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U t r o d u c t i o n  

Water vapor p r e s s u r e  i n  the atmosphere is  

q u a n t i f i e d  by the  pe rcen t  r e l a t i v e  humidi ty .  The 

moisture  con ten t  a t  which a s o l i d  material produces a 

water vapour p r e s s u r e  equa l  t o  tha t  of t h e  surrounding 

environment i s  d e f i n e d  t o  be t h e  e q u i l i b r i u m  mois ture  

con ten t  (EMC). The r e s u l t a n t  weight g a i n  of t he  s o l i d  

i s  expressed  as a percentage  of i t s  i n i t i a l  dry weight 

a t  a s p e c i f i e d  tempera ture  and percent  r e l a t i v e  

humidi ty .  

The magnitude o f  t h e  EMC depends on the  

percent  r e l a t i v e  humidi ty ,  t empera tu re ,  b inding  s i te  
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15 78 DAWOODBHAI AND RHODES 

energy ,  s u r f a c e  area and t h e  n a t u r e  of t h e  material. 

C e r t a i n  materials have a low EMC such as non-porous 

t a l c ,  and k a o l i n .  Conversely,  o r g a n i c  s u g a r s ,  

hydrogen bonding polymers and c r y s t a l  h y d r a t e s  have 

h igh  a EMC. The EMC of starch,  a l g i n i c  acid, and 

t r a g a c a n t h  was r e p o r t e d  t o  i n c r e a s e  with i n c r e a s e d  

pe rcen t  r e l a t i v e  humidi ty ,  bu t  remained una f fec t ed  by 

i n c r e a s e s  i n  tempera ture  (1). In c o n t r a s t ,  i n c r e a s e s  

i n  tempera tures  allowed the  format ion  and 

de l iquescence  of h y d r a t e s  t o  occur  a t  lower pe rcen t  

r e l a t i v e  humidity (1). However, l a c t o s e  did not show 

de l iquescence  and i t s  EMC i n c r e a s e d  only  s l i g h t l y  even 

a t  50°C and 100 % relative humidi ty  (1).  

The s u r f a c e  area of material a l s o  affects i t s  

EMC. F ine  p a r t i c l e  s i z e s  of bo th  s u c r o s e  and sodium 

c h l o r i d e  had h igher  EMC v a l u e s  compared t o  the c o a r s e  

p a r t i c l e s  of these materials ( 2 ) .  Most of t he  4 . 8 %  of 

t h e  mois ture  con ten t  u s u a l l y  p r e s e n t  in 

m i c r o c r y s t a l l i n e  c e l l u l o s e  i s  w i t h i n  the porous 

s t r u c t u r e  of i t s  p a r t i c l e s .  The i n t e r n a l  s u r f a c e  area 

r e p r e s e n t s  95% of the s u r f a c e  area of the  

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

w i th  water vapor i n  t h e  atmosphere (3). 

Moisture  i n  s o l i d s  exists in s e v e r a l  s t a t e s .  

The adsorbed water vapor can become bound i n  t h e  form 
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THE EFFECT OF MOISTURE 1579 

of water of c r y s t a l l i z a t i o n ,  f o r  example, i n  t h e  

c r y s t a l  h y d r a t e s  of i n o r g a n i c  sa l ts  such as dibasic 

calcium phosphate d i h y d r a t e ,  and i n  o r g a n i c  s u g a r s  

( l a c t o s e  monohydrate). 

i n  e x c e s s ,  as i n  t h e  hygroscopic  and d e l i q u e s c e n t  

s ta tes ,  t h e  water i s  said t o  ex is t  i n  t he  unbound 

s ta te .  

When t h e  mois ture  i s  p resen t  

I n  amorphous s o l i d s ,  and i n  polymers such as 

starch and acacia, s o r p t i o n  of water proceeds  beyond 

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

area. 

amorphous s o l i d ