t  g r a n u l a t i o n  of pharmaceu- 

t i ca l  feed m a t e r i a l s  i n  a h i g h  shear mixer may r e s u l t  i n  i n t r a g r a -  

n u l a r  p o r o s i t i e s  below 25918 and t h a t  t h e  r a t e  o f  d e n s i f i c a t i o n  

depends on t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n l 6 .  Mixers w i t h  less 

i n t e n s i v e  a g i t a t i o n  produces g r a n u l e s  of h i g h e r  p o r o s i t i e s l 9 , 2 0 .  
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GRANULATION 809 

G r a n u l e  g rowth  p r o c e e d s  by n u c l e a t i o n  and c o a l e s c e n c e  w i t h  a 

growth  r a t e  w h i c h  i s  s t r o n g l y  d e p e n d e n t  on  t h e  amount of l i q u i d  

phase .  The g rowth  r a t e  is u s u a l l y  d e s c r i b e d  i n  terms of t h e  mean 

g r a n u l e  s i z e  measu red  by s i e v e  a n a l y s i s  of d r i e d  s a m p l e s  t a k e n  

d u r i n g  t h e  p r o c e s s .  I n  many cases t h e  l og  normal d i s t r i b u t i o n  

g i v e s  t h e  bes t  f i t  t o  t h e  c u m u l a t i v e  g r a n u l e  w e i g h t  d i s t r i b u t i o n .  

The d i s t r i b u t i o n  is therefore  descr ibed  by t h e  g e o m e t r i c  w e i g h t  

mean d i a m e t e r ,  dgw, a n d  t h e  g e o m e t r i c  s t a n d a r d  d e v i a t i o n ,  sgw, 

which  is t h e  r a t i o  be tween  t h e  d i a m e t e r s ,  c o r r e s p o n d i n g  t o  t h e  50% 

and 15 ,9% w e i g h t  d i s t r i b u t i o n ,  r e s p e c t i v e l y 5 .  

The  c o n t e n t  of f i n e s  i n  d r i e d  s a m p l e s  t a k e n  d u r i n g  g r a n u l a -  

t i o n  can  a l so  g i v e  i n f o r m a t i o n  a b o u t  t h e  a g g l o m e r a t i o n .  T h i s  

a p p r o a c h  has been  u s e d  t o  detect  g rowth  by n u c l e a t i o n  i n  t h e  e a r l y  

s t a g e s  of g r a n u l a t i o n  i n  h i g h  shear m i x e r s l 7 ~ 2 1 .  

L i q u i d  s a t u r a t i o n  

Newitt and Conway-Jones22 descr ibed  t h e  s t a t e s  of m o i s t  

a g g l o m e r a t e s  h a v i n g  a n  i n c r e a s i n g  c o n t e n t  o f  l i q u i d  phase :  

1 .  The p e n d u l a r  s t a t e  

2. T h e  f u n i c u l a r  s t a t e  

3. The c a p i l l a r y  s t a t e  

The three states are d i s t i n g u i s h e d  by t h e  r e l a t i v e  amount of l i q -  

u i d  p h a s e  as e x p r e s s e d  by t h e  l i q u i d  s a t u r a t i o n  S. S is t h e  r a t i o  

of  p o r e  volume o c c u p i e d  by l i q u i d  t o  t h e  t o t a l  volume of p o r e s  

a v a i l a b l e  i n  t h e  a g g l o m e r a t e .  S may b e  e x p r e s s e d  as t h e  p e r c e n t -  

a g e  r a t i o .  

I n  t h e  p e n d u l a r  s t a t e ,  i . e .  low S ,  t h e  p a r t i c l e s  a re  h e l d  

t o g e t h e r  by l i q u i d  b r i d g e  bond ings .  Accord ing  t o  Rumpf23 i n c r e a s -  

i n g  amounts of t h e  l i q u i d  p h a s e  g i v e  rise t o  i n c r e a s i n g  volumes of 

t h e  l i q u i d  b r i d g e s .  Above ab.  25% of S the  v o i d s  b e g i n  t o  f i l l  a n d  

t h e  s t a t e  c h a n g e s  from t h e  p e n d u l a r  t o  t h e  f u n i c u l a r  state. I n  

t h i s  s t a t e  t h e  p a r t i c l e s  are  h e l d  t o g e t h e r  by l i q u i d  b r i d g e  bond- 

i n g s  and p r e s s u r e  d e f i c i e n c i e s  d u e  t o  l i q u i d  s u r f a c e  t e n s i o n .  I n  

the  c a p i l l a r y  s t a t e ,  i . e .  S > a b .  80%, t h e  bond ing  s t r e n g t h  re l ies  

upon t h e  c a p i l l a r y  p r e s s u r e  of t h e  l i q u i d .  
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810 K R I S T E N S E N  AND S C H A E F E R  

The l i q u i d  s a t u r a t i o n  depends  on  t h e  amount of l i q u i d  a n d  t h e  

i n t r a g r a n u l a r  p o r o s i t y  a c c o r d i n g  t o  t h e  e q u a t i o n l 7 :  

H(1 - E )  
S =  P 

€ 

H is t h e  r a t i o  of t h e  mass of l i q u i d  t o  t h e  mass of s o l i d  p a r t i -  

c les .  F o r  an  agglomerate of p a r t i c l e s  t h a t  a r e  i n s o l u b l e  i n  t h e  

l i q u i d ,  H is t h e  h u m i d i t y  o n  d r y  basis .  E i s  the i n t r a g r a n u l a r  
p o r o s i t y  and  p t h e  p a r t i c l e  d e n s i t y .  The e q u a t i o n  p r e s u p p o s e s  

t h a t  t h e  l i q u i d  d e n s i t y  is u n i t y .  

On an empirical basis  K r i s t e n s e n  e t  a l . 1 7  have  shown t h a t  

l i q u i d  s a t u r a t i o n  of t h e  a g g l c m e r a t e s  is a n  i m p o r t a n t  f a c t o r  t o  

g r a n u l e  growth .  G r a n u l a t i o n  of common q u a l i t i e s  of l a c t o s e  and  

dicalcium p h o s p h a t e  i n  a h i g h  shear mixe r  showed t h a t  t h e  effects  
of p r o c e s s  c o n d i t i o n s  ( i m p e l l e r  r o t a t i o n  s p e e d ,  p r o c e s s  time, 

l i q u i d  amount and  l i q u i d  a d d i t i o n  r a t e )  upon g r a n u l e  growth  c o u l d  
be d e s c r i b e d  a d e q u a t e l y  by t h e  e f fec t  of S on t h e  mean g r a n u l e  

s i z e .  F i g u r e  3 shows t h e  effect  of S upon t h e  c o n t e n t  of f i n e s  

and dgw i n  e x p e r i m e n t s  w i t h  dicalcium p h o s p h a t e .  The two g r a p h s  
d e m o n s t r a t e  t h a t  t h e  effects of t h e  p r o c e s s  c o n d i t i o n s  depend 

l a r g e l y  upon t h e i r  effect  on S. Accord ing  t o  e q . ( l )  S is con- 

t r o l l e d  by t h e  l i q u i d  c o n t e n t  and  t h e  i n t r a g r a n u l a r  p o r o s i t y .  

Expe r imen t s  w i t h  lactose gave  similar r e s u l t s  though i n  t h e  

wet mass ing  s t a g e  S rema ined  c o n s t a n t ,  b e c a u s e  t h e  lactose g ran -  

u l e s  were n o t  f u r t h e r  d e n s i f i e d .  A c c o r d i n g l y ,  dgw d i d  n o t  change .  
The q u a l i t y  of lactose u s e d  i n  these e x p e r i m e n t s  was d e n s i f i e d  t o  

t h e  f i n a l  p o r o s i t y  l e v e l  e a r l y  i n  t h e  p r o c e s s .  
S c h a e f e r  e t  a l . 2 4 ~ 2 5  have  v e r i f i e d  t he  basic  c o r r e l a t i o n  

between S and  dgw i n  a compar i son  between g r a n u l a t i o n  i n  two h i g h  

shear mixe r s  of h o r i z o n t a l  and v e r t i c a l  t y p e s .  The d i f f e r e n t  

l i q u i d  r e q u i r e m e n t s  f o r  g r a n u l e  growth  c o u l d  be a t t r i b u t e d  t o  
d i f f e r e n c e s  be tween t h e  d e n s i f i c a t i o n  of t h e  g r a n u l e s  i n  t h e  two 
m i x e r s .  D e s c r i b i n g  t h e  l i q u i d  r e q u i r e m e n t s  i n  terms of S, t h e  

r e s u l t s  o b t a i n e d  i n  t h e  two m i x e r s  agreed well. 
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GRANULATION 

P, F i n e s  
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FIGURE 3 
E f f e c t  o f  l i q u i d  s a t u r a t i o n s  on  content  of f i n e s  and  mean g r a n u l e  
s i z e  of d i c a l c i u m  p h o s p h a t e  g r a n u l a t i o n  d u r i n g  wet m a s s i n g  i n  
F i e l d e r  PMAT 25. 0: I m p e l l e r  s p e e d  250 rpm. 0 :  I m p e l l e r  s p e e d  500 
rpm. 
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812 KRISTENSEN AND SCHAEFER 

I n  a f o l l o w i n g  c o m p a r i s o n  be tween h i g h  shear m i x e r s  a v a i l a b l e  

i n  Dan i sh  p h a r m a c e u t i c a l  i n d u s t r i e s 2 6 9 2 7  i t  was f o u n d  t h a t  t h e  

c o r r e l a t i o n  be tween S and  dgw a p p l i e d  t o  m i x e r s  of  t h e  same t y p e  
and w i t h  d i f f e r e n t  c a p a c i t y .  Comparing d i f f e r e n t  t y p e s  of m i x e r s ,  

t h e  c o r r e l a t i o n  f a i l e d ,  however .  

I t  i s  supposed  t h a t  t h e  c o r r e l a t i o n  be tween S and dgw i s  a 

charac te r i s t ic  of t h e  a c t u a l  feed material so  f a r  g r a n u l a t i o n  i n  a 

p a r t i c u l a r  t y p e  of mixer  is  c o n s i d e r e d .  I t  has been  shown t h a t  

t h e  c o r r e l a t i o n  i s  i n f l u e n c e d  by t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  of 
t h e  feed m a t e r i a l l 6 .  When t h e  mean p a r t i c l e  s i z e  of d i c a l c i u m  

p h o s p h a t e  was r e d u c e d ,  t h e  l i q u i d  r e q u i r e m e n t s  i n  terms of S were 

i n c r e a s e d .  I t  may be p o s s i b l e  t o  e v a l u a t e  t h e  e f f e c t  of t h e  p a r -  

t i c l e  s i z e  o n  t h e  l i q u i d  r e q u i r e m e n t s  o n  t h e  basis of t h e  correla- 
t i o n  be tween S and dgw. 

The l i q u i d  s a t u r a t i o n  o f  g r a n u l e s  c a n  be estimated by meas- 

u remen t s  of H ,  E and p ,  c f .  e q .  ( 1 1 ,  of samples t a k e n  d u r i n g  g r a -  
n u l a t i o n .  The  sample  h u m i d i t y  i s  measured by d r y i n g  and c o r r e c t e d  

f o r  t h e  amount of d i s s o l v e d  b i n d e r  which c o n t r i b u t e s  t o  t h e  t o t a l  

l i q u i d  volume. p c a n  be measu red  by a gas pycnometer  a n d  E by a 

pycnometer  u s i n g  mercu ry  a s  immers ion  1 i q u i d 1 8 ~ 2 8 ,  

I t  s h a l l  be n o t e d  t h a t  measurements  of t h e  i n t r a g r a n u l a r  

p o r o s i t y  are l i k e l y  t o  be b i a s e d  b e c a u s e  mercu ry  c a n  p e n e t r a t e  

l a r g e r  p o r e s  of the  a g g l o m e r a t e .  I t  means t h a t  t h e  measured v a l u e  
is t o o  low,  and  t h a t  t h e  estimated v a l u e  of S becomes too h i g h .  

F o r  t h e  p u r p o s e  of a p a r t i c u l a r  g r a n u l a t i o n  p r o c e s s ,  t h i s  error is 

of less i m p o r t a n c e ,  b u t  i t  may i n v a l i d a t e  c o m p a r i s o n s  be tween 

g r a n u l e s  of d i f f e r e n t  feed materials. 

L i q u i d  Requ i remen t s  
I n  p h a r m a c e u t i c a l  p r a c t i c e  i t  is  w e l l  known t h a t  g r a n u l a t i o n  

p r o c e e d s  w i t h i n  a na r row r a n g e  of l i q u i d  c o n t e n t s ,  e s p e c i a l l y  when 
g r a n u l a t i o n  i n  h i g h  shear m i x e r s  i s  c o n s i d e r e d 2 9 .  The l i q u i d  

amount r e q u i r e d  t o  r u n  an  u n c r i t i c a l  g r a n u l a t i o n  p r o c e s s  depends  

o n  a l a rge  number of factors  which i n c l u d e  feed material p rope r -  

t i e s  ( p a r t i c l e  s ize  d i s t r i b u t i o n ,  p a r t i c l e  s h a p e  and  s u r f a c e  
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GRANULATION 813 

r o u g h n e s s ,  s o l u b i l i t y  i n  t h e  l i q u i d  a n d  a b i l i t y  t o  a b s o r b  t h e  

l i q u i d ) ,  l i q u i d  character is t ics  ( v i s c o s i t y ,  s u r f a c e  t e n s i o n  and  

s o l i d - l i q u i d  t e n s i o n )  a n d  t h e  equ ipmen t  and  i t s  mode of a c t i o n 6 .  
I t  would be a great a d v a n t a g e  t o  i n d u s t r y  if  t h e  r e q u i r e d  

amount of l i q u i d  c o u l d  be  p r e d i c t e d  o n  t h e  bas i s  of knowledge 

a b o u t  t h e  feed material a n d  t h e  equ ipmen t .  L i t t l e  p r o g r e s s  has  

been  made, however ,  i n  t h i s  d i r e c t i o n ,  p r o b a b l y  b e c a u s e  of t h e  

l a r g e  number of factors  i n f l u e n c i n g  t h e  l i q u i d  r e q u i r e m e n t s  and  
t h e i r  i n t e r a c t i  ons  . 

A few g u i d e l i n e s  can  be f o u n d  i n  t h e  l i t e r a t u r e .  L inkson  e t  

a l . 3 0  examined  p u b l i s h e d  da ta  o n  g r a n u l a t i o n  o f  i n s o l u b l e  materi- 

a l s  i n  c o n v e n t i o n a l  equ ipmen t s .  They  f o u n d  t h a t  s a t i s f a c t o r y  g r a -  

n u l a t i o n  i n  g e n e r a l  r e q u i r e d  be tween 50% and  55% v / v  l i q u i d  p h a s e .  

Recordlo s t a t e d  t h a t  g r a n u l a t i o n  i n  h i g h  shear m i x e r s  n o r m a l l y  

r e q u i r e s  2 / 3  t o  3 / 4  of t h e  l i q u i d  f o r  more  t r a d i t i o n a l  e q u i p m e n t s .  
I t  is supposed  t h a t  h igh  shear  m i x e r s  g r a n u l a t e  w i t h  l e s s  l i q u i d  

b e c a u s e  of p ronounced  d e n s i f i c a t i o n  of t h e  g r a n u l e s  d u e  t o  t h e  

i n t e n s e  a g i t a t i o n .  

Kapurg s t a t e d  t h a t  i n  t h e o r y  t h e  amount of l i q u i d  s h o u l d  

e q u a l  o r  j u s t  e x c e e d  t h e  l i q u i d  c o n t e n t  c o r r e s p o n d i n g  t o  100% 

l i q u i d  s a t u r a t i o n .  Thus ,  t h e  t h e o r e t i c a l  l i q u i d  c o n t e n t  W o n  wet 

basis i s 6 :  

1 w =  1 + E P L  1 -  
E P L  

P L  is the  d e n s i t y  of t h e  l i q u i d  phase. The e q u a t i o n  was f i t t e d  t o  
p u b l i s h e d  data on  a g g l o m e r a t i o n  by t u m b l i n g  methods by Capes  e t  

a1.31. Two e q u a t i o n s  were d e r i v e d  f o r  powders w i t h  mean p a r t i c l e  

s i z e s  be low 30 pm and  above  30 pm, r e s p e c t i v e l y .  The estimated 

v a l u e s  of t h e  p o r o s i t y  f u n c t i o n  1 - E / E  were 1.85 a n d  2.17, which 

v a l u e s  c o r r e s p o n d  t o  E = 35% a n d  E = 32%, r e s p e c t i v e l y .  The t w o  

estimates c o u l d  p r e d i c t  t h e  l i q u i d  r e q u i r e m e n t s  w i t h  an a c c u r a c y  

of a b o u t  3 O % ,  o n l y .  I t  i s  l i k e l y ,  however ,  t h a t  t h e  a c c u r a c y  c a n  
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814 K R I S T E N S E N  AND S C H A E F E R  

b e  improved by t h e  u s e  of t h e  a c t u a l  v a l u e s  of t h e  f i n a l  g r a n u l e  
p o r o s i t y .  

Leunberge r  e t  a l . 3 2  s t u d i e d  l i q u i d  r e q u i r e m e n t s  f o r  g r a n u l a -  

t i o n  i n  a p l a n e t a r y  mixer .  They s i m p l i f i e d  e q . ( 2 )  and p r e s e n t e d  
i t  i n  a form which takes i n t o  a c c o u n t  t h a t  c o h e s i v e n e s s  i n  t h e  wet 

mass may a p p e a r  b e f o r e  t h e  a g g l o m e r a t e s  are  saturated:  

- 
+ &H 

y E P I .  
c 1  - €IPS W =  

where 7 i s  a c o n s t a n t  e x p r e s s i n g  t h e  degree o f  s a t u r a t i o n  o f  
t h e  agglomerates, I t  was g i v e n  t h e  v a l u e  0.213. 6 H  is  t h e  e q u i -  

l i b r i u m  h u m i d i t y  of t h e  feed material a t  100% h u m i d i t y .  W ex- 
p r e s s e s  t h e  l i q u i d  r e q u i r e m e n t s  as t h e  p r o p o r t i o n  of l i q u i d  t o  t h e  

d r y  feed mater ia l .  

E q . ( 3 )  was tested i n  e x p e r i m e n t s  on g r a n u l a t i o n  of m i x t u r e s  

of l a c t o s e  and s t a r c h .  Estimates of E were o b t a i n e d  from t a p p e d  
d e n s i t y  measurements  of t h e  d r y  feed  m a t e r i a 1 3 2 ~ 3 3 ~ 3 4 .  I t  was 

shown t h a t  t h e  l i q u i d  r e q u i r e m e n t s  a c c o r d i n g  t o  e q ( 3 )  agreed well 

w i t h  t h e  estimates of t h e  u n c r i t i c a l  q u a n t i t y  of l i q u i d  o b t a i n e d  
by r e c o r d i n g  t h e  power consumpt ion  d u r i n g  g r a n u l a t i o n  i n  a G l e n  
p l a n e t a r y  mixe r  and a M e i l y  Z-mixer32. 

Though i t  is u s u a l l y  assumed t h a t  s a t i s f a c t o r y  g r a n u l a t i o n  
r e q u i r e s  100% l i q u i d  s a t u r a t i o n ,  c f .  e q . ( 2 ) ,  i t  does  n o t  a p p l y  t o  

a l l  feed  materials. I t  has b e e n  shown t h a t  sane q u a l i t i e s  of 
lactose and  dicalcium p h o s p h a t e  e x h i b i t  s i g n i f i c a n t  g rowth  by coa- 

l e s c e n c e  a t  l i q u i d  s a t u r a t i o n s  f a r  below 100$16,17935. Glass 

s p h e r e s  b e i n g  a n  e x t r e m e  showed a g g l o m e r a t i o n  a t  l i q u i d  s a t u r a -  
t i o n s  of ab.  10%35. 

I t  i s  supposed  t h a t  t h e  mean p a r t i c l e  s i z e  and  s i z e  d i s t r i b u -  
t i o n  of t h e  feed material have  a p ronounced  effect  upon  t h e  l i q u i d  

r e q u i r e m e n t s  as e x p r e s s e d  in terms of t h e  l i q u i d  s a t u r a t i o n .  Ex- 
p e r i m e n t a l  e v i d e n c e s  a b o u t  t h i s  effect  a re ,  however ,  l i m i t e d .  

The p r e s e n t  knowledge a b o u t  a g g l c m e r a t i o n  of  f i n e  powders 

does n o t  a l l o w  t h e  p r e d i c t i o n  of t h e  l i q u i d  r e q u i r e m e n t s  w i t h  a n  
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GRANULATION 815 

accuracy  which s u f f i c e s  f o r  a proper c o n t r o l .  The approach by 

Leunberger et  i s  promising.  F u r t h e r  research i s  needed w i t h  

respect t o  t h e  e f f e c t s  of t h e  par t ic le  c h a r a c t e r i s t i c s  upon t h e  

c o r r e l a t i o n  between l i q u i d  s a t u r a t i o n  and mean g r a n u l e  s i z e .  
Today, t h e  r e a l i s t i c  a l t e r n a t i v e  t o  p r e d i c t i o n  of t h e  l i q u i d  

r equ i r emen t s  i s  t h e  imp lemen ta t ion  of i n s t r u m e n t a l  methods f o r  t h e  

mon i to r ing  of t h e  g r a n u l a t i o n  p r o c e s s  a s  demonstrated by 
Leunberger et  a l . 3 2  and P a r i s  and Stamm36. 

Agglomerate s t r e n g t h  and d e f o r m a b i l i t y  
The s t r e n g t h  of moi s t  agg lomera te s  has  been s t u d i e d  ex ten -  

s i v e l y  by Rumpf and h i s  coworkers ,  t h e o r e t i c a l l y  as well a s  ex- 
p e r i m e n t a l l y .  The r e s u l t s  conce rn ing  t h e  s t r e n g t h  due  t o  mob i l e  

l i q u i d  bondings are reviewed i n  a l l  major  monographs on agglomera- 

t i o n .  The t e n s i l e  s t r e n g t h ,  o t ,  of an agg lomera te  i n  t h e  f u n i c u -  
l a r  and c a p i l l a r y  s t a t e s  can be approximated by t h e  e q u a t i o n 6 ,  37: 

1 ' E Y  a t  = s c-- cos 0 
E 

4 )  

C is a m a t e r i a l  c o n s t a n t  t h a t  f o r  un i fo rmly  s i z e d  s p h e r e s  i s  6. Y 
i s  t h e  s u r f a c e  t e n s i o n  of the  l i q u i d  p h a s e ,  0 t h e  c o n t a c t  a n g l e  o f  

t h e  l i q u i d  t o  t h e  s o l i d  s u r f a c e  and d t h e  p a r t i c l e  diameter. 

The  e q u a t i o n  p r e d i c t s  the maximum t e n s i l e  s t r e n g t h  of an 
agglomerate. I t  is presupposed t h a t  t h e  agglomerate c o n s i s t s  of 
un i fo rmly  s i z e d  p a r t i c l e s  and t h a t  t h e  l i q u i d  phase  i s  f r e e l y  

movable. The agg lomera te  s t r e n g t h  r e l i e s  on l i q u i d  b i n d i n g s  en- 

t i r e l y .  
Powders w i t h  i r r e g u l a r  p a r t i c l e s  and wide  s i z e  d i s t r i b u t i o n s  

produce agg lomera te s ,  t h e  s t r e n g t h  of which  d e v i a t e s  from t h a t  

p red ic t ed  by eq . (4 )23 ,38 .  K r i s t e n s e n  e t  a139 have shown t h a t  par- 
t i c l e  i n t e r a c t i o n s  may c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  s t r e n g t h .  
F i g u r e s  4 and 5 show a comparison between the  t e n s i l e  s t r e n g t h  o f  
moist samples  of l a c t o s e  and dicalcium phosphate  as measured by a 
diametrical compression t e s t 3 9  and t h e  maximum s t r e n g t h  p r e d i c t e d  
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2 N/cm 

1.6 

1 . 2  

. 8  

. 4  

O L '  ' ' ' ' ' ' ' " 
\ 

0 20 40 60 80 s % 

FIGURE 4 
Tensile s t r e n g t h  of m o i s t  s amples  (E = 30%) of l a c t o s e  (dgw = 56  
urn) compared t o  t h e  maximum l i q u i d  b i n d i n g  s t r e n g t h  c f .  e q . ( 4 ) .  
L i q u i d  p h a s e  K o l l i d o n  V A  64 ,  l o % ,  Y = 45 m N / m ,  e - 00. 

0 20 40 60 80 % S 

FIGURE 5 
T e n s i l e  s t r e n g t h  of m o i s t  s a m p l e s  ( E  = 37%) o f  d i c a l c i u m  p h o s p h a t e  
(dgw = 14pm) compared t o  t h e  maximum l i q u i d  b i n d i n g  s t r e n g t h  c f .  
e q . ( 4 ) .  L i q u i d  p h a s e  K o l l i d o n  V A  6 4 ,  l o % ,  Y = 45 m N / m ,  e - 00. 
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GRANULATION 817 

by eq.( 4 ) .  Due t o  t h e  method of measurement  t h e  r e s u l t s  c o n c e r n  
b r i t t l e  s a m p l e s  o n l y .  I t  a p p e a r s  t h a t  t h e  t e n s i l e  s t r e n g t h  i n  

bo th  cases i s  s i g n i f i c a n t l y  h i g h e r  t h a n  t h e  s t r e n g t h  d u e  t o  mobile 

l i q u i d  b o n d i n g s ,  c f .  eq . (4 ) .  F u r t h e r ,  t h e  t e n s i l e  s t r e n g t h  i s  

r e d u c e d  as t h e  l i q u i d  s a t u r a t i o n  i s  i n c r e a s e d .  I t  means t h a t  

i n c r e a s i n g  S r e d u c e s  t h e  p a r t i c l e  i n t e r a c t i o n s ,  which a r e  s u p p o s e d  

t o  be d u e  t o  i n t e r l o c k i n g s  and  f r i c t i o n  be tween p a r t i c l e  s u r f a c e s .  
The t e n s i l e  s t r e n g t h  i n  l o g  scale  showed a n  a p p r o x i m a t e l y  l i n e a r  

i n c r e a s e  agai n s  t 1 /E . 
F i g u r e  4 shows t h a t  t he  t e n s i l e  s t r e n g t h  of t h e  l ac tose  sam- 

p l e s  depends  m a i n l y  on t h e  l i q u i d  bond ing  s t r e n g t h  when S becomes 

larger t h a n  ab .  60%. I t  was a t  t h e  same l i m i t  of s a t u r a t i o n s  t h a t  
t h e  m o i s t  samples changed  from b e i n g  b r i t t l e  i n t o  a s ta te '  w i t h  

p l a s t i c  d e f o r m a t i o n 3 5 .  The same o b s e r v a t i o n  was made f o r  samples 

w i t h  37% and 43% p o r o s i t y .  F i g u r e  5 shows t h a t  p a r t i c l e  i n t e r a c -  

t i o n s  domina te  t h e  t e n s i l e  s t r e n g t h  of dicalcium p h o s p h a t e  samples  

s o  f a r  t h e y  are u n s a t u r a t e d .  S t r e s s - s t r a i n  records showed accord- 

i n g l y , t h a t  t h e  s a m p l e s  r ema ined  b r i t t l e  u n t i l  S was i n c r e a s e d  t o  
90 t o  100%35. The same r e s u l t s  a p p e a r e d  f r c m  measuremen t s  on  

s a m p l e s  w i t h  43% and 50% p o r o s i t y .  
G r a n u l a t i o n  of t h e  two materials i n  a high s h e a r  

mixer16,35 showed t h a t  g r a n u l e  growth by c o a l e s c e n c e  was s i g n i f  i- 

c a n t  f o r  lac tose  i n  t h e  r a n g e  of s a t u r a t i o n s  a b o v e  ab.  25%. When 

S became ab. 70% t h e  growth r a t e  was v e r y  h i g h  a n d  t h e  mass ap- 

p e a r e d  o v e r w e t t e d .  I n  c o n t r a s t ,  g r a n u l a t i o n  of dicalcium phos- 
p h a t e  r e q u i r e d  more t h a n  80% t o  90% s a t u r a t i o n  f o r  growth by coa- 

l e s c e n c e .  

The e x p e r i m e n t s  w i t h  t h e  two mater ia ls  demonstrated t h a t  

g r a n u l e  growth by n u c l e a t i o n  o c c u r r e d  when there  was s u f f i c i e n t  
l i q u i d  phase t o  e s t a b l i s h  b r i d g e  b o n d i n g s .  Growth by c o a l e s c e n c e  
became s i g n i f i c a n t  when t h e  amount of l i q u i d  p h a s e  e x p r e s s e d  i n  

terms of t h e  l i q u i d  s a t u r a t i o n  was s u f f i c i e n t  t o  improve  p l a s t i c  

d e f o r m a t i o n  of t h e  agglomerates. T h i s  means t h a t  i n  t h e  s t a g e s  of 

t h e  p r o c e s s  where growth by c o a l e s c e n c e  becomes s i g n i f i c a n t ,  t h e  
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818 KRISTENSEN AND SCHAEFER 

s t r eng th  of the agglomerates depends mainly upon t h e  mobile l i q u i d  

bonding s t r eng th ,  c f .  eq . (3 ) .  

The above r e s u l t s  a r e  an experimental v e r i f i c a t i o n  of the 

theo re t i ca l  work on coalescence mechanisms by Ouchiyama a n d  

Tanakal59 40. They showed tha t  a l a rge  deformability i s  e s s e n t i a l  

f o r  growth b y  coalescence. The deformability can be described by 

the s t r e s s - s t r a i n  record of the agglcmerate39. The maximum stress 

Ocr and the corresponding s t r a i n  l c r  a r e  measures of t h e  deform- 
a b i l i t y .  The e f f e c t  of the deformability upon the  growth r a t e  i s  

f ormul ated mat hemat i c a l l  y by t h e  equat i on1 591 6 : 

A is a constant and 6 a measure of the po ten t i a l  t o  grow by coa- 

lescence, and hence a measure of the growth r a t e .  S t r i c t l y ,  6 

defines the  l i m i t i n g  granule s i z e  beyond which growth by coales- 

cence i s  hindered because of t h e  e f f e c t s  of the mass and veloci ty  

of the co l l i d ing  agglomerates. 

E q . (  5) ou t l i nes  a v e r y  complex co r re l a t ion  between granule 

growth and the propert ies  of t h e  feed ma te r i a l ,  the  content of 

l i q u i d  phase, the granule porosity and l i q u i d  sa tu ra t ion .  Dur ing  

wet granulation t h e  moist agglomerates a re  densif ied t o  an extent  
which depends on t he  packing propert ies  of the feed p a r t i c l e s  and  

the ac t ion  of t h e  mixer. By dens i f i ca t ion ,  the agglomerates gain 

s t r eng th  and the l i q u i d  s a tu ra t ion  i s  increased. I n  addi t ion,  

excess l i q u i d  i s  forced t o  the agglomerate surface by e f f e c t s  of 

cap i l l a ry  pressures and consolidation. A t  a c e r t a i n  s t age  of the 

process, the growing l i q u i d  s a tu ra t ion  and t h e  f r e e  su r face  l i q u i d  

s u f f i c e  t o  improve the p l a s t i c  deformation behaviour which means 

tha t  1c r  is increased. According t o  eq.(5) the e f f e c t  of l c r  
overrules the e f f e c t  of Ocr, because l c r  en te r s  the equation as  

l c 9  . I t  i s  supposed t h a t  t h i s  presents the explanation of the 
close co r re l a t ion  between S and dgw which has been discussed above 

and claimed t o  be c h a r a c t e r i s t i c  t o  the  pa r t i cu la r  feed ma te r i a l .  
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GRANULATION 819 

Eq. (5 )  d e m o n s t r a t e  fu r the r  t h a t  g rowth  by c o a l e s c e n c e  of feed  

materials t h a t  p roduce  m o i s t  a g g l o m e r a t e s  which  are  p r i m a r i l y  
b r i t t l e  i s  d e l a y e d  by t h e  growing  t e n s i l e  s t r e n g t h .  T h i s  effect 

has  been d e m o n s t r a t e d  e x p e r i m e n t a l l y  by g r a n u l a t i o n  of d i f f e r e n t  

q u a l i t i e s  of dicalcium p h o s p h a t e  ill a h i g h  s h e a r  m i x e r l 6 .  Inde-  

pendent  of t h e  q u a l i t y ,  t h e  moist a g g l o m e r a t e s  r ema ined  b r i t t l e  as  

l o n g  a s  t h e y  were u n s a t u r a t e d .  Growth by c o a l e s c e n c e  was f o u n d  t o  

cor re la te  w i t h  t h e  t e n s i l e  s t r e n g t h  i n  ag reemen t  w i t h  e q . ( 5 ) .  
The d i s c u s s i o n  above  shows t h a t  t h e  t e n s i l e  s t r e n g t h  of moist 

agglomerates has  a pronounced  effect  upon g r a n u l e  growth. T h e  

e f fec t  c a n ,  however ,  be  d e s c r i b e d  q u a l i t a t i v e l y  o n l y .  Feed mate- 
r i a l s  w i t h  f i n e  p a r t i c l e s  and wide s ize  d i s t r i b u t i o n s ,  i . e .  cohe- 

s i v e  powders ,  a re  l i k e l y  t o  p roduce  a g g l o m e r a t e s  t h a t  are  primar- 

i l y  b r i t t l e .  Though a g g l o m e r a t i o n  by t h e  n u c l e a t i o n  mechanism 

w i l l  o c c u r  a t  r e l a t i v e l y  low l i q u i d  s a t u r a t i o n s ,  almost c o m p l e t e  

s a t u r a t i o n  i s  r e q u i r e d  t o  see s i g n i f i c a n t  growth  by c o a l e s c e n c e .  

These materials are e x p e r i e n c e d  t o  d e n s i f y  d u r i n g  wet m a s s i n g  i n  

h i g h  shear m i x e r s ,  b e c a u s e  of t h e i r  r e s i s t a n c e  t o  c o n s o l i d a t i o n .  

G r a n u l a t i o n  becomes v e r y  s e n s i t i v e  t o  t h e  l i q u i d  c o n t e n t  and proc-  

ess time, b e c a u s e  there  i s  o n l y  a na r row m a r g i n  be tween c o m p l e t e  

l i q u i d  s a t u r a t i o n  and  o v e r w e t t i n g  caused  by d e n s i f i c a t i o n .  

Feed materials t h a t  are non-cohes ive  are  e a s i l y  d e n s i f  i e d  t o  

t h e  f i n a l  l e v e l  e a r l y  i n  t h e  wet g r a n u l a t i o n  p r o c e s s 1 6 ~ 3 5 .  These 

mater ia ls  p roduce  r e l a t i v e l y  weak a g g l c m e r a t e s  t h a t  may beccme 

deformable a t  s a t u r a t i o n s  below loo%,  e s p e c i a l l y  when t h e  f eed  

p a r t i c l e s  a r e  rounded  and have  smoothed s u r f a c e s .  An example  i S  

g r a n u l a t i o n  of a lac tose  q u a l i t y  w i t h  dgw = 5 6  pm which i n  a h i g h  

shear m i x e r  showed growth  by c o a l e s c e n c e  a t  a wide  r a n g e  of SatU- 

r a t i o n s  above  a b .  25917. The p r o c e s s  was a c c o r d i n g l y  v e r y  r o b u s t  

t o  v a r i a t i o n s  i n  t h e  amount of b i n d e r  s o l u t i o n .  
The p r e s e n t a t i o n  above p r e s u p p o s e s  scme d e g r e e  of i d e a l i t y  

w i t h  r e s p e c t  t o  u n i f o r m i t y  of t h e  l i q u i d  d i s t r i b u t i o n  i n  t h e  mois- 
t e n e d  feed  material, a n d  t h a t  t h e  l i q u i d  p h a s e  i s  f r e e l y  movable .  
I t  is well e x p e r i e n c e d  t h a t  t h e  method of l i q u i d  a d d i t i o n  can  
a f f ec t  t h e  g r a n u l e  s i z e  d i s t r i b u t i o n  and  g i v e  r ise  t o  t h e  p r e s e n c e  
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820 KRISTENSEN AND SCHAEFER 

of l a r g e  lumps because  o f  l o c a l  o v e r w e t t i n g .  D e p o s i t i o n  of m o i s t  

material on t h e  wall of t h e  mixer may as well affect  t he  g r a n u l e  

growth and t h e  f i n a l  g r a n u l e  s i z e ,  because  t h e  mass becanes in- 
homogeneous. 

CRANULATICN METHODS AND EQUIPMM'S 

I n  t h e  pha rmaceu t i ca l  i n d u s t r y  t h e  p r o c e s s e s  o r d i n a r i l y  used 

f o r  g r a n u l a t i o n  are  f l u i d i z e d  bed g r a n u l a t i o n  and wet massing.  
The  main emphasis ,  therefore,  is g i v e n  t o  these p r o c e s s e s .  A more 
complete  r ev iew of p r o c e s s e s  and equipments  used f o r  pharmaceut i -  

cal g r a n u l a t i o n  is p r e s e n t e d  by Recordlo.  

F l u i d i z e d  bed g r a n u l a t i o n  of p h a r m a c e u t i c a l s  was f irst  de- 

sc r ibed  by Wurster41 in 1959, and d u r i n g  t h e  1960s f l u i d i z e d  bed 

g r a n u l a t o r s  were i n s t a l l e d  in many pha rmaceu t i ca l  companies. A l -  

though d i f f e r e n t  t y p e s  are  commercial ly  a v a i l a b l e ,  a l l  s t a n d a r d  

equipments are  similar t o  t h a t  described i n  F i g u r e  6. Air is 
drawn by a v e n t i l a t o r  t h rough  a material c o n t a i n e r  of a c o n i c a l  

shape. The v e n t i l a t o r  se t s  moving the p a r t i c l e s  up  i n  t h e  cen- 

t r a l  part of t h e  bed and down a g a i n  a t  t h e  wal l .  The f l u i d i z i n g  

a i r  is heated t o  a t e m p e r a t u r e  t y p i c a l l y  r a n g i n g  frcm 40 t o  80 OC; 

b i n d e r  s o l u t i o n  is added by s p r a y i n g ,  and when l i q u i d  a d d i t i o n  is 

f i n i s h e d  t h e  g r a n u l e s  are d r i e d  in t h e  same equipment.  F l u i d i z e d  

bed ba tch  g r a n u l a t o r s  for  g r a n u l a t i o n  of p h a r m a c e u t i c a l s  are 
a v a i l a b l e  w i t h  c a p a c i t i e s  fran about  1 t o  800 kg.  

The g r e a t e s t  merit of t h e  method is t h a t  i t  meets t h e  re- 

qu i r emen t s  of GMP v e r y  we l l42 ,  s i n c e  mix ing ,  w e t t i n g  and d r y i n g  

are combined in a s i n g l e  p rocess .  The v e n t i l a t o r  g i v e s  r ise t o  a 
p r e s s u r e  below a tmospher i c  w i t h i n  t h e  equipment ,  t h u s  r e d u c i n g  the 

r i s k  of c ros s -con tamina t ion  and e s c a p e  of t o x i c  m a t e r i a l .  From 

t h e  s t a n d a r d  f l u i d i z e d  bed g r a n u l a t o r s  t h e  f l u i d i z i n g  a i r  is blown 
i n t o  t h e  atmosphere,  and t h e r e f o r e  p o l l u t i o n  of a i r  by d u s t  and by 
s o l v e n t s  might be a problem. I n  o r d e r  t o  r e t a i n  d u s t  of h i g h l y  

t o x i c  m a t e r i a l s  a s econdary  h i g h - e f f i c i e n c y  f i l t e r  is n e c e s s a r y l o .  
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GRANULATION 821  

FIGURE 6 
F l u i d i z e d  bed g r a n u l a t o r .  Material c o n t a i n e r  ( 1 )  , v e n t i l a t o r  ( 2 )  , 
b inde r  s o l u t i o n  (31, n o z z l e  ( 4 1 ,  h e a t i n g  e l emen t s  ( 5 1 ,  i n l e t  a i r  
f i l t e r  ( 6 1 ,  o u t l e t  a i r  f i l t e r  (71. 

P o l l u t i o n  of a i r  by s o l v e n t s  can be p reven ted  by u s i n g  a s p e c i a l l y  

c o n s t r u c t e d  f l u i d i z e d  bed o p e r a t i n g  i n  a c l o s e d  sys t em,  where t h e  

s o l v e n t  i s  recove red  by coo l ing43 .  
Another d i sadvan tage  of f l u i d i z e d  bed g r a n u l a t o r s  i s  the  

enhanced r i s k  of e x p l o s i o n  d u e  t o  t h e  large amount of oxygen con- 
veyed by t h e  f l u i d i z i n g  a i r .  The e x p l o s i o n  might  i n v o l v e  d u s t s ,  

s o l v e n t s  or h y b r i d  m i x t u r e s  of d u s t s  and s o l v e n t s  b e i n g  i g n i t e d  by 

a s p a r k  induced by e l e c t r o s t a t i c  charging44.  D i f f e r e n t  methods of 

p r e v e n t i n g  e x p l o s i o n s  i n  f l u i d i z e d  bed g r a n u l a t o r s  and driers are  

d i s c u s s e d  by Bar tknech t45  and Kiil l ing44,46. 

Wet massing i s  accomplished i n  mixe r s  equipped w i t h  mechani- 

c a l  a g i t a t o r s  of d i f f e r e n t  s i z e s  and shapes r o t a t i n g  a t  d i f f e r e n t  

s p e e d s l o .  The Z-blade and p l a n e t a r y  mixe r s  are  examples of mix- 

ers, where t h e  a g i t a t o r s  r o t a t e  a t  r a t h e r  low speeds .  The d i s -  

t i n c t i o n  between low speed  mixe r s  and h igh  speed  mixe r s  i s  sane- 

what a r b i t r a r y 4 7 .  Mixers such  as L6dige@ , Diosna*, F i e l d e r @  and 

Baker P e r k i n s @ ,  which a r e  equ ipped  w i t h  an i m p e l l e r  r o t a t i n g  a t  
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822 KRISTENSEN AND SCHAEFER 

modera t e ly  h igh  s p e e d ,  n o r m a l l y  i n  t h e  r a n g e  of 100-500 rpm, are 

cal led h i g h  s p e e d  or h i g h  shear mixe r s .  The  h i g h e r  mix ing  i n t e n -  
s i t y  i n  h igh  shear m i x e r s  r e s u l t s  i n  d e n s e r  g r a n u l e s  when compared 

t o  low s p e e d  m i x e r s l 9 .  
I n  a h i g h  shear mixe r  ( F i g u r e  7 1 ,  m i x i n g ,  d e n s i f i c a t i o n  and  

a g g l o m e r a t i o n  of wet ted  materials are a c h i e v e d  as a r e s u l t  of 

s h e a r i n g  and  compac t ion  forces e x e r t e d  by t h e  main  i m p e l l e r .  Most 

of t hese  m i x e r s  are a d d i t i o n a l l y  e q u i p p e d  w i t h  a chopper  r o t a t i n g  

a t  a v e r y  h igh  s p e e d  (1000-3000 rpm) i n  order t o  c u t  lumps i n t o  

smaller f r a g m e n t s .  The b i n d e r  s o l u t i o n  might  be poured  or pumped 
i n t o  t h e  bowl w i t h i n  a few m i n u t e s ,  b u t  a more un i fo rm l i q u i d  

d i s t r i b u t i o n  and  t h u s  a more c o n t r o l l a b l e  g r a n u l e  growth i s  ob- 

t a i n e d  when t h e  l i q u i d  is atcmized o n t o  t h e  powder48. After l i q -  

u i d  a d d i t i o n  t h e  material is norma l ly  wet massed f o r  a few m i n u t e s  
i n  order t o  o b t a i n  f u r t h e r  d e n s i f i c a t i o n  and  g r a n u l e  growth. I t  

is  a d i s a d v a n t a g e  of t he  p r o c e s s  t h a t  t h e  g r a n u l e s  a t  t h e  end  of 

wet mass ing  have  t o  be t r a n s f e r r e d  t o  a d r y i n g  e q u i p m e n t ,  f o r  

example a f l u i d i z e d  bed dr ie r .  

High shear m i x e r s  might  be e i ther  h o r i z o n t a l ,  v e r t i c a l  or 

c h a n g e a b l e  bowl mixe r s10r26 ,  47. Schaefer e t  a l .  have  compared 

d i f f e r e n t  t y p e s  of h igh  shear m i ~ e r s ~ ~ - ~ 7 .  G r a n u l e  g rowth  mecha- 
n isms  i n  t h e  h o r i z o n t a l  m i x e r s  might  d i f f e r  from t h e  v e r t i c a l  
t y p e ,  s i n c e  g r a n u l e s  are r o l l i n g  down t h e  i n n e r  wall of t h e  c y l i n -  

dr ical  mix ing  chamber. I t  is d i f f i c u l t  t o  c o n c l u d e ,  however,  

whether  t h e  d i f f e r e n c e s  i n  s i z e  d i s t r i b u t i o n s  of g r a n u l e s  p roduced  

i n  h o r i z o n t a l  and v e r t i c a l  m i x e r s ,  r e s p e c t i v e l y ,  are d u e  t o  d i f -  

f e r e n c e s  i n  t h e  c o n s t r u c t i o n  and  r o t a t i o n  s p e e d s  of t h e  mix ing  

t o o l s  or are  caused  by t h e  h o r i z o n t a l  mix ing  bow127. I m a n i d i s  a n d  
Leuenberge r49  found  d i f f e r e n c e s  i n  power consumpt ion  o f  t h e  impel- 

l e r  motor d u r i n g  g r a n u l a t i o n  i n  a h o r i z o n t a l  and  a v e r t i c a l  m i x e r ,  
r e s p e c t i v e l y .  The d i f f e r e n c e s  were ascribed t o  a h igher  d e n s i f i -  

c a t i o n  of t h e  g r a n u l e s  i n  t he  v e r t i c a l  m i x e r ,  where g r a n u l e s  are 
assumed t o  be thrown e x t e n s i v e l y  a g a i n s t  t h e  wal l  by t h e  c e n t r i f u -  

gal f o r c e s .  I n  t h e  p i l o t  sca le  m i x e r s  examined27 s imilar  d i f f e r -  

e n c e s  i n  d e n s i f i c a t i o n  were f o u n d  a t  low i m p e l l e r  s p e e d  o n l y .  A 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



GRANULATION 823 

FIGURE 7 
D i f f e r e n t  t y p e s  of h i g h  shear mixe r s .  (a) H o r i z o n t a l  mixe r ,  ( b )  
Vertical mixe r ,  ( c )  Changeable  bowl mixer ( f rom26).  
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824 KRISTENSEN AND SCHAEFER 

p r o d u c t i o n  sca le  c h a n g e a b l e  bowl mixer  gave  g r a n u l e s  of p h y s i c a l  

p r o p e r t i e s  s imilar  t o  those  o b t a i n e d  i n  v e r t i c a l  p r o d u c t i o n  s c a l e  

mixe r s27 .  Thus ,  t h e  m a j o r  a d v a n t a g e  of  c h a n g e a b l e  bowl m i x e r s  

seems t o  be a r e d u c e d  r i s k  of c o n t a m i n a t i o n ,  s i n c e  t h e  seals are 
k e p t  away from t h e  p r o d u c t .  

I t  was shown t h a t  t h e  e n e r g y  consumed i n  a h i g h  s h e a r  m i x e r  

i s  c o n v e r t e d  c o m p l e t e l y  i n t o  heat i n  t h e  moist mass35. The tem- 

p e r a t u r e  i n c r e a s e  depends  o n  t h e  r o t a t i o n  s p e e d s  as well as t h e  

s i z e  and  s h a p e  of t h e  m i x i n g  t 0 o l s ~ ~ 9 ~ 7 .  The r i s e  i n  t e m p e r a t u r e  
d u r i n g  t h e  p r o c e s s  can  be more t h a n  40 OC27. I n  t h e  Baker P e r k i n s  

G r a n u l a t o r s  t h e  r i s e  i n  t e m p e r a t u r e  c a n  be e x t r e m e l y  h i g h  d u e  t o  a 

h i g h e r  e n e r g y  i n p u t .  I n  s u c h  m i x e r  t y p e  F l a n d e r s  et  a1.5O ob- 

t a i n e d  a t e m p e r a t u r e  of 110 OC d u r i n g  a melt g r a n u l a t i o n  p r o c e s s  

w i t h o u t  h e a t i n g .  The u s e  of h i g h  shear m i x e r s ,  t h e r e f o r e ,  m i g h t  

g i v e  r i s e  t o  p rob lems  when u s i n g  heat s e n s i t i v e  materials.  I n  

order t o  r e d u c e  t h e  rise i n  t e m p e r a t u r e  some h i g h  shear m i x e r s  a r e  

equ ipped  w i t h  a c o o l i n g  j acket . 
Dur ing  t h e  l a s t  decade h i g h  s h e a r  m i x e r s  have  g a i n e d  a n  i n -  

c r e a s i n g  i n t e r e s t  i n  t h e  p h a r m a c e u t i c a l  i n d u s t r y  at  t h e  e x p e n s e  o f  

f l u i d i z e d  bed g r a n u l a t o r s .  Au l ton  and  Banks1 h a v e  d i s c u s s e d  t h e  

r e a s o n s  f o r  t h i s  change  and have  c o n c l u d e d  t h a t  wet m a s s i n g  is a 
s imple,  r o b u s t  t e c h n o l o g y ,  whereas f l u i d i z e d  bed g r a n u l a t i o n  i s  

much more de l i ca t e .  I n  p r a c t i c e ,  many e x i s t i n g  f o r m u l a t i o n s  can-  

n o t  be e a s i l y  t r a n s f e r r e d  t o  f l u i d i z e d  bed g r a n u l a t o r s  w i t h o u t  

l e n g t h y  and  e x p e n s i v e  deve lopment  work. 

Many of the  p r o b l e m s  c a n  be ascribed t o  t h e  l ack  of shear 

forces  i n  a f l u i d i z e d  bed. D e n s i f i c a t i o n  of vo luminous  materials 

and f l u i d i z a t i o n  of c o h e s i v e  materials m i g h t  therefore  be d i f f i -  

c u l t  t o  a c h i e v e  i n  a f l u i d i z e d  bed g r a n u l a t o r .  A c c o r d i n g l y  g r a n -  

u l e s  o b t a i n e d  from f l u i d i z e d  bed g r a n u l a t o r s  are  g e n e r a l l y  f o u n d  

t o  be more p o r o u s  t h a n  those  o b t a i n e d  fran h i g h  shear 

r n i x e r s 3 4 ~ 5 1  ~ 5 2 ~ 5 3 .  T h a t  migh t  be a d v a n t a g e o u s  i n  some f o r m u l a -  

t i o n s  r e s u l t i n g  i n  b e t t e r  d i s s o l u t i o n  and c o m p r e s s i o n  characteris-  

t i c s l l .  Once t h e  development  p r o b l e m s  are  ove rcome ,  f l u i d i z e d  bed 

g r a n u l a t i o n  is a d v a n t a g e o u s ,  too,  s i n c e  t h e  g r a n u l e  growth is e a s y  
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GRANULATION 825  

t o  c o n t r o l  and t h e  r e p r o d u c i b i l i t y  i s  ve ry  good54. The o p t i m a l  

c h o i c e  of g r a n u l a t i o n  methods w i l l  therefore depend o n  t h e  physi-  
cal p r o p e r t i e s  of t h e  s t a r t i n g  m a t e r i a l s  and t h e  demands t o  t h e  

f i n a l  p roduc t .  

S e v e r a l  modif i c a t i o n s  of g r a n u l a t i o n  equipments have been 

c o n s t r u c t e d  t o  combine t h e  advan tages  of a f l u i d i z e d  bed g ranu la -  

t o r  and a h i g h  shear m i x e r ,  e .g .  by i n t r o d u c i n g  mechanical  a g i t a -  
t i o n  i n t o  a f l u i d i z e d  bed o r  by combining a h i g h  s h e a r  mixer w i t h  

a d r ie r .  Lenke i t  e t  a1.55 describe a high shear mixer  equipped 

wi th  a drying-air-system. However, t h i s  method is no t  widely 

used ,  p robab ly  because  of t h e  i n e f f i c i e n c y  of t h e  d r y i n g  p rocedure  

compared t o  a f l u i d i z e d  bed. 

The method of mechanical  a g i t a t i o n  i n  a f l u i d i z e d  bed seems 

t o  be  more conven ien t .  Orm6s e t  a1.56-59 desc r ibed  l a b o r a t o r y  

sca le  f l u i d i z e d  bed g r a n u l a t o r s  equipped w i t h  d i f f e r e n t  mechanical  

a g i t a t o r s .  I t  i s  a l s o  p o s s i b l e  t o  modify a commercial ly  a v a i l a b l e  

f l u i d i z e d  bed g r a n u l a t o r  by e q u i p p i n g  i t  w i t h  a chopper  similar t o  
t h a t  of a h igh  shear mixer60. Mechanical a g i t a t i o n  makes i t  pos- 

s i b l e  t o  f l u i d i z e  m a t e r i a l s  w i th  poor  f l u i d i z a t i o n  character is t ics  

and t o  i n c r e a s e  t h e  m o i s t u r e  c o n t e n t  of t h e  bed. The r e s u l t i n g  
g r a n u l e s  have a d e n s e r  s t r u c t u r e  and a na r rower  s i z e  d i s t r i b u t i o n .  

S i m i l a r  e f fec ts  a r e  o b t a i n e d  i n  t h e  v i b r o f l u i d i z a t i o n  g r a n u l a t i o n  

p r o c e s s  where v i b r a t i o n  energy is t r a n s f e r r e d  by a v i b r a t i n g  a i r  

d i s t r i b u t o r  p l a t e 6 1 .  
The m o d i f i c a t i o n  most commonly used  i n  t h e  pha rmaceu t i ca l  

i n d u s t r y  is t h e  r o t a r y  f l u i d i z e d  bed g ranu la to r@-64 .  I n  t h i s  

t y p e  of g r a n u l a t o r  a r o t a t i n g  d i s k  is i n s t a l l e d  i n  t h e  bottom of 

t h e  bed i n s t e a d  of t h e  a i r  d i s t r i b u t o r  p l a t e  o r d i n a r i l y  used  

( F i g u r e  8) .  The  r o t a t i o n  s p e e d  as w e l l  as the  diameter of the a i r  

s l i t  can be v a r i e d .  Due t o  t h e  r o t a t i n g  d i s k  rounded g r a n u l e s  of 
a h i g h  d e n s i t y  are  o b t a i n e d ,  and t h u s  t h e  p r o c e s s  is s u i t a b l e  f o r  

p r o d u c t i o n  o f  p e l l e t s 6 3 , 6 5 .  A d i sadvan tage  i s ,  however,  t h a t  t h e  

m a t e r i a l  is no t  un i fo rmly  f l u i d i z e d ,  and consequen t ly  t h e  tempera- 

t u r e  v a r i e s  w i t h i n  t h e  bed62. 
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Sllt 

KRISTENSEN AND SCHAEFER 

Nozzle 

FIGURE 8 
Schematic  diagram of t he  p roduc t -hand l ing  s e c t i o n  of a r o t a r y  
f l u i d i z e d  bed  g r a n u l a t o r  

Although t h e  m o d i f i c a t i o n s  descr ibed above seem t o  be s u i t -  

ab le  f o r  s p e c i a l  p u r p o s e s ,  t h e  r e s u l t s  p u b l i s h e d  a r e  n o t  s u f f i -  

c i e n t  t o  conclude whether some of t h e  equipment3 might g e n e r a l l y  

be p r e f e r a b l e  t o  o r d i n a r y  f l u i d i z e d  bed g r a n u l a t o r s  or h igh  s h e a r  

mixe r s  . 
Other g r a n u l a t i o n  methods are mentioned t o  be advantageous t o  

f l u i d i z e d  bed g r a n u l a t i o n  and h i g h  shear mixing. Bartsch de- 

s c r i b e d  a method named Topo-granulat ion where a d rug  i s  d e p o s i t e d  

o n  t h e  s u r f a c e  of a car r ie r  material i n  a one - s t ep  vacuum sys -  

Another method is m i c r o g r a n u l a t i o n  be ing  a c o a t i n g  p r o c e s s  
by which  small p a r t i c l e s  are  made f r ee - f lowing  by c o a t i n g  w i t h  a 
b i n d e r  67. Agglomeration is p r e v e n t e d  by u s i n g  a n  amount of 

b i n d e r  s o l u t i o n  smaller t h a n  t h a t  n e c e s s a r y  f o r  o r d i n a r y  g ranu la -  
t i o n .  M i c r o g r a n u l a t i o n  might improve t h e  c o n t e n t  u n i f o r m i t y  and  

d i s s o l u t i o n  r a t e  and r e d u c e  t a b l e t  we igh t  v a r i a t i o n  when compared 

w i t h  wet r n a ~ s i n g ~ 7 - ~ 9 .  Although b o t h  methods might  b e  f avour -  
ab le  f o r  s p e c i a l  p u r p a s e s ,  t h e y  do n o t  seem t o  be g e n e r a l l y  a p p l i -  

cab1 e. 
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GRANULATION 8 2 7  

S i n c e  batch s izes  i n  the  p h a r m a c e u t i c a l  i n d u s t r y  o r d i n a r i l y  
are r a t h e r  small, g r a n u l a t i o n  of p h a r m a c e u t i c a l s  i s  m a i n l y  carried 

o u t  i n  b a t c h  g r a n u l a t o r s .  Another r e a s o n  i s  t h a t  t h e  GMP r e q u i r e -  

ments  are easier  t o  comply w i t h  i n  batch g r a n u l a t o r s  where p r o c e s s  

v a r i a b l e s  are easier t o  c o n t r o l  compared t o  c o n t i n u o u s  g r a n u l a -  

t o r s 3 .  I n  case of l a r g e  volume p r o d u c t s  c o n t i n u o u s  g r a n u l a t i o n  
p r o c e s s e s  might be of i n t e r e s t ,  however .  Con t inuous  f l u i d i z e d  bed 

g r a n u l a t o r s  are  d e s c r i b e d  i n  l a b o r a t o r y  s c a l e 5 8 , 5 9 , 7 0  a s  well as 

p i l o t  s c a l e 7 l , 7 * ,  b u t  t h e y  a re  o n l y  r a r e l y  u s e d  i n  t h e  pharrnaceu- 

t i c a l  i n d u s t r y .  E x t r u s i o n  f o l l o w e d  by s p h e r o n i z a t i o n  is  a common 
method for  p r e p a r a t i o n  of p e l l e t s 7 3 - 7 7 .  However, e x t r u s i o n  might  

be used  f o r  c o n t i n u o u s  p r o d u c t i o n  of g r a n u l a t i o n s  of o r d i n a r y  s i z e  

d i s t r i b u t i o n s ,  t 0078 .  Con t inuous  e x t r u s i o n  p r o c e s s e s  seem t o  g a i n  

i n c r e a s i n g  i n t e r e s t .  P r o v i d e d  t h a t  f u r t h e r  research o n  t h e  effect  

of p r o c e s s  v a r i a b l e s  i s  done ,  i t  i s  l i k e l y  t h a t  e x t r u s i o n  might  be 

a g r a n u l a t i o n  p r o c e s s  of t h e  f u t u r e  bes ides  f l u i d i z e d  bed g r a n u l a -  
t i o n  and h i g h  shear  m i x i n g .  

GRANULATION VARIABLES 

Agglomera t ion  is caused  by complex i n t e r a c t i o n s  of s e v e r a l  

parameters, a n d  a knowledge of t h e  e f fec t  of each i s  therefore 

n e c e s s a r y  f o r  c o n t r o l l i n g  t h e  g r a n u l a t i o n  p r o c e s s .  A u l t o n  and  

Banks1  d i s t i n g u i s h  between a p p a r a t u s  v a r i a b l e s ,  p r o c e s s  v a r i a b l e s  

and p r o d u c t  v a r i a b l e s .  Appara tus  v a r i a b l e s  are related t o  t h e  

c o n s t r u c t i o n  o f  t h e  g r a n u l a t i o n  equipment  and  process v a r i a b l e s  t o  

t h e  p r o c e d u r e  b e i n g  u s e d ,  a n d  these v a r i a b l e s  are c l o s e l y  re la ted 

t o  t h e  a c t u a l  p r o c e s s .  P roduc t  v a r i a b l e s  are re la ted t o  t h e  

s t a r t i n g  materials and  t h e  a p p l i e d  b i n d e r  and b i n d e r  s o l v e n t ,  and  

t h u s  p r o d u c t  v a r i a b l e s  i n f l u e n c e  a n y  g r a n u l a t i o n  p r o c e s s ,  a1 though 

t o  a v a r y i n g  e x t e n t .  Detailed r e v i e w s  of t h e  effects  of g r a n u l a -  

t i o n  v a r i a b l e s  i n  f l u i d i z e d  b e d s 1 '  a n d  i n  h igh  s h e a r  m i x e r s 4 7  a r e  
g i v e n  i n  t h e  p h a r m a c e u t i c a l  l i t e ra ture .  On ly  t h e  main v a r i a b l e s  
w i l l  be d i s c u s s e d  below. 
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828 KRISTENSEN AND SCHAEFER 

Appara tus  v ar i ab 1 es 
I n  a f l u i d i z e d  bed g r a n u l a t o r  t h e  a i r  d i s t r i b u t o r  p l a t e  and  

t h e  s h a p e  of t he  c o n t a i n e r  i n f l u e n c e  t he  p a r t i c l e  m o t i o n  i n  t h e  

bed .  However, p r o p e r  f l u i d i z a t i o n  can  be o b t a i n e d  by d i f f e r e n t  
d i s t r i b u t o r s  as well as by v a r y i n g  c o n t a i n e r  s h a p e s .  By a n  appro- 

p r i a t e  choice of these p a r a m e t e r s  t h e  effect of t h e  c o n s t r u c t i o n  
of t h e  bed o n  g r a n u l e  p r o p e r t i e s  seems t o  be i n s i g n i f i c a n t .  Ac- 

c o r d i n g l y  Orm6s e t  a1 .79  found  no effect  of v a r y i n g  t h e  d e s i g n  of 

t h e  a i r  d i s t r i b u t o r  p l a t e .  

The p o s i t i o n  of t he  n o z z l e  i n  a f l u i d i z e d  bed g r a n u l a t o r  

a f fec ts  t h e  w e t t i n g  of t h e  material. If t h e  p o s i t i o n  is t o o  h i g h ,  

s p r a y  d r y i n g  of t h e  b i n d e r  s o l u t i o n  migh t  o c c u r ,  o n  t h e  other  hand 

a low p o s i t i o n  might  r e s u l t  i n  c l o g g i n g  of t h e  n o z z l e .  I n  p r a c -  

t i c e ,  n o z z l e  h e i g h t  v a r i a t i o n s  w i t h i n  a rather w i d e  r a n g e  h a v e  

s l i g h t  effect  o n l y  on g r a n u l e  p r o p e r t i e s .  W i t h i n  t h a t  r a n g e  i t  is 

s u f f i c i e n t  t o  m a i n t a i n  a c o m b i n a t i o n  of n o z z l e  he ight  and  s p r a y  

a n g l e  t h a t  b r i n g s  a b o u t  a p r o p e r  w e t t i n g  of t h e  bed s u r f a c e  with- 

o u t  w e t t i n g  t he  wall of t he  a p p a r a t u s 8 0 .  

While t h e  f l u i d i z e d  s t a t e  i n  a f l u i d i z e d  bed g r a n u l a t o r  is  

n e a r l y  independen t  of t he  c o n s t r u c t i o n  of t h e  a p p a r a t u s ,  shear 

forces  i n  a h i g h  shear mixe r  are v e r y  dependen t  o n  t h e  mixe r  con- 

s t r u c t i o n .  C o n s e q u e n t l y ,  a p p a r a t u s  v a r i a b l e s  are more e s s e n t i a l  

when u s i n g  h i g h  shear mixe r s .  S i z e  a n d  s h a p e  of t h e  mix ing  cham- 

ber,  i m p e l l e r  and  chopper  d i f f e r  i n  d i f f e r e n t  h igh  shear m i x e r s .  

However, h i g h  shear m i x e r s  are c o n s t r u c t e d  on  a ra ther  e m p i r i c a l  

b a s i s ,  a n d  o n l y  few r e s u l t s  on  t h e  e f fec t  of mixer  c o n s t r u c t i o n  

are p u b l i s h e d .  
Schaefer e t  a1 .26 ,27  compared two sets of mix ing  too ls  i n  a 

25-l i t re  Diosna  m i x e r ,  t h e  s t a n d a r d  t o o l s  b e i n g  similar t o  those 

shown i n  F i g u r e  7b and  a s e t  c o n s i s t i n g  o f  a s p e c i a l l y  c o n s t r u c t e d  

i m p e l l e r  and chopper .  The s p e c i a l i z e d  t o o l s  were s imi la r  t o  those 

used  i n  t he  v e r t i c a l  Lbd ige  m i x e r ,  t h e  i m p e l l e r  of which i s  of a 
p l o u g h l i k e  s h a p e .  The  s t a n d a r d  t oo l s  r e s u l t e d  i n  a c o n s i d e r a b l e  
amount of wet ted  mass a d h e r i n g  t o  t h e  wal l  and  t h e  l i d  of t h e  

bowl, whereas no a p p r e c i a b l e  a d h e s i o n  was f o u n d  when u s i n g  t h e  
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GRANULATION 829  

s p e c i a l i z e d  t o o l s .  The d i f f e r e n c e  was ascr ibed  t o  a more appro- 
p r i a t e  movement of t h e  mass caused  by t h e  s p e c i a l i z e d  t o o l s .  I t  

is  assumed t h a t  t h e  p l o u g h l i k e  i m p e l l e r  l i f t s  the  mass and  throws 

i t  down i n t o  t h e  c e n t r a l  p a r t  of t h e  bowl, whereas t h e  mass i s  
thrown a g a i n s t  t h e  wall t o  a g r e a t e r  e x t e n t  by t h e  s t a n d a r d  t oo l s .  

F u r t h e r ,  t h e  amount of lumps was f o u n d  t o  be c o n s i d e r a b l y  lower 

when u s i n g  t h e  s p e c i a l i z e d  t o o l s .  The  e x t r e m e l y  low amount of 

lumps i s  mos t  l i k e l y  d u e  t o  less a d h e s i o n  t o  t h e  bowl as well as a 

larger comminution effect  of i m p e l l e r  and chopper .  

R icha rdson81  c a l c u l a t e d  t h e  r e l a t i v e  volume s w e p t  o u t  by t h e  

i m p e l l e r  and c h o p p e r ,  r e s p e c t i v e l y ,  i n  D i o s n a  m i x e r s  of v a r y i n g  

s i z e s  a s suming  t h a t  i t  i s  r e l a t e d  t o  t h e i r  work i n p u t  o n  t h e  mate- 
r i a l .  The  wet m a s s i n g  time n e c e s s a r y  t o  o b t a i n  a c e r t a i n  g r a n u l e  

s i z e  was f o u n d  t o  be s h o r t e r ,  t h e  h ighe r  t h e  r e l a t i v e  s w e p t  vo l -  

ume. When compar ing  h i g h  shear m i x e r s  of d i f f e r e n t  t y p e s ,  

Schaefer et  a l . 2 7  f o u n d  d i f f e r e n c e s  i n  d e n s i f i c a t i o n ,  which were 

ascr ibed t o  d i f f e r e n c e s  i n  t h e  r e l a t i v e  swep t  volume of t h e  i m -  

p e l l e r s .  Thus ,  t h e  r e l a t i v e  s w e p t  volume seems t o  be a n  a p p r o p r i -  
a te  p a r a m e t e r  when compar ing  t h e  e f fec t  of s i z e  and c o n s t r u c t i o n  

of t h e  m i x i n g  tools .  

The e f f e c t  of t h e  chopper  on  g r a n u l e  p r o p e r t i e s  i n  d i f f e r e n t  
t y p e s  and s izes  of m i x e r s  was examined26,27 ,  a n d  t h e  comminut ion  

effect  was f o u n d  t o  d i f f e r  ra ther  c o n s i d e r a b l y .  I t  was c o n c l u d e d  

t h a t  t h e  chopper  seems t o  be u n d e r s i z e d  i n  many h i g h  shear m i x e r s .  
The  r e s u l t s  i n d i c a t e  t h a t  t he re  is a g e n e r a l  n e e d  of o p t i m i z -  

i n g  t h e  c o n s t r u c t i o n  of h i g h  shear m i x e r s .  R e l a t i v e l y  few at-  

t e m p t s  have  been  made t o  compare t h e  p r o p e r t i e s  of g r a n u l e s  made 

by d i f f e r e n t  g r a n u l a t i o n  method&9, 53 t 68, 69 ,  82-88. T h i s  i s  c l e a r l y  

a n  area w i t h i n  wet g r a n u l a t i o n  methods t h a t  c a l l s  f o r  f u r t h e r  
research. 

Process v a r  i ab 1 es 

I n  f l u i d i z e d  bed g r a n u l a t i o n  a g g l a n e r a t i o n  i s  c o n t r o l l e d  by 
t h e  m o i s t u r e  c o n t e n t  of t h e  bed. If t h e  moisture c o n t e n t  is  too 
h i g h ,  t h e  bed becomes o v e r w e t t e d  a n d  d e f l u i d i z e s  r a p i d l y ,  a n d  i f  
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8 30 KRISTENSEN AND SCHAEFER 

t h e  m o i s t u r e  c o n t e n t  is  t o o  low, no agg lomera t ion  w i l l  occu r .  The  

p o s s i b l e  r ange  of v a r i a t i o n  i n  m o i s t u r e  c o n t e n t  i s  narrow,  and i t  

is  n e c e s s a r y  t h e r e f o r e  e x a c t l y  t o  c o n t r o l  t h e  p r o c e s s  v a r i a b l e s  
a f f e c t i n g  t h e  m o i s t u r e  c o n t e n t .  

A t  any g i v e n  time, the  m o i s t u r e  c o n t e n t  of t h e  g r a n u l e s  de- 

pends o n  w e t t i n g  and e v a p o r a t i o n ,  which  are p r i m a r i l y  c o n t r o l l e d  

by l i q u i d  f l o w  r a t e  and i n l e t  a i r  t e m p e r a t u r e .  G r a n u l e  s i z e  was 

found t o  be p r o p o r t i o n a l  t o  l i q u i d  flow ra te  and i n v e r s e l y  propor- 
t i o n a l  t o  a i r  temperature89.  Orm6s e t  a l . 9 0  descr ibe  e q u a t i o n s  

f o r  c a l c u l a t i o n  of t h e  e q u i l i b r i u m  l i q u i d  f low r a t e  a t  wh ich  l i q -  
u i d  s u p p l y  i s  ba lanced  by e v a p o r a t i o n ,  and t h e  c r i t i c a l  l i q u i d  
f low r a t e  above which  f l u i d i z a t i o n  i s  i m p o s s i b l e  d u e  t o  ove rwe t t -  
i ng .  O r d i n a r i l y  a l i q u i d  f low ra te  between these v a l u e s  i s  used .  

O the r  v a r i a b l e s  i n f l u e n c i n g  e v a p o r a t i o n  are  f low r a t e  and 
h u m i d i t y  o f  t h e  i n l e t  a i r .  S ince  g r a n u l e  s i z e  and m o i s t u r e  con- 
t e n t  are i n c r e a s e d  d u r i n g  l i q u i d  a d d i t i o n ,  t h e  f low r a t e  of t h e  

f l u i d i z i n g  a i r  has t o  be i n c r e a s e d  s i m u l t a n e o u s l y  i n  o r d e r  t o  keep  

t h e  bed expans ion  cons t an t91  992, and t h a t  migh t  c o m p l i c a t e  t h e  

c o n t r o l  of t h e  m o i s t u r e  c o n t e n t .  The effect  on e v a p o r a t i o n  of 
v a r y i n g  t h e  a i r  humid i ty  can  be e l i m i n a t e d  by v a r y i n g  the  i n l e t  
a i r  t e m p e r a t u r e  s o  t h a t  t h e  AT-value, i . e .  t h e  d i f f e r e n c e  between 

t h e  d r y i n g  a i r  t e m p e r a t u r e  and t h e  wet b u l b  t e m p e r a t u r e  is  kep t  
c o n s t a n t  89. 

Provided t h a t  a p rope r  ba l ance  between l i q u i d  a d d i t i o n  and 
e v a p o r a t i o n  is e s t a b l i s h e d ,  d r o p l e t  s i z e  of t he  atomized b i n d e r  
s o l u t i o n  i s  t h e  most i m p o r t a n t  p r o c e s s  v a r i a b l e  i n  f l u i d i z e d  bed 

g r a n u l a t i o n .  D r o p l e t  s i z e  is e a s i l y  v a r i e d  when u s i n g  a b i n a r y  

nozzle93.  S e v e r a l  a u t h o r s  have shown t h a t  i n c r e a s e d  a t m i z i n g  a i r  
f low r a t e  or air p r e s s u r e  r e s u l t  i n  a smaller g r a n u l e  s i z e .  
Schaefer and Woerts93 d e r i v e d  a n  e m p i r i c a l  d r o p l e t  s i z e  e q u a t i o n  
on basis of e s t i m a t i o n  of t h e  s i z e s  of d r o p l e t s  o b t a i n e d  by atomi- 
z a t i o n  of d i f f e r e n t  b i n d e r  s o l u t i o n s  at  v a r y i n g  a i r - t o - l i q u i d  mass 
r a t i o s .  A 3  can be  s e e n  i n  F i g u r e  9 a l i n e a r  c o r r e l a t i o n  was found  
between t h e  d r o p l e t  s i z e  c a l c u l a t e d  from t h e  e q u a t i o n  and g r a n u l e  
s i z e .  The c o r r e l a t i o n  depends o n  the  a p p l i e d  b i n d e r  s o l u t i o n .  
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GRANULATION 831 

E 
I 250 

aJ 7 150 
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50 100 150 

Droplet size, d50 calculated, Pm 

FIGURE 9 
C o r r e l a t i o n  between d r o p l e t  s i z e  c a l c u l a t e d  from an e m p i r i c a l  
d r o p l e t  s i z e  e q u a t i o n 9 3  and g r a n u l e  s i z e  a t  t h e  end of t h e  granu- 
l a t i o n  phase i n  a f l u i d i z e d  bed g r a n u l a t o r  ( f rml3) .  Binder s o l u -  
t i o n s :  0: g e l a t i n e  4%, A :  K o l l i d o n  25 (PVP) l o % ,  A: Methy lce l lu -  
l o s e  2%. 

Thus g r a n u l e  s i z e  i n  f l u i d i z e d  bed g r a n u l a t i o n  can be v a r i e d  i n  a 

s i m p l e  and r e p r o d u c i b l e  way by v a r y i n g  the  a i r  f l o w  ra te  t o  t h e  

nozz le .  
When g r a n u l a t i n g  i n  a h igh  shear mixer t h e  mechanical  f o r c e s  

e x e r t e d  o n  t h e  m o i s t  mass by t h e  mixing t o o l s  are e s s e n t i a l ,  and 
t h u s  t h e  most i m p o r t a n t  p r o c e s s  v a r i a b l e s  are i m p e l l e r  s p e e d  and 
wet massing time. Chopper speed  might be an i m p o r t a n t  v a r i a b l e ,  

t o o ,  b u t  t h e  e f fec t  of chopper s p e e d  depends on t h e  s i z e  and shape  
of the  c h o p p e r 2 6 ~ 2 7 .  I n  o r d e r  t o  produce g r a n u l a t i o n s  of v a r y i n g  
p o r o s i t i e s  and s i z e  d i s t r i b u t i o n s  i t  is e s s e n t i a l  t h a t  r o t a t i o n  
s p e e d s  of t h e  i m p e l l e r  as well as t h e  chopper can be v a r i e d  con- 
ti nuously27. 

F i g u r e  10 shows t h e  e f fec t  of the  i m p e l l e r  s p e e d  o n  agglm- 

e r a t i o n  d u r i n g  l i q u i d  a d d i t i o n .  Dicalcium phospha te  is  g r a n u l a t e d  
i n  two d i f f e r e n t  h igh  shear m i x e r s ,  a 5 - l i t r e  h o r i z o n t a l  Lbdige 
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832 KRISTENSEN AND SCHAEFER 

lo 14 18 22 
Moisture content (%I 

FIGURE 1 0  
Effect of m o i s t u r e  c o n t e n t  on g r a n u l e  s i z e  of dicalcium p h o s p h a t e  
gr a n u l  es dur  i ng 
Mixe r s :  F i e l d e r  
l e r  s p e e d :  100 
f l o w  rate:  2 5  
( f r o m 2 4 ) .  

l i q u i d  a d d i t i o n  i n  two t y p e s  of h igh  shear m i x e r s ,  
PMAT 25 VG ( 0 ,  w ) ,  Lddige  M 5 CR (o ,o ,A,A) .  Impel- 
rpm ( o , A ) ,  250 rpm (o,o,A), 500 rpm ( w ) .  L i q u i d  
g /min  (0,0), 75 g /min  ( A , A ) ,  100 g /min  ( 0 , ~ )  

mixer  and  a 2 5 - l i t r e  v e r t i c a l  F i e l d e r  mixe r24 .  As can  be s e e n  

g r a n u l e  growth b e g i n s  a t  a lower m o i s t u r e  c o n t e n t  a t  h i g h  i m p e l l e r  

speed.  T h i s  effect  was ascribed t o  a n  effect  of i m p e l l e r  s p e e d  o n  
p o r o s i t y  and c o n s e q u e n t l y  on l i q u i d  s a t u r a t i o n .  F u r t h e r  i t  i s  
s e e n  t h a t  g r a n u l e  growth b e g i n s  a t  a l o w e r  m o i s t u r e  c o n t e n t  i n  t h e  

F i e l d e r  mixer  d u e  t o  a higher  d e n s i f i c a t i o n  in t h a t  m i x e r .  When 
p l o t t i n g  t h e  c o r r e l a t i o n  be tween l i q u i d  s a t u r a t i o n  and  g r a n u l e  

s i z e  ins tead  t h e  marked effects  of i m p e l l e r  s p e e d  and  t y p e  of 

mixe r  n e a r l y  d i s a p p e a r .  
The e f fec t  of wet m a s s i n g  time on i n t r a g r a n u l a r  p o r o s i t y  and 

g r a n u l e  s i z e  i n  a h i g h  shear m i x e r  is shown in F i g u r e  1 1 .  M o i s t  
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GRANULATION 833 

OQ 
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4J 
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0 a 
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I '  
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2 5  
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m a s s i n g  t i m e ,  m i n  
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5 
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a 
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5 0 0  

400  

3 0 0  
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1 2 3 4 5  

m a s s i n g  t i m e ,  m i n  

FIGURE 1 1  
Effect of wet m a s s i n g  time o n  i n t r a g r a n u l a r  p o r o s i t y  ( a . )  and 
g r a n u l e  s i z e  ( b . )  i n  a h i g h  shear m i x e r ,  F i e l d e r  PMAT 2 5  V G .  I m -  
p e l l e r  s p e e d :  250 rpm. Chopper s p e e d :  3000 rpm. S t a r t i n g  materi- 
a l s :  L a c t o s e ,  0 .  Dicalcium phospha te :  x. Dicalcium phos- 
p h a t e / c o r n  s t a r ch  85 /15  w/w%:  A .  Dicalcium p h o s p h a t e / c o r n  s ta rch  
55/45  w / w % :  0. ( f r o m 9 4 ) .  

l ac tose  a g g l o m e r a t e s  a re  e a s i l y  d e n s i f i e d  a n d  theref ore t h e  min i -  

m u m  p o r o s i t y  was reached d u r i n g  l i q u i d  a d d i t i o n ,  a n d  no  f u r t h e r  
d e n s i f i c a t i o n  i s  s e e n  d u r i n g  wet mass ing .  Dicalcium p h o s p h a t e  
g r a n u l e s  are d i f f i c u l t  t o  d e n s i f y ,  which r e s u l t s  i n  a marked  f a l l  

i n  p o r o s i t y  d u r i n g  wet mass ing .  The a d d i t i o n  of starch t o  d ica l -  

cium p h o s p h a t e  f a c i l i t a t e s  d e n s i f i c a t i o n ,  b u t  r e s u l t s  i n  a h i g h e r  

f i n a l  p o r o s i t y .  A f a l l  i n  p o r o s i t y  d u r i n g  wet m a s s i n g  i n c r e a s e s  

t h e  l i q u i d  s a t u r a t i o n ,  and  therefore g r a n u l e  g rowth  is  o b t a i n e d  i n  

t h e  case of dicalcium p h o s p h a t e  and  m i x t u r e s  of dicalcium phos- 
p h a t e  and  s t a r c h .  I n  t h e  case of lac tose  l i q u i d  s a t u r a t i o n  i s  

unchanged,  and c o n s e q u e n t l y  no g r a n u l e  g rowth  o c c u r s .  Thus  wet 
mass ing  time p r i m a r i l y  i s  of i m p o r t a n c e ,  i f  the s t a r t i n g  material  

is d i f f i c u l t  t o  d e n s i f y .  T h i s  o b s e r v a t i o n  e x p l a i n s  t h e  c o n t r a d i c -  

t o r y  f i n d i n g s  of t h e  e f fec t  of wet m a s s i n g  t ime51995.  

A t  a g i v e n  amount of b i n d e r  s o l u t i o n  l i q u i d  flow r a t e  w i l l  

a f fec t  t h e  p r o c e s s i n g  time. A lower f l o w  r a t e  p r o l o n g s  t he  proc-  
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834 KRISTENSEN AND SCHAEFER 

essing time, which might r e s u l t  i n  a lower porosity.  T h i s  ex- 
plains that  a l a rge r  granule s i z e  can be seen a t  a lower l i q u i d  
flow r a t e ,  i f  moisture content is unchanged ( c f .  Figure 1 0 ) .  

Contrary t o  f l u i d i z e d  bed granulation the  droplet  s i z e  of the 
atomized binder so lu t ion  is of l e s s  importance i n  h i g h  shear mix- 

e r s ,  where l i q u i d  i s  d i s t r ibu ted  by mechanical ag i t a t ion .  How- 
ever ,  i t  might be favourable t o  atomize t h e  binder so lu t ion  i n -  

s tead of pouring i t  i n t o  the  bowl i n  order t o  obtain a homogeneous 

1 i q u i  d d i  stri b u t i  on269 48. 

Produc t v a r  i ab l e s  
I n  pract ice  var ia t ions i n  the physical propert ies  of the 

powders t o  be granulated give r i s e  t o  problems. Thus  i t  might be 

necessary t o  change one o r  more process var iables  as well as the 
amount of l i q u i d  when changing t h e  formulation. Even a t  unchanged 
formulation inev i t ab le  var ia t ions i n  p a r t i c l e  s i z e  from batch t o  
batch of t h e  same mater ia l  make i t  d i f f i c u l t  t o  control the granu- 
l a t i o n  process. 

The most important physical propert ies  of the s t a r t i n g  mate- 
r i a l  seem t o  be t h e  s i z e  and s i z e  d i s t r i b u t i o n  of the p a r t i c l e s .  
Since f r e e  surface l i q u i d  i s  necessary i n  order t o  obtain agglom- 
e ra t ion ,  the amount of l i q u i d  t o  be used w i l l  depend on t h e  sur-  
face area of the powder. A smaller p a r t i c l e  s i z e  r e s u l t s  i n  a 

l a rge r  surface area. T h i s  explains why several  authors have found 
that a decreasing p a r t i c l e  s i z e  r e s u l t s  i n  a smaller granule s i z e  
a t  a constant amount of liquid96-98 or t h a t  a l a rge r  amount of 
l i q u i d  has t o  be used i n  order t o  keep granule s i z e  constant when 
the p a r t i c l e  s i z e  decreases80,99-103. 

When u s i n g  water absorbing mater ia ls  such as  s tarches,  ab- 

sorption r e s u l t s  i n  incomplete wetting of the surface and there- 
fo re  t h e  amount of l i q u i d  has t o  be increased32,80,97. Lindberg 

e t  a1.1O4 examined the e f f e c t  of the water content of the s t a rch  
on granulation. They concluded t h a t  i t  is  inexpedient t o  use a 
constant amount of b i n d e r  so lu t ion  when granulating s t a r c h e s ,  
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GRANULATION 835 

because v a r i a t i o n s  i n  wa te r  c o n t e n t  of t h e  s t a r c h  i n  t h a t  case 
w i l l  a f fec t  g r a n u l e  s i z e  d i s t r i b u t i o n .  

If t h e  p a r t i c l e  s i z e  is  s o  small t h a t  t h e  powder becomes 

c o h e s i v e ,  f u r t h e r  problems might  o c c u r .  As p r e v i o u s l y  mentioned 

f l u i d i z a t i o n  of c o h e s i v e  m a t e r i a l s  is d i f f i c u l t  o r  i m p o s s i b l e  t o  

a c h i e v e ,  and f l u i d i z e d  bed  g r a n u l a t i o n  might  t h e r e f o r e  n o t  be an 

a p p r o p r i a t e  method. Is h i g h  shear mixing used i n s t e a d  , d e n s i f  i c a -  

t i o n  of t h e  m a t e r i a l  w i l l  be ve ry  dependent  on i m p e l l e r  s p e e d  and 

wet massing time, and t h u s  t he  amount of l i q u i d  is ve ry  c r i t i c a l .  
I n  F i g u r e  1 1  d e n s i f i c a t i o n  o f  dicalcium phospha te  proceeded 

s lowly  c o n t r a r y  t o  l a c t o s e .  The d i f f e r e n c e  between t h e  two mate- 

r i a l s ,  however, was p r i m a r i l y  due t o  d i f f e r e n c e s  i n  p a r t i c l e  s i z e .  

K r i s t e n s e n  e t  a1 .16 examined d i f f e r e n t  q u a l i t i e s  of dicalcium 

phosphate  and found d e n s i f i c a t i o n  t o  be ve ry  dependent  o n  mean 

p a r t i c l e  s i z e  and s i z e  d i s t r i b u t i o n .  Cor re spond ing ly ,  l a c t o s e  

might be d i f f i c u l t  t o  d e n s i f y ,  t o o ,  when t h e  p a r t i c l e  s i z e  becomes 

smaller t h a n  used f o r  t h e  expe r imen t s  i n  F i g u r e  1 1 9 9 ~ 1 0 2 .  

Linkson e t  al.3O examined t h e  e f fec t  of p a r t i c l e  s i z e  d i s t r i -  

b u t i o n  of s i l i c a  s a n d  on g r a n u l e  growth i n  a r o t a t i n g  drum. A 

wide s i z e  d i s t r i b u t i o n  r e s u l t e d  i n  s t r o n g  agg lomera te s  of a low 
i n t r a g r a n u l a r  p o r o s i t y ,  whereas a narrow s i z e  d i s t r i b u t i o n  re- 

s u l t e d  i n  weaker agg lomera te s  of h i g h e r  p o r o s i t y .  These r e s u l t s  

were confirmed by wet massing of l a c t o s e l 0 3 .  An i n c r e a s i n g  c o n t e n t  
of starch g i v e s  rise t o  weaker g ranu le s97 .  Thus i n  a f l u i d i z e d  

bed g r a n u l a t o r  Schaefer e t  a1.54 found a remarkable a t t r i t i o n  a t  a 
c o n t e n t  of s tarch of 80% and Higash ide  e t  a l . 4 2  found a n  i n c r e a s -  
i n g  c o n t e n t  of starch i n  t h e  f i n e s t  s i z e  f r a c t i o n  of g r a n u l e s  

c o n s i s t i n g  of a m i x t u r e  o f  l a c t o s e  and s tarch.  
The e f fec t  of s tarch o n  g r a n u l e  s t r e n g t h  i s  caused by t h e  

r e l a t i v e l y  narrow s i z e  d i s t r i b u t i o n  of s tarches a s  well as t h e  

rounded p a r t i c l e  shape p r e v e n t i n g  i n t e r l o c k i n g .  However, o n l y  

l i t t l e  is known abou t  t h e  effect  of p a r t i c l e  s h a p e  on agg lc ine ra t i -  

on. I n  g e n e r a l  an i r r e g u l a r  p a r t i c l e  shape w i l l  f avour  i n t e r l o c k -  

i n g  and t h u s  i n c r e a s e  g r a n u l e  s t r e n g t h .  The g r a n u l e  s t r e n g t h  i s  

e s p e c i a l l y  impor t an t  when u s i n g  g r a n u l a t i o n  methods where l a r g e  
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836 KRISTENSEN AND S C H A E F E R  

mechanical  f o r c e s  are invo lved .  I n  t h e  case o f  f l u i d i z e d  bed 

g r a n u l a t i o n  p a r t i  c l  e shape  might  i n f luence  f l u i  d i  z a t i  on char a c t  er- 

i s t i c s ,  needle-shaped o r  plate-shaped p a r t i c l e s  b e i n g  d i f f i c u l t  t o  

f l u i d i z e .  

I t  is  compl i ca t ed  t o  c l a r i f y  t h e  e f fec ts  of t h e  p h y s i c a l  

p r o p e r t i e s  of d i f f e r e n t  s t a r t i n g  m a t e r i a l s ,  s i n c e  t h e  p h y s i c a l  
p r o p e r t i e s  normally d i f f e r  i n  many respects .  I t  might be f avour -  

a b l e ,  theref o r e ,  t o  c a r r y  o u t  expe r imen t s  u s i n g  narrow s i z e  d i s -  

t r i b u t i o n s  when comparing g r a n u l a t i o n  of d i f f e r e n t  m a t e r i a l s ,  t h u s  

r e d u c i n g  or  e l i m i n a t i n g  t h e  effect  of p a r t i c l e  s i z e .  

Orm6s and P a t a k i l 0 5  g r a n u l a t e d  s i z e  f r a c t i o n s  of between 0.1 

and 0.2 mm of f i v e  d i f f e r e n t  m a t e r i a l s  wi th  an aqueous g e l a t i n e  

s o l u t i o n  i n  a l a b o r a t o r y  sca le  f l u i d i z e d  bed g r a n u l a t o r .  The 

r e s u l t s  a r e  shown i n  F i g u r e  12. The h i g h e s t  growth r a t e  is s e e n  

i f  t h e  m a t e r i a l  is s o l u b l e  i n  t h e  b i n d e r  s o l u t i o n ,  such  as sodium 

c h l o r i d e  and sodium n i t r a t e ,  and t h e  l o w e s t  growth r a t e  was found  

f o r  p o l y e t h y l e n e  be ing  i n s o l u b l e  and poor wettable. Thus s o l u b i -  

l i t y  and w e t t a b i l i t y  are p h y s i c a l  p r o p e r t i e s  a f f e c t i n g  g r a n u l e  
growth,  t o o .  J a iyeoba  and S p r i n g l o 6  found s o l u b i l i t y  and  wett- 

a b i l i t y  t o  have a l a r g e r  e f fec t  on mean g r a n u l e  s i z e  t h a n  t h e  

p a r t i c l e  s i z e  of t h e  t h i r d  component of a t e r n a r y  m i x t u r e .  

When t h e  powder is s e m i s o l u b l e  i n  t h e  b i n d e r  s o l u t i o n ,  t h e  

m o u n t  of s o l u t i o n  has  t o  be l o w e r ,  s i n c e  t h e  volume i s  i n c r e a s e d  

by d i s s o l u t i o n  of powder, and t h e  amount of powder is re- 
duced107~108 .  S i n c e  t h e  smallest par t ic les  are d i s s o l v e d  f i r s t ,  

t h e  r e d u c t i o n  i n  surface area can be r e l a t i v e l y  l a r g e l o g .  

R e c r y s t a l l i z a t i o n  of d i s s o l v e d  material d u r i n g  d r y i n g  w i l l  i n -  

c r e a s e  t h e  s t r e n g t h  of t h e  g r a n u l e s l 0 7 .  

If t h e  s t a r t i n g  material is p o o r l y  wet table ,  g r a n u l e  forma- 

t i o n  and growth a r e  d i f f i c u l t  t o  a c h i e v e ,  which  r e s u l t s  i n  a 

smaller g r a n u l e  s i z e l l o - 1 1 2 .  The w e t t i n g  o f  t h e  powder i s  l i k e l y  

t o  be  more i m p o r t a n t  i n  a f l u i d i z e d  bed g r a n u l a t o r  d u e  t o  t h e  lack 

of shear f o r c e s l l o -  W e t t a b i l i t y  might be improved and g r a n u l e  

s i z e  t h u s  be i n c r e a s e d  by u s i n g  a n o t h e r  s o l v e n t l l 2 , 1 1 3 ,  o r  by 
add ing  a s u r f a c t a n t  t o  t h e  b i n d e r  s ~ l u t i o n ~ ~ ~ ~ ~ ~ ~ .  Bode-Tunji and 
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GRANULATION 837 
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FIGURE 1 2  
Effect of t he  r e l a t i v e  amount of binder so lu t ion  on t h e  s i z e  of 
granules produced from 0.1-0.2 mm s i z e  f r a c t i o n s  i n  a laboratory 
s c a l e  f l u i  d i  zed bed granulator.  S t a r t i n g  mat e r i  a l s :  polyethylene 
( l ) ,  g l a s s  beads ( 2 ) ,  sand ( 3 ) ,  sodium chloride ( 4 1 ,  sodium n i -  
t r a t e  (5) (from105). 

Jaiyeobal l4  compared the  e f f e c t  of three su r fac t an t s  on we t t ab i l i -  

t y  and found t h a t  a higher HLB value r e s u l t e d  i n  a l a r g e r  granule 

s i z e .  The e f f e c t  of surfactant  might  depend on i ts  concentration. 

A t  low concentrations of d i f f e r e n t  su r f ac t an t s  granule s i z e  w a s  

found t o  decrease, whereas an increase was found a t  higher concen- 

t r a t i o n s l l 5 .  I t  has t o  be considered t h a t  addi t ion of a surfac-  

t an t  might inf luence other propert ies  of granules and t a b l e t s .  
E l - A r i n i  and Polderman116 found t h a t  addi t ion of sodium l au ry l  

sulphate  t o  f lu id i zed  bed granulations r e su l t ed  i n  granules and 

t a b l e t s  which were weaker and had shorter  d i s in t eg ra t ion  times. 
Similar r e s u l t s  were found by wet massing, where s u r f a c t a n t s  i m -  

proved d i  si n t  eg ra t i  on and d i  ssolut ionl  l5. 

The  r e s u l t s  published h i t h e r t o  show t h a t  t h e  e f f e c t  of t h e  

s t a r t i n g  material  on granule formation and growth is a complex 

in t e rac t ion  between d i f f e ren t  physical propert ies .  I t  is  d i f f i -  
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838 KRISTENSEN AND SCHAEFER 

c u l t  t o  make an e x p e r i m e n t a l  d e s i g n ,  where o n l y  o n e  of these fac- 

t o r s  is  v a r i e d .  T h i s  e x p l a i n s  why t h e  knowledge of t h e  e f fec t  of 

t h e  s t a r t i n g  material is rather  u n s y s t e m a t i c a l .  F u r t h e r  research 

i n  t h i s  f i e l d  is needed  t o  o b t a i n  s u c h  a knowledge t h a t  on  basis  

of da ta  of the  material i t  w i l l  be p o s s i b l e  t o  p r e d i c t  t h e  O p t i I n u m  

amount of l i q u i d  and  t h e  optimum p r o c e s s  v a r i a b l e s .  

As d i s c u s s e d  p r e v i o u s l y  g r a n u l e  growth i s  p r i m a r i l y  con- 

t r o l l e d  by t h e  l i q u i d  s a t u r a t i o n  of t h e  g r a n u l e s .  The l i q u i d  
s a t u r a t i o n  depends  on t h e  amount of l i q u i d  added as  well as on  t h e  

d e n s i f i c a t i o n  of t he  g r a n u l e s .  The optimum amount of l i q u i d  f o r  
g r a n u l a t i o n  of a g i v e n  s t a r t i n g  mater ia l ,  t h e r e f o r e ,  w i l l  depend 

o n  t h e  a p p a r a t u s  v a r i a b l e s  and  p r o c e s s  v a r i a b l e s  a f f e c t i n g  d e n s i -  

f i c a t i o n .  Record lo  f o r  example s ta tes  t h a t  t h e  q u a n t i t y  of l i q u i d  

n e c e s s a r y  i n  a h i g h  shear mixe r  is n o r m a l l y  a b o u t  t w o - t h i r d s  t o  

t h r e e - q u a r t e r s  of t h a t  u sed  i n  low shear m i x e r s .  

O r d i n a r i l y  a b i n d e r  has t o  be added  i n  o r d e r  t o  keep  t h e  

g r a n u l e s  together by s o l i d  b r i d g e s  a f te r  d r y i n g .  A s  men t ioned  

above  s o l i d  b r i d g e s  a r e  formed by r e c r y s t a l l i z a t i o n  when a mate- 

r i a l  is s e m i s o l u b l e ,  a n d  i f  s o  a b i n d e r  migh t  p o s s i b l y  be  a v o i d e d .  

D i s t r i b u t i o n  of t he  b i n d e r  i n t o  t h e  s t a r t i n g  materials i n  a 

d r y  s t a t e  before w e t t i n g  might r e s u l t  i n  a smaller g r a n u l e  

s i z e l l 2 ,  I17  a n d  a n  i n c r e a s e d  c o n t e n t  of lumps99 i n d i c a t i n g  a n  

inhomogeneous d i s t r i b u t i o n  of t h e  b i n d e r .  Therefore, t h e  b i n d e r  

i s  norma l ly  d i s s o l v e d  i n  t h e  l i q u i d  b e f o r e  l i q u i d  a d d i t i o n .  

I n  a f l u d i z e d  bed g r a n u l a t o r  m e c h a n i c a l  forces  are  t o o  low t o  
o b t a i n  a uni form d i s t r i b u t i o n  of t h e  b i n d e r  s o l u t i o n  w i t h o u t  
s p r a y i n g .  T h i s  means t h a t  o n l y  b i n d e r  s o l u t i o n s  of a r a t h e r  low 

v i s c o s i t y  c a n  be  u s e d .  Al though s p r a y i n g  migh t  be f a v o u r a b l e  i n  a 

h i g h  shear m i x e r ,  t o o ,  s h e a r i n g  forces  makes i t  p o s s i b l e  t o  o b t a i n  

a uni form d i s t r i b u t i o n  of s o l u t i o n s  of low v i s c o s i t i e s  w i t h o u t  
a t o m i z a t i o n  by a p r o p e r  choice of p r o c e s s  v a r i a b l e s .  

The d i s t r i b u t i o n  of b i n d e r  w i t h i n  a g r a n u l e  depends  on t h e  

g r a n u l a t i o n  method a s  d e s c r i b e d  by S e a g e r  e t  a1 .20 ,118 .  I n  g ran -  

u l e s  p r e p a r e d  by wet m a s s i n g  t h e  b i n d e r  i s  d i s t r i b u t e d  as a 

s p o n g e - l i k e  m a t r i x .  The same m a t r i x  of b i n d e r  i s  s e e n  i n  a g r a n -  
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GRANULATION 839 

u l e  from a f l u i d i z e d  bed g r a n u l a t o r ,  b u t  f u r t h e r  t h e  s u r f a c e  of 

t h e  g r a n u l e  i s  coated w i t h  a s h e l l  of b i n d e r .  R a g n a r s s o n  and  
S j 6 g r e n 5 3  compared f l u i d i z e d  bed g r a n u l a t i o n s  w i t h  g r a n u l a t i o n s  

p r e p a r e d  by wet mass ing .  They f o u n d  t a b l e t s  compressed  from 

f l u i d i z e d  bed g r a n u l a t i o n s  t o  be s t r o n g e r ,  and  t hese  f i n d i n g s  were 

ascr ibed  t o  t h e  s u r f a c e  s h e l l  of b i n d e r  r e s u l t i n g  i n  s t r o n g e r  

bondi  ngs  . 
D u r i  ng f l u i  d i  zed  bed gr  a n u l  a t  i on d r  y i  ng o c c u r s  si mu1 t a n e o u s l  y 

t o  l i q u i d  a d d i t i o n  and  therefore  t h e  e f fec ts  of b i n d e r s  d i f f e r  

from t h e  e f f e c t s  o b t a i n e d  by h i g h  shear  m i x i n g .  I n  b o t h  methods 

p a r t i c l e s  are h e l d  t o g e t h e r  by l i q u i d  bond ings .  I n  a f l u i d i z e d  bed 

g r a n u l a t o r ,  however ,  e v a p o r a t i o n  of s o l v e n t  r e s u l t s  i n  a n  i n c r e a s -  
i n g  c o n c e n t r a t i o n  of b i n d e r  i n  t h e  l i q u i d  b r i d g e ,  and c o n s e q u e n t l y  

t h e  l i q u i d  b o n d i n g s  become v i s c o u s  and  immobile. Therefore, t h e  

a d h e s i v e  forces a re  m a r k e d l y  i n c r e a s e d ,  and  t h e  agglomerates are 

s t a b i l i z e d 7 0 , 1 1 9 .  The h i g h e r  t h e  b i n d e r  c o n c e n t r a t i o n ,  t h e  more 

v i s c o u s  t h e  l i q u i d  b o n d i n g s ,  and  t h i s  e x p l a i n s  why g r a n u l e  s i z e  

i n c r e a s e s  a t  i n c r e a s i n g  b i n d e r  c o n c e n t r a t i o n  i n  f l u i d i z e d  bed 

g r a n u l  a t i  on1 3970 91 , 120-1 27. 

I n  a h i g h  shear mixe r  on t h e  other hand e v a p o r a t i o n  of so l -  

v e n t  o c c u r s  t o  a l ess  e x t e n t  and  l i q u i d  bond ings  therefore are 
n o r m a l l y  mobile.  G r a n u l e s  are  s t a b i l i z e d  i n s t e a d  by d e n s i f i c a t i o n  

and  d e f o r m a t i o n .  C o n s e q u e n t l y  Ri ta la  e t  a1.128 f o u n d  o n l y  a 

s l i g h t  e f fec t  of t h e  c o n c e n t r a t i o n  of f i v e  d i f f e r e n t  b i n d e r s  on 

g r a n u l e  g rowth  d u r i n g  t h e  l i q u i d  a d d i t i o n  p h a s e  i n  a h igh  s h e a r  

mixe r .  However, a h i g h e r  b i n d e r  c o n c e n t r a t i o n  r e s u l t e d  i n  a l o w e r  

power consumpt ion ,  s i n c e  t h e  b i n d e r  acts more  e f f e c t i v e l y  as a 

l u b r i c a n t ,  when i ts  c o n c e n t r a t i o n  i s  i n c r e a s e d .  
If  t h e  b i n d e r  s o l u t i o n s  are h i g h l y  v i s c o u s  s u c h  as  s ta rch  

p a s t e ,  t h e  b i n d e r  w i l l  b e  inhomogeneous ly  d i s t r i b u t e d ,  a n d  t h a t  

migh t  r e s u l t  i n  weaker g r a n u l e s  due t o  i n s u f f i c i e n t  bond ing  

Leuenberge r  and I m a n i d i s 4 9 ,  131 f o u n d  t h a t  t h e  

power consumpt ion  c u r v e  o b t a i n e d  from a h i g h  shear m i x e r  was 
s t r o n g l y  affected by a d d i t i o n  o f  a h i g h l y  v i s c o u s  s t a r c h  p a s t e ,  

b e c a u s e  l i q u i d  bond ings  were n o t  f r e e l y  mobile. A c c o r d i n g l y  i t  
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840 KRISTENSEN AND SCHAEFER 

seems t o  be i n e x p e d i e n t  t o  u s e  h i g h l y  v i s c o u s  b i n d e r  s o l u t i o n s ,  
s i n c e  t h e  u s e  of such  b i n d e r s  makes i t  d i f f i c u l t  t o  c o n t r o l  t h e  

g r a n u l a t i o n  p r o c e s s .  
The t y p e  of b inde r  i s  e s s e n t i a l  i n  f l u i d i z e d  bed g r a n u l a t i o n .  

Evapora t ion  d u r i n g  t h e  p rocess  r e s u l t s  i n  agg lomera te s  being 
p a r t l y  h e l d  t o g e t h e r  by s o l i d  b r i d g e s  of b i n d e r , b u t  i f  t h e  b i n d e r  
i s  t o o  weak, t h e  agg lcmera te s  are broken down and r e -agg lomera t ion  
o c c u r s  by f u r t h e r  l i q u i d  a d d i t i o n  f o l l o w e d  by break-down etc.132. 

S e v e r a l  b i n d e r s  have been used f o r  f l u i d i z e d  bed g r a n u l a t i o n  
of p h a r m a c e u t i c a l s ,  and g r a n u l e  growth i s  found  t o  be affected by 

t h e  t y p e  of b inde r13 ,96 ,119 ,120 ,126 ,133 ,134  as can be s e e n  i n  

F i g u r e  13. D r o p l e t  s i z e s  of t he  atomized b i n d e r  s o l u t i o n s  depend 

on t h e  v i s c o s i t y  o f  t h e  s o l u t i o n 9 3 .  Consequen t ly ,  t h e  e f f e c t  of 
d i f f e r e n t  b i n d e r s  on g r a n u l e  s i z e  might be d u e  t o  v a r y i n g  d r o p l e t  
s i z e s  . 

However, t h e  e f fec t  of t ype  of b i n d e r  s e e n  i n  F i g u r e  13  c o u l d  

o n l y  p a r t l y  be e x p l a i n e d  by d i f f e r e n c e s  i n  v i s c o s i t y  a f f e c t i n g  
d r o p l e t  s i z e .  Granu le  growth i s  a l s o  affected by t h e  a c t u a l  v i s -  
c o s i t y  and a d h e s i o n  f o r c e s  i n  t h e  wet a g g l o m e r a t e s ,  where t h e  

p r o p e r t i e s  of t h e  b inde r  s o l u t i o n  a r e  changed due t o  e v a p o r a t i o n  

of s o l v e n t .  T h i s  might e x p l a i n  why g e l a t i n e  and K o l l i d o n  90 seem 
t o  p o s s e s s  the  best  agg lcmera t ion  p r o p e r t i e s  of t h e  b i n d e r s  i n  

F i g u r e  13.  
Massoud and Bauer135 have d e s c r i b e d  a n  a p p a r a t u s  f o r  deter- 

mina t ion  of a d h e s i o n  f o r c e s  of b i n d e r  s o l u t i o n s  i n  t h e  c o u r s e  of 

d r y i n g ,  and t h u s  t he  r e s u l t s  might p o s s i b l y  s i m u l a t e  t h e  changes 
of a d h e s i o n  f o r c e s  i n  a f l u i d i z e d  bed g r a n u l a t o r .  They found a 

h ighe r  i n c r e a s e  i n  a d h e s i o n  f o r c e s  when u s i n g  g e l a t i n e  o r  K o l l i d o n  
90 i n s t e a d  of Ko l l idon  2 5  i n  a c c o r d a n c e  w i t h  t h e  effect  of t h e  

same b i n d e r s  on g r a n u l e  growth ( c f .  F i g u r e  1 3 ) .  S e v e r a l  a u t h o r s  

have found t h a t  g e l a t i n e  g i v e s  r ise  t o  larger  g r a n u l e  s i z e  t h a n  
low molecu la r  t y p e s  of ~ ~ ~ 9 6 , 1 2 6 * 1 3 3 * 1 3 4 .  

G e l a t i o n  of g e l a t i n e  s o l u t i o n s  might e x p l a i n  t he  good agglom- 
e r a t i o n  p r o p e r t i e s  of t h i s  b i n d e r .  G e l a t i o n  b e g i n s  a t  a tempera- 
ture below 30-40 OC dependent on t h e  c o n c e n t r a t i o n  of t h e  g e l a t i n e  
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FIGURE 13  
Effect of c o n c e n t r a t i o n  of b i n d e r  i n  t h e  b i n d e r  s o l u t i o n  on gran-  
u l e  s i z e  i n  a f l u i d i z e d  bed g r a n u l a t o r ,  G l a t t  WSG 15. Ai r - to - l iq -  
u i d  mass r a t i o  a t  t h e  n o z z l e :  1.15. Binders:  0: G e l a t i n e ,  A :  
Kol l idon  25 ( P V P ) ,  x: Ko l l idon  90 ( P V P ) ,  0: Sodium carboxy- 
m e t h y l c e l l u l o s e ,  A: M e t h y l c e l l u l o s e  ( f r o m l 3 ) .  

s o l u t i o n .  S i n c e  t h e  bed t e m p e r a t u r e  d u r i n g  l i q u i d  a d d i t i o n  nor- 

ma l ly  i s  below t h a t  l e v e l ,  g e l a t i o n  w i l l  be caused by c o o l i n g  of 

t h e  s o l u t i o n  a s  well as by e v a p o r a t i o n  of s o l v e n t .  When t h e  

g e l a t i o n  b e g i n s ,  a d h e s i o n  f o r c e s  are i n c r e a s e d  t h u s  promoting 
a g g l c m e r a t i o n ,  and by f u r t h e r  g e l a t i o n  s t r o n g  agg lomera te s  are 
formed k e p t  t o g e t h e r  by immobile l i q u i d  bondings.  G e l a t i o n  can be 

delayed by i n c r e a s i n g  t h e  i n l e t  a i r  t e m p e r a t u r e  and consequen t ly  
t h e  bed t e m p e r a t u r e .  

Ritala e t  a1.128 compared f i v e  b i n d e r s  i n  a h igh  shear mixer .  

K o l l i d o n  V A  64 ,  Methocel E 5 ,  Methocel E 15 and Ko l l idon  90 gave 

r i s e  t o  g r a n u l e  growth a t  t h e  same l i q u i d  s a t u r a t i o n .  K o l l i d o n  
90 ,  however, r e s u l t e d  i n  a lower  i n t r a g r a n u l a r  p o r o s i t y ,  and con- 

s e q u e n t l y  t h e  amount of l i q u i d  n e c e s s a r y  t o  o b t a i n  a g iven  l i q u i d  

s a t u r a t i o n  was lower.  The  effect  of Ko l l idon  90 on d e n s i f i c a t i o n  
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842 KRISTENSEN AND SCHAEFER 

was assumed t o  be due  t o  a h i g h e r  surface t e n s i o n  of t h e  s o l u t i o n .  

Use of h y d r o l y s e d  g e l a t i n e  ( P r o t e i n  S) g a v e  r i s e  t o  g r a n u l e  growth 

a t  a lower l i q u i d  s a t u r a t i o n .  T h i s  effect  was ascr ibed  t o  a 

s t a r t i n g  g e l a t i o n  of t h e  s o l u t i o n .  

I n  a h igh  shear mixe r  e v a p o r a t i o n  of s o l v e n t  i s  much lower 

t h a n  i n  a f l u i d i z e d  bed ,  and  t h e  e f fec t  of d r o p l e t  s i z e  of t h e  

a tomized  b i n d e r  s o l u t i o n  on g r a n u l e  growth  i s  i n s i g n i f i c a n t .  The 

t y p e  of b i n d e r  and  t h e  v i s c o s i t y  of t h e  b i n d e r  s o l u t i o n  seem t o  be 

of l e s s  i m p o r t a n c e  when u s i n g  a h i g h  shear m i x e r .  
F o r  r e a s o n s  of economy and  i n  order t o  a v o i d  p o l l u t i o n  and 

r i s k  of e x p l o s i o n ,  water i s  o r d i n a r i l y  u s e d  a s  b i n d e r  s o l v e n t ,  i f  

t h e  p h y s i c a l  and chemical p r o p e r t i e s  of t h e  material  and b i n d e r  
p e r m i t  i t .  A s  p r e v i o u s l y  m e n t i o n e d ,  s o l u b i l i t y  a n d  w e t t a b i l i t y  of 

t h e  material and  t h u s  g r a n u l e  g rowth  might  be changed  by u s i n g  

a n o t h e r  s o l v e n t l l 3 .  The v o l a t i l i t y  of t h e  s o l v e n t  w i l l  a f fect  t h e  

l i q u i d  s a t u r a t i o n  of t h e  a g g l o m e r a t e s  e s p e c i a l l y  when a g r a n u l a -  

t i o n  method of h i g h  e v a p o r a t i o n  r a t e  i s  u s e d .  A c c o r d i n g l y  a 

smaller g r a n u l e  s i z e  was o b t a i n e d  i n  a f l u i d i z e d  bed g r a n u l a t o r  
when u s i n g  a n  o r g a n i c  s o l v e n t  i n s t e a d  of ~ a t e r l ~ * , l 3 ~ .  G r a n u l e  

f o r m a t i o n  and g rowth  are assumed t o  be affected by  t h e  lower s u r -  
face t e n s i o n s  of o r g a n i c  s o l v e n t s .  However, no s y s t e m a t i c a l  com- 

p a r i s o n s  of t h e  e f fec ts  of d i f f e r e n t  b i n d e r  s o l v e n t s  on  g r a n u l a -  

t i o n  a r e  d e s c r i b e d  i n  t h e  l i t e r a t u r e .  
I n  order t o  e l i m i n a t e  t h e  d r y i n g  s t a g e  of wet g r a n u l a t i o n ,  

g r a n u l e s  can  be p roduced  by a melt g r a n u l a t i o n  process,  I t  i s  

i n d i c a t e d  t h a t  mel t  g r a n u l a t i o n  r e q u i r e s  o n l y  1/3 t o  1/5 of t h e  

heat  e n e r g y  consumed by wet g r a n u l a t i o n  and  d r y i n g l 3 7 .  Melt gra- 

n u l a t i o n  i m p l i e s  t h e  u s e  of b i n d e r s  which melt o r  s o f t e n  a t  re la-  

t i v e l y  low t e m p e r a t u r e s 1 3 8  t h u s  a c t i n g  l i k e  a b i n d i n g  l i q u i d .  

P o l y e t h y l e n e  g l y c o l s  are  commonly used137 ,  139-141 as  b i n d e r s  f o r  

melt g r a n u l a t i o n  b u t  a l s o  t h e  u s e  of  s t e a r i c  acid138 a n d  d i f f e r e n t  

waxes5°,142 i s  d e s c r i b e d .  The amount of b i n d e r  has  t o  be ra ther  

high ( n o r m a l l y  be tween 1 0  and 20% w/w of t h e  s t a r t i n g  mater ia l ) ,  

s i n c e  a s u f f i c i e n t  number of l i q u i d  b r i d g e s  of m o l t e n  b i n d e r  i s  

n e c e s s a r y  i n  order  t o  form a g g l o m e r a t e s .  
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GRANULATION 843 

T h e  equ ipmen t  f o r  melt g r a n u l a t i o n  c a n  be a r o t a t i n g  drum or 
pa1-1137~139, a low shear mixer1389141,  a h i g h  shear m i x e r 5 0 , 1 4 0 , 1 4 2  

or a f l u i d i z e d  bed g r a n u l a t o r 1 4 3 , 1 4 4 .  

The  b i n d e r  is added e i t h e r  i n  m o l t e n  form o r  i n  powder form. 

I n  t h e  l a t t e r  case t h e  materials are  hea ted  by hot  a i r  or by a 

h e a t i n g  j acke t  t o  a b o v e  t h e  m e l t i n g  p o i n t  of t h e  b i n d e r .  When 

u s i n g  a h igh  shear m i x e r  w i t h  a n  e x t r e m e l y  h i g h  power i n p u t ,  t h e  

t e m p e r a t u r e  can  be r a i sed  by f r i c t i o n  w i t h o u t  any  h e a t i n g 5 O ~  142. 

Dry g r a n u l e s  a re  o b t a i n e d  by c o o l i n g  t h e  agglomerates t o  room 

temper a t  u r  e . 
Kinge t  and Kernel140 c a r r i e d  o u t  f a c t o r i a l l y  d e s i g n e d  e x p e r i -  

m e n t s  i n  order t o  e l u c i d a t e  t h e  e f fec ts  of some process and prod-  

u c t  v a r i a b l e s .  The e f fec t  of b i n d e r  c o n c e n t r a t i o n ,  p a r t i c l e  s i z e  

of t h e  s t a r t i n g  material and  i m p e l l e r  s p e e d  were s imilar  t o  those 

o b t a i n e d  i n  o r d i n a r y  wet g r a n u l a t i o n .  The v i s c o s i t y  of t h e  m o l t e n  

b i n d e r  can  be  r e l a t i v e l y  h i g h  making  d i s t r i b u t i o n  of t h e  b i n d e r  

d i f f i c u l t ,  which  might  r e s u l t  i n  a wide s i z e  d i s t r i b u t i o n .  

Melt g r a n u l a t i o n  i s  a way of p r o d u c i n g  s u s t a i n e d  release 
dosage  forms142, and  s o l i d  d i s p e r s i o n s  c a n  be p r e p a r e d  by d i s s o l v -  

i n g  a d r u g  i n  t h e  m o l t e n  b i n d e r 1 4 0 , 1 4 1 .  

SCAL1NCcI.JP OF GRANULATION PROCESSES 

Before s c a l i n g - u p  i t  i s  n e c e s s a r y  t o  have  a detai led knowl- 

edge  of t h e  i n f l u e n c e  of  a l l  major v a r i a b l e s  s o  t h a t  t h e  i n c r e a s e d  

s i z e  of t h e  a p p a r a t u s  and  t h e  i n c r e a s e d  w e i g h t  of t h e  p r o d u c t  are 

the o n l y  unknown f a c t o r s .  

Leuenberger-100 describes t h e  p r i n c i p l e s  of a p p l y i n g  e x p e r i -  

m e n t a l  d e s i g n  t o  s c a l i n g - u p  of g r a n u l a t i o n  processes. T h i s  p roce -  

d u r e  y i e l d s  e q u a t i o n s ,  which show t h e  s e n s i t i v i t y  of  a q u a l i t y  

p a r a m e t e r  t o  small v a r i a t i o n s  of g r a n u l a t i o n  v a r i a b l e s .  T h i s  

mathematical too l ,  however ,  migh t  be d i f f i c u l t  t o  u s e  f o r  g r a n u l a -  

t i o n  processes, s i n c e  wet g r a n u l a t i o n  c a n n o t  be d e s c r i b e d  ade- 

q u a t e l y  by mathematical e q u a t i o n s .  I n  p r a c t i c e  therefore t h e  
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844 KRISTENSEN AND SCHAEFER 

method of " t r i a l  and  errort1 is s t i l l  t h e  most w i d e l y  used  tech- 

n i  que . 
Many of t h e  p r o b l e m s  e n c o u n t e r e d  by s c a l i n g - u p  a r e  due  t o  t h e  

f a c t  t h a t  t h e  r a t i o  of t h e  l i n e a r  d i m e n s i o n s  of t h e  small scale  
and s c a l e d - u p  s y s t e m  i s  n o t  c o n s t a n t ,  i . e .  t h e  e q u i p m e n t s  a re  n o t  
g e o m e t r i c a l l y  similar, T h a t  might r e s u l t  i n  d i f f e r e n c e s  i n  p a r t i -  

c l e  m o t i o n  and  i n  t h e  dynamic forces i n v o l v e d  i n  t h e  process, a n d  

those d i f f e r e n c e s  might  a f fec t  g r a n u l e  growth as well as t h e  

p h y s i c a l  p r o p e r t i e s  of t h e  f i n a l  g r a n u l e s .  
A s  d i s c u s s e d  i n  a p r e v i o u s  s e c t i o n  t h e  l i q u i d  s a t u r a t i o n  of 

t h e  a g g l o m e r a t e s  d u r i n g  a wet g r a n u l a t i o n  p r o c e s s  i s  an  e s s e n t i a l  
p a r a m e t e r  c o n t r o l l i n g  t h e  g r a n u l e  growth. I t  has t o  be aimed a t ,  

therefore ,  t h a t  l i q u i d  s a t u r a t i o n  i s  k e p t  c o n s t a n t  by s c a l i n g - u p .  

L i q u i d  s a t u r a t i o n  depends  o n  m o i s t u r e  c o n t e n t  as well as  i n t r a g r a -  
n u l a r  p o r o s i t y  ( c f .  E q . ( l ) ) .  S i n c e  t h e  p o r o s i t y  might  a f f e c t  t h e  

p r o p e r t i e s  of t h e  f i n a l  g r a n u l e s  s u c h  as s t r e n g t h  and b i o a v a i l a b i -  
l i t y ,  c h a n g e s  i n  i n t r a g r a n u l a r  p o r o s i t y  by s c a l i n g - u p  a re  n o r m a l l y  

u n d e s i r a b l e .  The p o r o s i t y  migh t  be i n f l u e n c e d  by t h e  p r o c e s s i n g  

time, a n d  i f  s o  i t  migh t  be f a v o u r a b l e  t o  make a choice of p r o c e s s  

v a r i a b l e s  t h a t  r e s u l t s  i n  a c o n s t a n t  g r a n u l a t i o n  time by s c a l i n g -  

UP. 
I n  case of a c o n s t a n t  p o r o s i t y ,  m o i s t u r e  c o n t e n t  has  t o  b e  

k e p t  c o n s t a n t ,  too ,  i n  o r d e r  t o  o b t a i n  a c o n s t a n t  l i q u i d  satura- 

t i o n .  When u s i n g  a g r a n u l a t i o n  method where e v a p o r a t i o n  of water 

d u r i n g  t h e  g r a n u l a t i o n  p h a s e  of t h e  p r o c e s s  i s  i n c o n s i d e r a b l e ,  a 

c o n s t a n t  m o i s t u r e  c o n t e n t  i s  o b t a i n e d  by u s i n g  t h e  same spec i f i c  

amount of l i q u i d ,  i .e .  the  amount of l i q u i d  has t o  be  i n c r e a s e d  

p r o p o r t i o n a l  t o  t h e  amount of powder. A c c o r d i n g l y  t h e  amount of 
l i q u i d  was f o u n d  t o  be l i n e a r l y  d e p e n d e n t  o n  t h e  b a t c h  s i z e  when 

s c a l i n g - u p  i n  p l a n e t a r y  mixe r s100 .  S c a l i n g - u p  of g r a n u l a t i o n  

p r o c e s s e s  i n  f l u i d i z e d  bed g r a n u l a t o r s  and h i g h  shear m i x e r s  seems 

t o  be more c o m p l i c a t e d ,  a l t h o u g h  on ly  a few e x p e r i m e n t s  i n v o l v i n g  

s c a l i n g - u p  are descr ibed  i n  t h e  p h a r m a c e u t i c a l  l i t e r a t u r e .  

I n  f l u i d i z e d  bed g r a n u l a t i o n  s c a l i n g - u p  i s  c o m p l i c a t e d  by t h e  

f a c t  t h a t  t h e  m o i s t u r e  c o n t e n t  is  t h e  r e s u l t  of a b a l a n c e  be tween 
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GRANULATION 845 

l i q u i d  a d d i t i o n  and e v a p o r a t i o n .  The r a t i o  of t h e  d e p t h  of t h e  

bed  t o  t h e  diameter of t h e  a i r  d i s t r i b u t o r  p l a t e  is t y p i c a l l y  

l a r g e r  i n  p r o d u c t i o n  s c a l e  equipments64. The i n c r e a s e  i n  volume 
of f l u i d i z i n g  a i r ,  t h e r e f o r e ,  is no t  p r o p o r t i o n a l  t o  b a t c h  s i z e .  

Consequent ly ,  t h e  l i q u i d  f l o w  r a t e  must be  based o n  t h e  i n c r e a s e  

i n  a i r  volume i n s t e a d  of t h e  i n c r e a s e  i n  b a t c h  s i z e .  An i n c r e a s e  

i n  l i q u i d  f l o w  r a t e  p r o p o r t i o n a l  t o  t h e  ba t ch  s i z e  might r e s u l t  i n  
o v e r w e t t i n g ,  s i n c e  t h e  a i r  volume and consequen t ly  t h e  d r y i n g  

c a p a c i t y  of the  f l u i d i z i n g  a i r  a r e  r e l a t i v e l y  lower by s c a l i n g -  

u p @ + .  If n e c e s s a r y  the  d r y i n g  c a p a c i t y  of t h e  a i r  can be i n -  

c r eased  by i n c r e a s i n g  t h e  a i r  t e m p e r a t u r e .  When sca l ing -up  from 

l a b o r a t o r y  t o  p i l o t  sca le  t h e  r e l a t i v e  i n c r e a s e  i n  a i r  f l o w  r a t e  

was found t o  be o n l y  s l i g h t l y  lower  t h a n  t h e  r e l a t i v e  i n c r e a s e  i n  
ba t ch  size1@'. 

Gore e t  a1.52 and Ceschel e t  a1.146 examined s c a l i n g - u p  o f  

f l u i d i z e d  bed g r a n u l a t i o n  p r o c e s s e s  by t h e  " t r i a l  and e r r o r "  

method. S i n c e  s e v e r a l  p r o c e s s  v a r i a b l e s  were v a r i e d  s imul t aneous -  
l y ,  and m o i s t u r e  c o n t e n t  was n o t  kep t  c o n s t a n t ,  t h e  e x p e r i m e n t s  

g i v e  no g e n e r a l  i n f o r m a t i o n  about  s c a l i n g - u p  i n  f l u i d i z e d  bed  

g r a n u l a t o r s .  
The e f fec t  of s ca l ing -up  o n  i n t r a g r a n u l a r  p o r o s i t y  i s  n o t  

examined i n  f l u i d i z e d  bed g r a n u l a t o r s .  I t  i s  mentioned by Jones64 

t h a t  a 20% i n c r e a s e  i n  bu lk  d e n s i t y  can be e x p e c t e d  when s c a l i n g -  

up from 8 kg t o  500 kg. F u r t h e r  t h e  c r i t i c a l  water c o n t e n t  w a s  
mentioned t o  b e  lower  i n  p r o d u c t i o n  scale  equipments .  Both f i n d -  

i n g s  might i n d i c a t e  t h a t  sca l ing -up  i n  f l u i d i z e d  bed g r a n u l a t o r s  
r e s u l t s  i n  a l ower  i n t r a g r a n u l a r  p o r o s i t y  . 

As mentioned b e f o r e  d r o p l e t  s i z e  o f  t h e  a t a n i z e d  b i n d e r  s o l u -  
t i o n  is a n  i m p o r t a n t  pa rame te r  i n  f l u i d i z e d  bed g r a n u l a t i o n ,  and 

a l though  no expe r imen ta l  v e r i f i c a t i o n  e x i s t s  i t  i s  assumed e s s e n -  

t i a l  t o  keep t h e  d r o p l e t  s i z e  c o n s t a n t  by sca l ing -up .  

On basis  of t he  p r e s e n t  i n s u f f i c i e n t  knowledge o f  s ca l ing -up  
i n  f l u i d i z e d  bed g r a n u l a t o r s  i t  can be concluded t h a t  p r o c e s s  

v a r i a b l e s  have t o  be chosen i n  such  a way t h a t  d r o p l e t  s i z e ,  mois- 
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846 KRISTENSEN AND SCHAEFER 

t u r e  c o n t e n t  and i n t r a g r a n u l a r  p o r o s i t y  are k e p t  c o n s t a n t  i n  

equ ipmen t s  of d i f f e r e n t  sca le .  

S c a l i n g - u p  i n  h i g h  shear m i x e r s  were examined  by R icha rdson81  

a n d  by Schaefer e t  a1 .26, 27. R i c h a r d s o n  examined  s c a l i n g - u p  i n  
Diosna  m i x e r s  by ccmpar ing  a 25- l i t re  mach ine  w i t h  a 6 0 0 - l i t r e  

machine .  G r a n u l a t i o n  time was f o u n d  t o  be a p p r e c i a b l y  l o n g e r  i n  

t h e  6 0 0 - l i t r e  scale  d u e  t o  d i m e n s i o n a l  d i f f e r e n c e s  be tween  t h e  

mix ing  tools81. 

Schaefer e t  a1 .26, 27 g r a n u l a t e d  dicalcium p h o s p h a t e  i n  n i n e  

d i f f e r e n t  h i g h  shear m i x e r s  of s i z e s  r a n g i n g  frcm 5 t o  300 l i t res .  

S c a l i n g - u p  was f o u n d  t o  r e s u l t  i n  a less homogeneous l i q u i d  d i s -  

t r i b u t i o n ,  a wider g r a n u l e  s i z e  d i s t r i b u t i o n  and  a h i g h e r  i n t r a -  

g r a n u l a r  p o r o s i t y  d u e  t o  a less i n t i m a t e  c o n t a c t  be tween  t h e  mix- 
i n g  t o o l s  and  t h e  w e t t e d  mass i n  a l a r g e r  m i x e r .  C o n s e q u e n t l y ,  i t  

seems t o  be i n c o n v e n i e n t  t h a t  i m p e l l e r  and  chopper  speeds a re  

r e d u c e d  a t  i n c r e a s i n g  m i x e r  s i z e  i n  most c c m m e r c i a l l y  a v a i l a b l e  

h igh  shear m i x e r s .  

F i g u r e  1 4  shows t h e  e f fec t  of s c a l i n g - u p  i n  D i o s n a  m i x e r s  o n  

t h e  i n t r a g r a n u l a r  p o r o s i t y  d u r i n g  wet mass ing .  As can  b e  s e e n  

s c a l i n g - u p  r e s u l t s  i n  a h i g h e r  p o r o s i t y .  D e n s i f i c a t i o n  i s  assumed 
t o  depend o n  t h e  w o r k  i n p u t  on  t h e  mater ia l .  The work i n p u t  i n  a 
h i g h  shear mixe r  depends  o n  t h e  s i z e  and  s h a p e  of t h e  m i x i n g  t oo l s  

a n d  o n  t h e i r  r o t a t i o n  s p e e d s .  R icha rdson8’  r e l a t e d  t h e  work i n p u t  

t o  t h e  r e l a t i v e  volume swep t  o u t  by t h e  i m p e l l e r  and chopper ,  

r e s p e c t i v e l y ,  a n d  f o u n d  t h a t  t h e  r e l a t i v e  s w e p t  volume decreased 

by s c a l i n g - u p ,  e x p l a i n i n g  why wet m a s s i n g  time had t o  b e  l o n g e r  i n  

t h e  p r o d u c t i o n  sca le  m i x e r .  
I n  T a b l e  1 t h e  r e l a t i v e  s w e p t  volume i s  c a l c u l a t e d  a t  t w o  

l e v e l s  of impel ler  s p e e d  by d i v i d i n g  t h e  volume swep t  o u t  p e r  

second  by t h e  volume of t h e  m i x e r .  I n  D i o s n a  m i x e r s  s c a l i n g - u p  

r e s u l t s  i n  a marked decrease i n  r e l a t i v e  s w e p t  volume e x p l a i n i n g  

t h e  h ighe r  p o r o s i t y  f o u n d  by s c a l i n g - u p  ( c f .  F i g u r e  1 4 ) .  The spe -  

c i f i c  power consumpt ion  was f o u n d  t o  be l o w e r  i n  l a rger  m a c h i n e s  
i n  a c c o r d a n c e  w i t h  t h e  smaller r e l a t i v e  swep t  volume and  t h e  lower 

d e n s i f  i c a t i o n  o b s e r v e d  by s c a l i n g - u p 2 7 .  
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FIGURE 1 4  
Effect of wet m a s s i n g  time o n  i n t r a g r a n u l a r  p o r o s i t y  by s c a l i n g - u p  
i n  Diosna  h i g h  s h e a r  m i x e r s .  The d o t t e d  l i n e s  i n d i c a t e  a marked 
a d h e s i o n  t o  t h e  m i x i n g  bowl.  7, V = Diosna  P 25 w i t h  s t a n d a r d  
too ls .  A, A = Diosna  P 25  w i t h  s p e c i a l i z e d  t oo l s .  0 ,  o = Diosna  P 
50. m ,  = Diosna  P 250. 1, A = I m p e l l e r  s p e e d  300 rpm. 0 = Impel- 
l e r  s p e e d  288 rpm. H = I m p e l l e r  s p e e d  190 rpm. 8, A = I m p e l l e r  
s p e e d  150 rpm. o = I m p e l l e r  s p e e d  144  rpm. = I m p e l l e r  s p e e d  95 
rpm. 7, A, 0 ,  = Chopper s p e e d  3000 rpm. V ,  A ,  0 ,  = Chopper 
s p e e d  1500 rpm ( f rom26) .  

I n  F i e l d e r  m i x e r s  o n l y  a s l i g h t  decrease i n  r e l a t i v e  s w e p t  

volume is s e e n  by s c a l i n g - u p ,  and c o n s e q u e n t l y  d i f f e r e n c e s  i n  

p o r o s i t y  were s m a l l e r 2 6 .  Thus i t  seems t o  be f a v o u r a b l e  t h a t  h i g h  

s h e a r  m i x e r s  are c o n s t r u c t e d  i n  s u c h  a way t h a t  t h e  r e l a t i v e  swep t  

volume is c o n s t a n t  i n  m i x e r s  of d i f f e r e n t  s i z e .  The F i e l d e r  mix- 

ers are  t h e r e f o r e  c o n s i d e r e d  t o  b e  more s u i t a b l e  f o r  s c a l i n g - u p  

t h a n  t h e  Diosna  m i x e r s .  S c a l i n g - u p ,  however ,  i s  l i k e l y  t o  be  less 

dependen t  o n  t h e  r e l a t i v e  s w e p t  volume, when u s i n g  materials b e i n g  

less c o h e s i v e  t h a n  t h e  q u a l i t y  of d i c a l c i u m  p h o s p h a t e  u s e d  i n  t h e  
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848 KRISTENSEN AND SCHAEFER 

TABLE 1 
The a n g l e  of i n c l i n a t i o n  of t h e  i m p e l l e r  b l a d e  a n d  t h e  r e l a t i v e  
v e r t i c a l  volume s w e p t  o u t  by t h e  blades i n  F i e l d e r  and  D i o s n a  h i g h  
shear m i x e r s  of  d i f f e r e n t  sca le  ( f rom27)  

R e l a t i v e  s w e p t  vo lume/ sec .  
Angle  of I m p e l l e r  s p e e d  

Mixer t y p e  i n c l i n a t i o n  Low l e v e l  High l e v e l  

F i e l d e r  PMA 25 2 9O 

Diosna  P 25 3 6' 
( s t a n d a r d  t ools  

F i e l d e r  PMA 65 3 Oo 

Diosna  P 50 3 90 

F i e l d e r  PMA 150 3 O0 

Diosna  P 250 5 4 0  

0 .75  1 .51 

1 .37  2 .74  

0.71 1 .42 
1.08 2 . 1 6  

0.61 1 . 23  

0.52 1 .03 

e x p e r i m e n t s .  F u r t h e r  i t  might  f a c i l i t a t e  s c a l i n g - u p  i n  F i e l d e r  

m i x e r s  t h a t  t h e  a n g l e  of i n c l i n a t i o n  of t h e  i m p e l l e r  b l a d e  ( c f .  

Table  1 )  is n e a r l y  c o n s t a n t  c o n t r a r y  t o  Diosna  Mixe r s .  

I n  l a b o r a t o r y  s ca l e  and  p i l o t  sca le  t h e  r e l a t i v e  s w e p t  volume 
is h i g h e r  i n  D i o s n a  m i x e r s  t h a n  i n  F i e l d e r  m i x e r s  ( c f .  Table 1 )  

r e s u l t i n g  i n  lower p o r o s i t i e s  of t h e  g r a n u l e s  p r o d u c e d  i n  D i o s n a  P 

25 and P 50. I n  p r o d u c t i o n  s c a l e  where t h e  r e l a t i v e  s w e p t  vo lumes  

a re  similar, n o  clear d i f f e r e n c e s  i n  p o r o s i t i e s  were found27.  

T h e s e  r e s u l t s  emphas ize  t h a t  t h e  r e l a t i v e  s w e p t  volume is a u s e f u l  

parameter when d e s i g n i n g  h i g h  shear m i x e r s .  

A s  men t ioned  before t h e  h i g h  power i n p u t  i n  a h i g h  shear 

mixer  r e s u l t s  i n  a marked heat  deve lopmen t ,  s p e c i a l l y  when t h e  

r e l a t i v e  s w e p t  volume is h i g h ,  T h a t  migh t  r e s u l t  i n  a marked loss  
of e v a p o r a t i o n  of water d u r i n g  wet m a s s i n g  i n  l a b o r a t o r y  s ca l e  a n d  

p i l o t  scale .  I n  p r o d u c t i o n  sca le ,  e v a p o r a t i o n  was f o u n d  t o  be 
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GRANULATION 849 

s l i g h t  due t o  t h e  l o w e r  r e l a t i v e  swep t  volume and t h e  smaller 

r e l a t i v e  s u r f a c e  area of t h e  m i x i n g  bow127. 

I f  t h e  m i x e r  is t o o  small ,  s h e a r i n g  and compac t ion  f o r c e s  

e x e r t e d  by t h e  m i x i n g  t o o l s  migh t  be  t o o  low t o  allow d i r e c t  s c a l -  

ing-up. Sca l ing -up  frcm a 5- l i t re  t o  a 5 0 - l i t r e  LtSdige m i x e r ,  
therefore ,  w a s  f o u n d  t o  be i m p o s s i b l e 2 6 .  However, p r o l o n g i n g  t h e  

wet m a s s i n g  time i n  t h e  5 - l i t r e  mach ine  might  r e s u l t  i n  p r o p e r  

s c a l  ing-up24. 

I t  was found27 t h a t  t h e  same r e l a t i v e  amount of b i n d e r  so lu-  

t i o n  c o u l d  be u s e d  i n  mach ines  of s i z e s  r a n g i n g  from 5 t o  300 

l i t r e s ,  b e c a u s e  t h e  d i f f e r e n c e s  i n  p o r o s i t i e s  were p a r t l y  compen- 

sated by t h e  la rger  e v a p o r a t i o n  of water b e i n g  r e l a t e d  t o  t h e  

s t r o n g e r  d e n s i f i c a t i o n .  L i q u i d  s a t u r a t i o n  a t  t he  end  of t h e  proc-  
ess t h e r e f o r e  was w i t h i n  t h e  same r a n g e  i n  a l l  m a c h i n e s ,  and con- 

s e q u e n t l y  g r a n u l e  growth was similar. However, t h e  d i f f e r e n c e s  i n  

p o r o s i t i e s  migh t  b e  i n c o n v e n i e n t  a f f e c t i n g  t h e  p r o p e r t i e s  of t h e  

f i n a l  g r a n u l e s  as d i s c u s s e d  a b o v e .  

The f i n a l  c o n c l u s i o n s  c o n c e r n i n g  s c a l i n g - u p  i n  h i g h  shea r  

m i x e r s  a r e  t h a t  p r o c e s s  v a r i a b l e s  have  t o  be c h o s e n  i n  order t o  

keep  m o i s t u r e  c o n t e n t  and  i n t r a g r a n u l a r  p o r o s i t y  c o n s t a n t .  Due t o  

t h e  i n e x p e d i e n t  c o n s t r u c t i o n  of many h i g h  shear m i x e r s  g i v i n g  rise 

t o  l a r g e  d i f f e r e n c e s  i n  r e l a t i v e  swept  volume, d i r e c t  s c a l i n g - u p  

migh t  be i m p o s s i b l e .  As descr ibed  by R icha rdson81  i t  m i g h t  be 

n e c e s s a r y  t o  u s e  v a r y i n g  g r a n u l a t i o n  times i n s t e a d  i n  order t o  

keep  d e n s i f  i c a t i o n  and  e v a p o r a t i o n  n e a r l y  c o n s t a n t  i n  m i x e r s  of 

d i f f e r e n t  sca le .  

ENDrPOINT CONTROL OF WT+lASSINC METHODS 

C o n t r o l  of w e t - g r a n u l a t i o n  methods w i t h  r e s p e c t  t o  t h e  amount 

of b i n d e r  s o l u t i o n  and  wet -mass ing  time i s  e s s e n t i a l  t o  a s s u r e  t h e  

m a n u f a c t u r e  of g r a n u l e s  w i t h  t h e  d e s i r e d  charac te r i s t ics  l i k e  

g r a n u l e  s i z e ,  d i s t r i b u t i o n ,  f l o w a b i l i t y ,  d e n s i t y  a n d  f r i a b i l i t y .  
These character is t ics  Me i n f l u e n c e d  by v a r i a t i o n s  i n  propert ies  
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850 KRISTENSEN AND SCHAEFER 

of t h e  feed  material  and  t h e i r  e f fec t  upon t h e  l i q u i d  r e q u i r e -  

ments .  With h igh - shea r  mixe r s  , t h e  v e r y  s h o r t  p r o c e s s i n g  times 

g i v e  r i s e  t o  a p o t e n t i a l  r i s k  fo r  ove rmass ing  or o v e r w e t t i n g .  

The  r o b u s t n e s s  of g r a n u l a t i o n  by wet -mass ing  methods a g a i n s t  

v a r i a t i o n s  i n  feed  material p r o p e r t i e s  i s  c l e a r l y  d e p e n d e n t  on t h e  

g r a n u l a t i o n  equipment  and  i t s  o p e r a t i o n  as wel l  as t h e  f o r m u l a t i o n  

b e i n g  p r o c e s s e d .  T h e r e  i s ,  however ,  a g e n e r a l  need  f o r  t e c h n i q u e s  
t h a t  are c a p a b l e  of c o n t r o l l i n g  t h e  amount of b i n d e r  s o l u t i o n  and  
process time r e q u i r e d  t o  a c h i e v e  t h e  d e s i r e d  g r a n u l e  character is-  

t i c s ,  i .e. t h e  g r a n u l a t i o n  end-po in t .  
Wi th  f l u i d i z e d  bed g r a n u l a t i o n  t h e  p o s s i b i l i t i e s  f o r  c o n t r o l  

d i f f e r  g r e a t l y  f rom those  of wet -mass ing  me thods ,  c f .  t h e  preced- 

i n g  s e c t i o n s .  No method has been  d e v i s e d  y e t  f o r  e n d - p o i n t  c o n t r o l  

of f l u i d i z e d  beds .  

The c o n t r o l  of wet-massing methods  mus t  be based upon a p roc -  

ess p a r a m e t e r  p r o v i d i n g  i n f o r m a t i o n  a b o u t  t h e  stages of t h e  p roc -  

ess and  which i s  s i m p l e  t o  measu re .  A v a r i e t y  of c o n t r o l  parame- 

ters has been  c o n s i d e r e d  i n  t h e  p a s t .  They i n c l u d e  e lec t r ica l  

methods (ammeters f o r  motor  c u r r e n t ,  power consumpt ion  meters) , 
machine  character is t ics  ( t o r q u e  , t a c h o m e t e r y  , s o u n d  e m i s s i o n )  and  

mass p r o p e r t i e s  ( t e m p e r a t u r e ,  l i g h t  r e f l e c t i o n s ,  c o n d u c t i v i t y  a n d  

p r o b e s  i n s e r t e d  i n  t h e  mass). 

The c o n d u c t i v i t y  o f  t h e  wet mass was examined  by S p r i n g l 4 7 ,  

however , t h e  c o r r e l a t i o n  w i t h  g r a n u l e  p r o p e r t i e s  was n o t  e v i d e n t .  

The c o n d u c t i v i t y  depends  on t h e  f o r m a t i o n  of a c o n t i n u o u s  medium. 

I n  consequence ,  c h a n g e s  i n  c o n d u c t i v i t y  a re  re la ted  t o  t h e  mix ing  
s t a t e  more t h a n  t o  t h e  s t r e n g t h  of t h e  mass. 

The t e m p e r a t u r e  of t h e  wet mass may grow s i g n i f i c a n t l y  d u r i n g  

mass ing ,  e s p e c i a l l y  w i t h  high shear m i x e r s .  I t  is  s i m p l e  t o  meas- 

ure u s i n g  t h e r m o r e s i s t a n t  p r o b e s  i n s e r t e d  i n  t h e  mass. Holm e t  

a1 .35  showed t h a t  t h e  t e m p e r a t u r e  changes  i n  a h i g h - s h e a r  m i x e r  

r e p r e s e n t  t h e  comple t e  c o n v e r s i o n  i n t o  heat of t h e  e n e r g y  consumed 

by the  mass d u r i n g  a g i t a t i o n .  The t e m p e r a t u r e  rise i s  i n f l u e n c e d  

by  t h e  l o s s  of heat t o  t h e  machine  p a r t s  and  t h e  s u r r o u n d i n g s .  I t  

was shown t h a t  t h e  t e m p e r a t u r e  i n c r e a s e d  i n d e p e n d e n t l y  of t h e  
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GRANULATION a51  

g r a n u l e  growth. Thus ,  records of t h e  mass temperature are n o t  

s u i  t e d  f o r  end-poi n t  c o n t r o l .  
L i g h t  r e f l e c t i o n  methods, which  a re  commerc ia l ly  a v a i l a b l e ,  

have  been  used  t o  e v a l u a t e  t h e  mix ing  of d y e s 1 4 8  a n d  t o  measu re  
t h e  h u m i d i t y  i n  powders l49 .  I t  i s  p o s s i b l e  t h a t  l i g h t  r e f l e c t i o n  

p r o v i d e s  a s u i t a b l e  method. 

The c o n s i s t e n c y  of wet masses was examined w i t h  t h e  aim t o  

de tec t  p h y s i c a l  changes  r e l e v a n t  t o  g r a n u l a t i o n .  A l l e v a  and  

S c h w a r t z l 5 0  measured  t h e  r e s i s t a n c e  a g a i n s t  movement of a p robe  

i n s e r t e d  i n  t h e  mass. They d e m o n s t r a t e d  character is t ic  d i f f e r e n c e s  

between commonly u s e d  t a b l e t  e x c i p i e n t s .  S c h i l d c r o u t l 5 1  u s e d  a 

Plasti-Corder r o t a t i o n a l  rheometer and  showed t h a t  t h e  t o r q u e  
r e a d i n g s  changed w i t h  time when a premixed  l i qu id -powder  mass was 

examined. N j i k a m  and  S p r i n g 1 0 2  u s e d  a shear box t e c h n i q u e  t o  exam- 
i n e  t he  s t r e n g t h  o f  m o i s t  masses and  H a r r i s o n  e t  a1.152 measu red  

t h e  fo rce  r e q u i r e d  t o  press t h e  mass t h r o u g h  a na r row d i e .  Though, 

t hese  i n v e s t i g a t i o n s  d e m o n s t r a t e  character is t ic  e f f e c t s  of 1 i q u i  d 

a d d i t i o n  t o  feed materials and  e f fec ts  of wet-massing, t h e y  are 

i n c o n c l u s i v e  w i t h  r e s p e c t  t o  t h e  p r e d i c t i o n  of l i q u i d  r e q u i r e m e n t s .  

The most s u c c e s s f u l  a p p r o a c h e s  t o  t h e  g r a n u l a t i o n  end-po in t  

c o n t r o l  have been based upon i n s t r u m e n t a t i o n s  t h a t  m o n i t o r  changes  

i n  t h e  c o n s i s t e n c y  or s t r e n g t h  of t h e  wet mass d u r i n g  g r a n u l a t i o n ,  

i .e. i n s t r u m e n t a t i o n s  f o r  t o r q u e  measurements  and power consump- 
t i o n  of t h e  motor  d r i v i n g  t h e  a g i t a t o r s ,  and p r o b e s  t h a t  r e f l e c t  

t h e  r e s i s t a n c e  a g a i n s t  flow of t h e  wet mass. Commercial d e v i c e s  

t h a t  are  a v a i l a b l e  i n c l u d e  t h e  Diosna-Boots  Probe and power con- 

s u m p t i o n  meters (Gralanatic@ C o l l e t t e ,  Meinke Load C o n t r o l l e r @  and 

Baker -Pe rk ins  GD2007.  
Dur ing  g r a n u l a t i o n ,  t h e  s t r e n g t h  o f  t h e  m o i s t e n e d  mass grows 

d u e  t o  effects  of mobile l i q u i d  bond ings  be tween p a r t i c l e s  and  

c o n s o l i d a t i o n  of t h e  a g g l o m e r a t e s .  A s  t h e  s t r e n g t h  i s  i n c r e a s e d  

t h e  t o r q u e  of t h e  mixer  b l a d e s  or p a d d l e s  i n c r e a s e s  and  is hence  

an i n d i r e c t  measure of the bed s t r e n g t h .  
F i g u r e  15 d e m o n s t r a t e s  t he  c o r r e l a t i o n  be tween t o r q u e  and  t h e  

r e l a t ed  mach ine  p a r a m e t e r s  f o r  a n o r m a l l y  loaded i n d u c t i o n  motor. 
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852 KRISTENSEN AND SCHAEFER 

I 
100 - 

- 

20 60 100 % 
torque 

FIGURE 1 5  
C o r r e l a t i o n s  be tween t o r q u e  and  re la ted p a r a m e t e r s  f o r  a t h ree  
phase  i n d u c t i o n  motor i n  t h e  r a n g e  of normal  l o a d 4 7 .  I :  Motor 
c u r r e n t ,  P1 : Power consumpt ion  of t h e  m o t o r ,  P2 :  T r a n s m i t t e d  power 
t o  t h e  motor  s h a f t ,  91 : P h a s e  d i f f e r e n c e  be tween c u r r e n t  and  ap -  
p l i e d  v o l t a g e ,  S:  S l i p .  

M o n i t o r i n g  a g r a n u l a t i o n  p r o c e s s  by e lec t r ica l  methods, i .e. motor 

c u r r e n t  and power consumpt ion  g i v e s  s i g n a l s  t h a t  are  l i k e l y  t o  

correlate  w i t h  t o r q u e  r e a d i n g s .  The  s l i p  is t h e  d i f f e r e n c e  be- 

tween s y n c r o n o u s  s p e e d  a n d  o p e r a t i n g  s p e e d  d i v i d e d  by t h e  syn- 

c r o n o u s  s p e e d .  A l s o  s l i p  measurements  are  l i k e l y  t o  correlate  
w i t h  t h e  t o r q u e .  A s  d i s c u s s e d  below, t he re  i s  e x p e r i m e n t a l  e v i -  

d e n c e  f o r  these c o r r e l a t i o n s .  

Torque  measurements  

L i n d b e r g  e t  a1 .153  measu red  t h e  b e n d i n g  moment of o n e  of t h e  

mixer  arms i n  a n  A r t o f e x  PH-15 change  c a n  mixe r  u s i n g  a s t r a i n  
gauge t e c h n i q u e .  A t  t h e  same time t h e y  r e c o r d e d  t h e  power con- 

s u m p t i o n  of t h e  motor d r i v i n g  t h e  r o t a t i n g  bowl. I t  was shown 

t h a t  bend ing  moment and power consumpt ion  changed  s i m u l t a n e o u s l y  
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GRANULATION 853 

w i t h  t h e  v i s i b l e  c h a n g e s  i n  t h e  c o n s i s t e n c y  of t h e  mass. F u r t h e r ,  

t h e  bend ing  moment and  power consumpt ion  correlated w i t h  g r a n u l e  

s i z e .  A s imilar  t e c h n i q u e  was a p p l i e d  by T r a v e r s  e t  a1.1549155. 

The  t o r q u e  i n c r e a s e d  w i t h  i n c r e a s i n g  l i q u i d  c o n t e n t  t o  a p l a t e a u  
which was j u d g e d  t o  p r e s e n t  t h e  a p p r o p r i a t e  r a n g e  of l i q u i d  con- 

t e n t s  . 
I n s t r u m e n t a t i o n  of a T r i p a s  PL-25 p l a n e t a r y  mixe r  was de- 

s c r ibed  by L i n d b e r g  e t  a 1 . 1 5 6 ~ 1 5 7 -  A b a r  was attached t o  t h e  t o p  
of t h e  mixer  p a d d l e  a n d  t h e  bend ing  of t h i s  was m o n i t o r e d  u s i n g  

s t r a i n  g a u g e s .  The g r a n u l a t i o n  of l ac tose  was shown t o  be moni- 

tored a d e q u a t e l y  by t h e  i n s t r u m e n t a t i o n .  Compress ion  of wet mass 

on t h e  bottom and  t h e  s ides  of the  bowl d i s t u r b e d ,  however ,  t h e  

s i g n a l  from t h e  i n s t r u m e n t a t i o n .  
L i n d b e r g  e t  a1 .99 ,158 ,159  d e s c r i b e d  a d i f f e r e n t  approach  t o  

t h e  i n s t r u m e n t a t i o n  of a p l a n e t a r y  mixe r .  A Kenwood 707A domes- 

t i c - t y p e  mixer  was r e c o n s t r u c t e d  s o  t h a t  t h e  bowl became f r e e l y  

movable on  b a l l  b e a r i n g s .  Torque  r e a d i n g s  were o b t a i n e d  by a 

s t r a i n  gauged  s tee l  beam which  p r e v e n t e d  t h e  r o t a t i o n  of t h e  bowl. 

Also t h i s  s t u d y  showed a close c o r r e l a t i o n  between g r a n u l e  s i z e  

and  t o r q u e  r e a d i n g s .  The i n s t r u m e n t a t i o n  was an  improvement of a 

p r e v i o u s  i n s t r u m e n t a t i o n  of t h e  p l a n e t a r y  mixe r  where t h e  t o r q u e  
was m o n i t o r e d  s i m p l y  by t h e  s t r e t c h i n g  of a c o i l  s p r i n g l 6 0 .  Also, 

a n  i n s t r u m e n t a t i o n  of a C-100 Hobart mixe r  f o r  m o n i t o r i n g  t h e  

t o r q u e  on  t h e  p a d d l e  has been d e s c r i b e d l 6 1 ~ 1 6 2 .  
The p o t e n t i a l  of t o r q u e  measurements  f o r  g r a n u l a t i o n  end- 

p o i n t  c o n t r o l  is  wel l  documented i n  t h e  above  men t ioned  p a p e r s .  

I t  i s  d e m o n s t r a t e d  t h a t  t o r q u e  measurements  are  r e p r o d u c i b l e  and  

s e n s i t i v e  t o  v a r i a t i o n s  i n  p r o c e s s  and  p r o d u c t  v a r i a b l e s  a n d  t h a t  

the  t o r q u e  r e a d i n g s  correlate  w i t h  g r a n u l e  growth991 159 ,162 .  
I n s t r u m e n t a t i o n s  f o r  t o r q u e  r e a d i n g s  are descr ibed  f o r  con- 

v e n t i o n a l  equ ipmen t s  l i k e  t h e  p l a n e t a r y  m i x e r s .  Wi th  h i g h  shear  

m i x e r s ,  d i f f i c u l t i e s  w i t h  a r e l i ab le  t r a n s m i s s i o n  of s i g n a l s  from 

t h e  s e n s i n g  d e v i c e  c l e a r l y  c a l l  for  a d i f f e r e n t  a p p r o a c h .  By 
normal load  of t h e  motor d r i v i n g  t h e  main  i m p e l l e r  t h e  s l i p  of a 
three p h a s e  i n d u c t i o n  motor i s  a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  t h e  
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854 KRISTENSEN AND SCHAEFER 

t o r q u e l 6 3 ,  c f .  F i g u r e  15. S l i p  measu remen t s  a re  d e s c r i b e d  by 

Ander s son  and  L i n d b e r g l 6 4 .  They measured  t h e  change  i n  r o t a t i o n  
s p e e d  of t h e  moto r  impeller s h a f t  of a Diosna  P-25 h i g h  shear 

mixer  u s i n g  a n  o p t i c a l  i n c r e m e n t a l  e n c o d e r .  The p o t e n t i a l  of s l i p  

measurements  f o r  end-po in t  c o n t r o l  was demons t r a t ed21  9 1b4, 165. 

L indbe rg  e t  a1.1°4 showed f u r t h e r  t h a t  changes  i n  power consump- 
t i o n  were c o i n c i d e n t  w i t h  c h a n g e s  i n  t h e  i m p e l l e r  r o t a t i o n  s p e e d .  

P robe  measurements  

I n  a d d i t i o n  t o  t o r q u e  measu remen t s ,  c h a n g e s  i n  t h e  c o n s i s -  

t e n c y  of t h e  wet mass c a n  be  m o n i t o r e d  by m e a s u r i n g  t h e  b e n d i n g  

moment on a probe i n s e r t e d  i n  t h e  mass. T h i s  a p p r o a c h  was d e v e l -  

oped  i n  t h e  B o o t s  Company, U K ,  i n  order t o  o v e r c a n e  t h e  d i f f i c u l -  

t i es  e n c o u n t e r e d  a t  t h e  change  from c o n v e n t i o n a l  g r a n u l a t i o n  t o  
g r a n u l a t i o n  i n  h igh  shear mixe r s29 .  The p r o b e  (Diosna -Boo t s  

Probe 1 c o n s i s t s  of  a small c y l i n d r i c a l  t a r g e t  lowered t o  w i t h i n  

15-18 mm of t h e  impeller b l a d e .  D u r i n g  r o t a t i o n ,  t he  movement of 

t h e  mass g e n e r a t e s  a s i g n a l  by means of a n  a r r a n g e m e n t  of s t r a i n  
gauges  p o s i t i o n e d  on t he  probe s h a f t .  The p r o b e  i s  f i x e d  t o  t h e  

l i d  of t h e  mixe r  bowl of t h e  h i g h  shear mixe r .  The c r i t e r i o n  f o r  

end-po in t  i n d i c a t i o n  i s  t h a t  a p r e - s e t  number of s i g n a l s  g e n e r a t e d  
must be greater t h a n  a p r e - s e t  v a l u e  a n d  mus t  o c c u r  w i t h i n  a p r e -  

se t  time81 . 

8 

The Diosna-Boots  Probe has  been  tes ted i n  t h e  p r o d u c t i o n  

p l a n t  and i n  m i x e r s  w i th  d i f f e r e n t  c a p a c i t y 1 0 1 , 1 6 6 .  A de ta i l ed  

d e s c r i p t i o n  of t h e  e n d - p o i n t  c o n t r o l  i s  g i v e n  by R i c h a r d s o n 8 1 .  

R e c e n t l y ,  S t a n i f o r t h  e t  a l . 1 6 7  d e s c r i b e d  t h e  u s e  of a p r o b e  

v i b r a t i o n  t e c h n i q u e  f o r  t h e  end-po in t  c o n t r o l  of g r a n u l a t i o n  i n  a 
F i e l d e r  PMAT 25  h i g h  shear m i x e r .  

I t  i s  supposed  t h a t  t h e  e n d - p o i n t  c o n t r o l  by p r o b e  measure-  

men t s  d e m o n s t r a t e s  c h a n g e s  i n  t h e  wet mass which  are b a s i c a l l y  t h e  

same as t h e  changes  d e m o n s t r a t e d  by t o r q u e  and  s l i p  measu remen t s .  

There i s ,  however ,  n e i t h e r  e x p e r i m e n t a l  compar i son  be tween  t h e  two 

t y p e s  of c o n t r o l ,  n o r  w i t h  t h e  power consumpt ion  measu remen t s  
d i s c u s s e d  below. 
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GRANULATION 855 

Power consumption measurements 
The power consumption of t h e  mixer motor i s  of i n t e r e s t  i n  

r e l a t i o n  t o  g r a n u l a t i o n  end-point  c o n t r o l  because  t h e  f o r c e  op- 

posed t o  t h e  mixer b l a d e s  by r o t a t i o n  th rough  t h e  wet mass i s  

r e l a t e d  t o  t h e  t o r q u e  and t h e  power consumption of t h e  moto r ,  c f .  

F i g u r e  15. Hunter and Gandertonlg demons t r a t ed  ear ly  t h e  b e n e f i t s  
of power consumption measurements i n  a comparison between d i f f e r -  

e n t  g r a n u l a t i o n  machines .  Lindberg e t  a1.153 showed t h a t  t h e  

bending moment o n  t h e  mixer arm i n  an Ar to fex  PH-15 c o r r e l a t e d  
w i t h  t h e  power consumption of t h e  motor d r i v i n g  t h e  r o t a t i n g  bowl. 

Flesch168 c l a imed  t h e  advantage of u s i n g  power consumption meas- 

urements  i n  t h e  i n - p r o c e s s  c o n t r o l  of g r a n u l a t i o n  i n  a Diosna 
P-600 h i g h  shear mixe r .  I t  was, however,  t h e  fundamental  work by 

Leuenberger  et  a1 .32, 34 ,  49, l o l  , 69 t h a t  gave ev idence  f o r  t h e  

p o t e n t i a l  of power consumption measurements f o r  t h e  end-point 
c o n t r o l .  I t  was shownlol t h a t  s i m u l t a n e o u s  r e a d i n g s  of power 
consumption and t h e  t o r q u e  i n  a p l a n e t a r y  mixer were c l o s e l y  re- 

l a t e d .  Recen t ly ,  Holm e t  a1.35,47,94 and R i t a l a  e t  a1.128,170 

have a l s o  demonstrated t h e  b e n e f i t s  of power consumption measure- 

ments f o r  t h e  end-point  c o n t r o l .  
The power consumption o f  t he  i n d u c t i o n  moto r s  of A . C .  asyn- 

cronous t y p e  ma in ly  used i n  g r a n u l a t i o n  machines  is affected by 
s e v e r a l  componentsl64: Ohmic l o s s  i n  s t a t o r  and wind ings ,  i r o n  
l o s s ,  f r i c t i o n a l  l o s s  and s t r a y  l o a d  l o s s .  Only changes i n  power 

consumption are needed f o r  mon i to r ing  a g r a n u l a t i o n  p r o c e s s .  
Theref o r e ,  i r o n  and s t r a y  l o a d  l o s s e s  a r e  exc luded ,  because  t h e y  

a r e  approx ima te ly  i n v a r i a n t  a t  c o n s t a n t  r o t a t i o n  speed.  The ohmic 
l o s s ,  i n  c o n t r a s t ,  v a r i e s  by t h e  l o a d .  The f r i c t i o n a l  l o s s  d u e  t o  
v i s c o s i t y  of t h e  gear box and f r i c t i o n  i n  b e a r i n g s  and sea ls  can 
be exc luded  from t h e  r eco rded  changes i n  power consumption by 

runn ing  t h e  system warm b e f o r e  t h e  measurements a re  i n i t i a t e d 3 5 .  

The power consumption is re la ted  t o  t h e  th ree  phase  a u x i l i a r y  

c u r r e n t  I and v o l t a g e  V by the e x p r e s s i o n :  

p1 = 4 7 1  v c o s q  
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856 KRISTENSEN AND SCHAEFER 

where 81 i s  the phase difference between current  a n d  appl ied vol t -  
age, The equation demonstrates t h a t  measurements of t h e  motor 

current a r e  not d i r e c t l y  comparable t o  torque and power consump- 

t i on  measurements f o r  t h e  end-point control .  Although motor cur- 
rent has been suggested f o r  t he  c o n t r 0 1 3 ~ ,  Kay and RecordlT1 rnen- 

tioned t h a t  motor current  measurements had been t r i e d  i n  t he  con- 

t r o l  of Diosna mixers. The recorded changes were, however, too 

in sens i t i ve  f o r  a r e l i a b l e  control of c r i t i c a l  formulations.  

End-p o in t  control  
Measurements of torque, power consumption and changes i n  

r o t a t i o n  speed a r e  r e l a t e d  control parameters, c f .  Figure 15 and 
experimental comparisons101 9 104,153, I t  is l i k e l y  t h a t  t he  record 

obtained by the Boots-Diosna Probe a l s o  r e f l e c t s  t h e  s t r e n g t h  of 
the wet mass and hence i s  a r e l a t e d  parameter, though t h e r e  i s  no 

experimental support f o r  t h i s  assumption. 
These techniques provide i n d i r e c t  measurements of the changes 

i n  consistency or rheological propert ies  of t h e  wet mass. If i t  

can be accepted t h a t  t he  recorded changes a r e  c losely co r re l a t ed  

w i t h  the granule growth process, measurements of t h e  torque of the 

mixer blades or paddles should present t h e  most r e l i a b l e  control 

technique. I t  is s o ,  because t h e  torque is  proportional t o  t h e  

res is tance by t h e  mass against  ro t a t ion .  Measurements of the 

motor power consumption a re  easy t o  achieve w i t h  the commercially 

avai lable  power consumption meters. The technique s u f f e r s ,  how- 

ever ,  from t h e  many f a c t o r s  a f f ec t ing  the  record,  primarily t h e  

f r i c t i o n a l  losses  which a r e  dependent on the temperature of the 

gear box e t c .  Probe measurements a r e  supposed t o  c o r r e l a t e  w i t h  

torque measurements, b u t  they a r e  experienced t o  be a f f ec t ed  by 

the pos i t i on  of t h e  t a r g e t  i n  t h e  mass and t h e  mass flow pat tern.  

Moreover, the s i g n a l s  a r e  much more d i f f i c u l t  t o  i n t e r p r e t  than 
t h e  s igna l s  from torque sensing devices. From t h a t  point of view, 

one would suggest torque measurements as the f i rs t  candidate f o r  

end-point control techniques. The c ruc ia l  point of t h i s  approach 
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FIGURE 1 6  
Parametric d i v i s i o n  of a power consumpt ion  c u r v e 3 2  

is t h a t  r a d i o  t r a n s m i s s i o n  of s i g n a l s  f rom t o r q u e  s e n s i n g  d e v i c e s  
i n  h i g h  shear m i x e r s  u n t i l  now h a s  been  rather e x p e n s i v e .  

F i g u r e  1 6  :jhOWS a power consumpt ion  record o b t a i n e d  d u r i n g  

c o n t i n u o u s  l i q u i d  a d d i t i o n  t o  a m i x t u r e  of c o r n  s ta rch  and  lactose 

i n  a p l a n e t a r y  m i ~ e r 3 ~ .  The c u r v e  i s  d i v i d e d  i n t o  f i v e  p h a s e s  

re la ted  t o  t h e  amount o f  l i q u i d  added. Dur ing  p h a s e  I p a r t i c l e s  

are  m o i s t e n e d  w i t h o u t  any s i g n i f i c a n t  i n c r e a s e  i n  power consump- 

t i o n .  I n  p h a s e  11, t h e  power consumpt ion  i n c r e a s e s  marked ly  and  
t h e  par t ic les  b e g i n  t o  a g g l o m e r a t e .  I n  p h a s e  111, t h e  c u r v e  shows 

a p l a t e a u  be tween t h e  p a r a m e t e r s  S3 a n d  S4, which i n d i c a t e s  t h e  

a p p r o p r i a t e  r a n g e  of l i q u i d  q u a n t i t i e s  f o r  g r a n u l a t i o n .  F u r t h e r  

a d d i t i o n  of  l i q u i d  i n c r e a s e s  t h e  power consumpt ion  i n  phase  I V  

u n t i l  a peak is p a s s e d  and  t h e  mass i n  p h a s e  V becomes doughy and 
l a t e r  on  a s u s p e n s i o n .  

P ro f i l e s  similar t o  t h e  c u r v e  i n  F i g u r e  1 6  were r epor t ed  by 

Roger son  e t  a1 .155  r e c o r d i n g  t h e  b e n d i n g  moment i n  a p a d d l e  m i x e r  

d u r i n g  g r a n u l a t i o n  of  a powdered s u c r o s e .  L i n d b e r g  e t  a1.21 who 

r e c o r d e d  t h e  c h a n g e  i n  r o t a t i o n  s p e e d  i n  a Diosna  P-25 d u r i n g  
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858 KRISTENSEN AND SCHAEFER 

g r a n u l a t i o n  of l a c t o s e  p r e s e n t e d  a l s o  a similar p r o f i l e .  

Leuenberge r34  claimed t h a t  t h e  charac te r i s t ic  p h a s e s  of t h e  c u r v e  
i n  F igure  1 6  c a n  b e  f o u n d  i n  most power consumpt ion  records,  i n d e -  
p e n d e n t l y  of  t h e  m i x e r  t y p e ,  a n d  i n d e p e n d e n t l y  of v a r i a t i o n s  of 
t h e  feed material p r o p e r t i e s .  There i s ,  however ,  e v i d e n c e  t h a t  t h e  

power consumpt ion  p r o f i l e s  depend o n  the  f o r m u l a t i o n  b e i n g  
g r a n u l a t e d  and  t h e  t y p e  of mixer  as shown by H u n t e r  and 

Gander ton19  a n d  Holm e t  a1 .94  . 
The s t ra tegy f o r  end-po in t  c o n t r o l  by power consumpt ion  meas- 

u remen t s  s u g g e s t e d  by L e u e n b e r g e r  e t  a1 .32  a p p l i e d  t o  t h e  p r o f i l e  
shown i n  F i g u r e  16 .  They d e m o n s t r a t e d  i n  p l a n e t a r y  m i x e r s  t h a t  t h e  

estimated v a l u e s  of S3 a n d  S4 were p r o p o r t i o n a l  t o  t h e  ba tch  s i z e  
and  t h a t  t h e  r a n g e  S3-S4 of  l i q u i d  q u a n t i t i e s  descr ibed  t h e  un- 
c r i t i c a l  l i q u i d  r e q u i r e m e n t  f o r  g r a n u l a t i o n .  A t e c h n i q u e  f o r  p r e -  
d i c t i o n  of t h e  u n c r i t i c a l  q u a n t i t y  of l i q u i d  based upon t a p p e d  
d e n s i t y  measurements  of the feed material was d e ~ c r i b e d 3 ~ ;  see 

a l s o  t h e  s e c t i o n  a b o v e  o n  l i q u i d  r e q u i r e m e n t s .  
The c o r r e l a t i o n  be tween power consumpt ion  records and  t h e  

mean g r a n u l e  s i z e  was d e m o n s t r a t e d  by Holm e t  a1 .35 ,g4  by g r a n u l a -  

t i o n  i n  a F i e l d e r  PMAT 2 5  of l ac tose ,  dicalcium p h o s p h a t e  and  
m i x t u r e s  of t h e  l a t t e r  w i t h  c o r n  s t a r c h .  C o r r e l a t i o n  c u r v e s  have  
a l s o  been  p r e s e n t e d  by Ri ta la  e t  a1 .128*170  s t u d y i n g  t h e  e f fec t  of 
d i f f e r e n t  b i n d e r s  upon t h e  wet g r a n u l a t i o n  i n  a F i e l d e r  PMAT 25. 

The e n e r g y  consumpt ion  d u r i n g  g r a n u l a t i o n ,  i .e. t h e  c u m u l a t e d  
power consumpt ion ,  is c o n v e r t e d  c o m p l e t e l y  i n t o  hea t  i n  t h e  wet 

m a ~ s 3 ~ .  T h i s  l e d  t o  t h e  a s s u m p t i o n  t h a t  t h e  power consumpt ion  
c u r v e  of a p a r t i c u l a r  p r o c e s s  is c o n t r o l l e d  by  t h e  a b i l i t y  of t h e  

a g g l o m e r a t e s  t o  absorb e n e r g y  a n d  t r a n s f o r m  i t  i n t o  heat.  The 

power consumpt ion  is  c o n s e q u e n t l y  c o n t r o l l e d  by  t h e  def o r m a b i l i t y  
of t h e  a g g l o m e r a t e s .  The a g g l o m e r a t e  d e f o r m a b i l i t y  i s  e s s e n t i a l  t o  
g r a n u l e  g rowth  by c o a l e s c e n c e ,  too. T h i s  e x p l a i n s  t h e  e x p e r i e n c e d  

r e l a t i o n s h i p  be tween power consumpt ion  and  g r a n u l e  growth.  

S i n c e  t h e  power consumpt ion  is s u p p o s e d  t o  be c o n t r o l l e d  by 

t h e  d e f o r m a b i l i t y  of t h e  a g g l o m e r a t e s ,  a h i g h l y  d e f o r m a b l e  mass 
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GRANULATION 859 

s h o u l d  have  a h i g h  power consumpt ion  and v i c e  v e r s a .  The deform- 

a b i l i t y  depends  as d e s c r i b e d  above  o n  t h e  bond ing  s t r e n g t h  and  t h e  

b r i t t l e / p l a s t i c  d e f o r m a t i o n  b e h a v i o u r .  I n  t h e  case of d i c a l c i u m  

p h o s p h a t e ,  which  p r o d u c e s  a g g l o m e r a t e s  t h a t  are  p r i m a r i l y  b r i t -  

t l e 1 6 ,  i t  is t o  e x p e c t  t h a t  t h e  power consumpt ion  i s  i n f l u e n c e d  

o n l y  by t he  bond ing  s t r e n g t h ,  b e c a u s e  t h e  a g g l o m e r a t e s  are b r i t -  

t l e .  R i t a l a  e t  showed i n  e x p e r i m e n t s  w i t h  d i f f e r e n t  

b i n d e r  s o l u t i o n s  t h a t  t h e r e  was a c o r r e l a t i o n  be tween power con- 

sumpt ion  and g r a n u l e  p o r o s i t y  and  l i q u i d  s u r f a c e  t e n s i o n  which 

a p p l i e d  t o  e q u a t i o n  ( 4 )  f o r  t h e  maximum l i q u i d  bond ing  s t r e n g t h .  

They s u g g e s t e d  a c c o r d i n g l y  t h a t  t h e  power consumpt ion  c u r v e  i s  a 

d i r e c t  p r e s e n t a t i o n  of t h e  g rowing  l i q u i d  bond ing  s t r e n g t h  i n  t h e  

a g g l o m e r a t e s .  C o n s e q u e n t l y ,  t h e  power consumpt ion  c u r v e  o b t a i n e d  

by g r a n u l a t i o n  of  a feed  material  p r o d u c i n g  b r i t t l e  a g g l o m e r a t e s  

is  p r o p o r t i o n a l  t o  t h e  p o r o s i t y  f u n c t i o n  ( 1  - E ) / E .  T h i s  i s  t h e  

o n l y  p a r a m e t e r  of e q . ( 4 )  which v a r i e s  p r o v i d e d  t h a t  t h e  agglomer-  

a t e  s u r f a c e s  c o n t a i n  f r e e  l i q u i d  as i s  t h e  case when g r o w t h  by 

c o a l e s c e n c e  is s i g n i f i c a n t .  

The s u p p o s e d  c o r r e l a t i o n  be tween power consumpt ion  and  po ros -  

i t y  f u n c t i o n  was i n v e s t i g a t e d  by g r a n u l a t i o n  of dicalcium phos- 

p h a t e  i n  a F i e l d e r  PMAT 25 mixe r  u s i n g  three s l i g h t l y  d i f f e r e n t  

q u a n t i t i e s  of a K o l l i d o n  90 b i n d e r  s o l u t i o n  and c o n s t a n t  p r o c e s s  

cond i  t i o n s 1 7 0 .  F i g u r e  17A shows t h e  power consumpt ion  c u r v e s  re- 

corded d u r i n g  l i q u i d  a d d i t i o n  ( u n t i l  ab.  7 min)  and  wet m a s s i n g .  

The  g r a n u l e  g rowth  d u r i n g  wet m a s s i n g  i s  shown i n  F i g u r e  17B. 

F i g u r e  17C shows t h e  c o r r e l a t i o n  be tween power consumpt ion  and 

p o r o s i t y  f u n c t i o n  f o r  t h e  wet m a s s i n g  p h a s e  of t h e  t h r e e  e x p e r i -  

men t s .  

I t  s h a l l  be n o t e d  t h a t  t h e  c o r r e l a t i o n  shown i n  F i g u r e  17C 

does n o t  a p p l y  t o  a l l  g r a n u l a t i o n  p r o c e s s e s .  I t  is charac te r i s t ic  

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

b r i t t l e  and  t h a t  t h e y  were d e n s i f i e d  c o n t i n u o u s l y  d u r i n g  t h e  en- 

t i r e  p r o c e s s .  I t  is a l s o  i m p o r t a n t  t h a t  t h e  e x p e r i m e n t s  were 

pe r fo rmed  s o  t h a t  d e p o s i t i o n  of wet mass o n  t h e  s i d e s  of t h e  mixer  
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Granula t ion  time, min.  
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/P 600 
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0 2 4 6 

Wet-wassing time, min.  
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10';' , , , , , 0 

0 1  2 3 

Power consumption, kW 

C 

FIGURE 17 
G r a n u l a t i o n  of dicalcium phosphate  (dgw = 21 pm) w i t h  a 3% 
Kol l idon  90 i n  F i e l d e r  PMAT 25170. A :  Power consumption r e c o r d s  
d u r i n g  l i q u i d  a d d i t i o n  and wet massing.  1 :  18.0% w/w b i n d e r  s o l u -  
t i o n ,  2: 17.5% w / w  s o l u t i o n ,  and 3: 17.2% w/w s o l u t i o n .  
B: Granule  growth i n  t h e  wet massing stage.  n: Curve 1 i n  A ,  0: 
Curve 2 i n  A ,  and A :  Curve 3 i n  A .  
C: C o r r e l a t i o n  between power consumption and p o r o s i t y  f u n c t i o n  ( 1 -  
E ) / E .  Symbols as i n  B. 
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GRANULATION 861 

bowl was i n s i g n i f i c a n t .  I n  t h e  case of a feed material  t h a t  i s  

e a s i l y  c o n s o l i d a t e d  t o  i t s  f i n a l  p o r o s i t y  or t h a t  e x h i b i t s  p l a s t i c  

d e f o r m a t i o n ,  t h e  c o r r e l a t i o n  f a i l s  b e c a u s e  t h e  p l a s t i c  d e f o r m a t i o n  
g i v e s  rise t o  heat development  and hence  a growing  power consump- 

t i o n  d e s p i t e  t h e  c o n s t a n t  p o r o s i t y  l e v e l .  

A g e n e r a l  c o n c l u s i o n  of these o b s e r v a t i o n s  is t h a t  t h e  power 

consumpt ion  c u r v e  i s  i n f l u e n c e d  by t h e  d e n s i f i c a t i o n  of t h e  agglo- 

merates. The c u r v e  shown i n  F i g u r e  1 6  d e m o n s t r a t e s  therefore t h a t  

t h e  l a c t o s e - c o r n  starch m i x t u r e  is d e n s i f i e d  t o  i t s  f i n a l  l e v e l  

d u r i n g  p h a s e  11, and  t h a t  t h e  p l a t e a u  i n  phase I11 is l i k e l y  t o  be 

due  t o  an  a p p r o x i m a t e l y  c o n s t a n t  g r a n u l e  p o r o s i t y .  The a d d i t i o n  

of l i q u i d  i n  p h a s e  I V  g i v e s  r ise t o  a n  improved  d e f o r m a b i l i t y  and  

hence  an i n c r e a s i n g  power consumpt ion .  

T h i s  i n t e r p r e t a t i o n  a p p l i e s  a l s o  t o  t h e  power consumpt ion  

c u r v e s  p r e s e n t e d  by Holm e t  a1 .35 ,94 .  They showed t h a t  l a c t o s e  

(dgw = 5 6  pm) was d e n s i f i e d  t o  t h e  f i n a l  l e v e l  e a r l y  i n  t h e  p roc -  
ess and  t h a t  t h e  power consumpt ion  c u r v e  had a s h a p e  s imilar  t o  
t h a t  i n  F i g u r e  16. Wi th  dicalcium p h o s p h a t e  (dgw = 1 4  v m )  t h e  

d e n s i f i c a t i o n  p r o c e e d e d  s l o w l y  d u r i n g  t h e  e n t i r e  process. Accord- 

i n g l y ,  t h e  power consumpt ion  c u r v e  d i d  n o t  show a p l a t e a u .  

Accord ing  t o  t h e  d i s c u s s e d  e f fec t  of l i q u i d  s a t u r a t i o n  on  

g r a n u l e  g r o w t h ,  d e n s i f i c a t i o n  of t h e  g r a n u l e s  i s  e s s e n t i a l  t o  

p r o v i d e  t h e  c o n d i t i o n s  r e q u i r e d  f o r  growth by c o a l e s c e n c e .  I t  

means t h a t  t h e  l i q u i d  s a t u r a t i o n  s u f f i c e s  t o  a s s u r e  p l a s t i c  defor- 

m a t i o n  of the  agglomerate s u r f a c e s .  T h e  d e n s i f i c a t i o n  is  there- 

f o r e  a v e r y  f u n d a m e n t a l  p a r t  of t h e  g r a n u l a t i o n  p r o c e s s .  I t  can  
be detected by t h e  power consumpt ion  c u r v e  o r  bet ter  by t h e  d i f -  

f e r e n t i a t e d  c u r v e  as s u g g e s t e d  by Bier e t  a l . lo l  a n d  Holm e t  
al.35. 

A p r o c e d u r e  f o r  t h e  e n d - p o i n t  c o n t r o l  based upon power con- 
sumpt ion  records is t o  a p p l y  a p r e - s e t  power consumpt ion  v a l u e  f o r  

t h e  t e r m i n a t i o n  of l i q u i d  a d d i t i o n  and  a n o t h e r  p r e - s e t  v a l u e  f o r  

t h e  t e r m i n a t i o n  of wet-massing. The p r e - s e t  v a l u e s  are d e t e r m i n e d  

by a c a l i b r a t i o n  of t h e  a c t u a l  g r a n u l a t i o n  p r o c e s s .  I t  i s  ex- 
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862 KRISTENSEN AND SCHAEFER 

p e c t e d  t h a t  t h e  procedure l eads  t o  g r a n u l e s  w i t h  t h e  p r e d e t e r m i n e d  

g r a n u l e  s i z e  d i s t r i b u t i o n  and p o r o s i t y .  D i f f i c u l t i e s  which  may 

a r i s e  i n  p r a c t i c a l  work a r e  t h e  e f f e c t s  of d e p o s i t i o n  o f  wet mass 

o n  t h e  s i d e s  and bot tom of t h e  mixe r  bowl and  a l s o  t h e  e f f e c t s  of 

l i q u i d  a d d i t i o n  and  l i q u i d  d i s t r i b u t i o n  i n  t h e  wet mass upon t h e  

power consumpt ion  record.  
There i s ,  however ,  o n l y  l i t t l e  e v i d e n c e  i n  t h e  l i t e r a t u r e  o n  

t h e  p r o p e r  e n d r p o i n t  c o n t r o l  p r o c e d u r e .  E s p e c i a l l y ,  t he re  is a 

need f o r  i n v e s t i g a t i o n s  o n  t h e  e f f e c t s  of  t h e  p a r t i c l e  s i z e  d i s -  

t r i b u t i o n  of t h e  feed  material o n  g r a n u l e  g rowth  as well as t h e  

power consumpt ion .  

CONCLUDING COMMENTS 

The research o n  p h a r m a c e u t i c a l  wet g r a n u l a t i o n  h a s  i n c r e a s e d  

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

of new g r a n u l a t i o n  equ ipmen t s  and  t h e  i n c r e a s i n g  sca le  of manufac- 
t u r e .  S i g n i f i c a n t  p rob lems  i n  p r o d u c t i o n  p r a c t i c e  are t h e  s p e c i -  
f i c a t i o n  of s t a r t i n g  material p r o p e r t i e s  i n  r e l a t i o n  t o  t h e  a c t u a l  

g r a n u l a t i o n  method,  c o n t r o l  of t h e  l i q u i d  q u a n t i t y  r e q u i r e d  t o  r u n  

an  u n c r i t i c a l  p r o c e s s ,  t h e  s c a l i n g - u p  f rom l a b o r a t o r y  t o  produc-  
t i o n  sca le ,  a n d  t h e  c o n t r o l  of t h e  g r a n u l a t i o n  e n d - p o i n t  d e f i n i n g  

a p r o d u c t  w i t h  t h e  d e s i r e d  charac te r i s t ics .  Though p r o g r e s s  has 

been made, n e a r l y  e v e r y  a s p e c t  of wet g r a n u l a t i o n  n e e d s  f u r t h e r  
research. 

A p a r t  of t h e  l i t e r a t u r e  o n  p h a r m a c e u t i c a l  wet g r a n u l a t i o n  

describes p r o c e s s e s  t h a t  c o m p r i s e  wet g r a n u l a t i o n ,  d r y i n g  and  

m i l l i n g  of  t h e  d r i e d  p r o d u c t .  T h i s  l i t e r a t u r e  has  l a r g e l y  been  
omitted i n  t h e  p r e s e n t  r e v i e w ,  b e c a u s e  i t  i s  i n c o n c l u s i v e  w i t h  

respect t o  t h e  wet phase of g r a n u l a t i o n  and  t h e  g e n e r a l  unde r -  

s t a n d i n g  of t h e  p r o c e s s .  Ano the r  d i f f i c u l t y  met a t  t h e  i n t e r p r e t a -  
t i o n  o f  e x p e r i m e n t a l  r e s u l t s  is t h a t  t h e y  may h a v e  been  h e a v i l y  

i n f l u e n c e d  by sub-op t ima l  e x p e r i m e n t a l  c o n d i t i o n s .  F o r  example ,  
when d e p o s i t i o n  of a m o i s t  mass on  t h e  wall of t h e  bowl of a h i g h  
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GRANULATION 86 3 

s h e a r  mixer is  s i g n i f i c a n t ,  t h e  l i q u i d  d i s t r i b u t i o n  becomes non- 

uniform. T h i s  a f f e c t s  t h e  e x p e r i m e n t a l  r e s u l t s  and p r o b a b l y  a l s o  

t h e  r e p r o d u c i b i l i t y  o f  t h e  expe r imen t .  

The fundamental  i s s u e s  of wet g r a n u l a t i o n  seem t o  be  f a i r l y  

well unde r s tood ,  a t  l ea s t  on a q u a l i t a t i v e  basis .  The p h y s i c a l  

p r e r e q u i s i t e s  t o  g r a n u l e  f o r m a t i o n  and growth a r e  e s t a b l i s h e d ,  b u t  

i n v e s t i g a t i o n s  on t h e  e f f ec t s  of p h y s i c a l  p r o p e r t i e s  remain t o  be 

done, e . g .  mean p a r t i c l e  s i z e  and s i z e  d i s t r i b u t i o n ,  s o l u b i l i t y  

and w e t t a b i l i t y ,  upon l i q u i d  r e q u i r e m e n t s  and g r a n u l e  growth. 

I n v e s t i g a t i o n s  are a l s o  needed i n  t h e  f i e l d  of i n t e r a c t i o n s  be- 

tween t h e  p h y s i c a l  p r o p e r t i e s  of s t a r t i n g  materials,  g r a n u l a t i o n  

equipment and i t s  mode of a c t i o n ,  and t h e  p r o p e r t i e s  of t h e  f i n a l  

g r a n u l a t i o n .  The i n v e s t i g a t i o n s  can p robab ly  be based upon s t u d i e s  

of t h e  c o n s o l i d a t i o n  o r  d e n s i f i c a t i o n  of agglomerates d u r i n g  t h e  

p r o c e s s  and t h e  e f f e c t s  of l i q u i d  s a t u r a t i o n  upon g r a n u l e  forma- 

t i o n  and growth. An improved method f o r  measuring t h e  g r a n u l e  

p o r o s i t y  s h o u l d ,  however, be  d e v i s e d  f o r  t h a t  pu rpose .  
S t u d i e s  on g r a n u l a t i o n  i n  h i g h  shear mixe r s  i n d i c a t e  t h a t  

t he re  is  a g e n e r a l  need of o p t i m i z i n g  t h e i r  c o n s t r u c t i o n .  T h i s  i s  

v a l i d  e s p e c i a l l y  w i t h  regard t o  t h e  s c a l i n g - u p  from l a b o r a t o r y  t o  

p r o d u c t i o n  s c a l e  where d i f f i c u l t i e s  met i n  p r a c t i c a l  work a r e  

l i k e l y  t o  a t t r i b u t e  t o  t h e  mixer des ign .  The c h o i c e  of g r a n u l a -  

t i o n  machinery and comparisons between d i f f e r e n t  g r a n u l a t i o n  meth- 

ods are other f i e l d s  which need f u r t h e r  research. 

G r a n u l a t i o n  end-point c o n t r o l  i n c l u d i n g  t h e  c o n t r o l  of t h e  

l i q u i d  r e q u i r e m e n t s  has  been s u b j e c t  t o  a number of s t u d i e s  on 

i n s t r u m e n t a l  methods.  Reliable methods have been d e v i s e d ,  s o  t h a t  

the  paramount need i n  t h i s  f i e l d  seems t o  be an e v a l u a t i o n  of t h e  

methods i n  t h e  p r o d u c t i o n  p l a n t .  
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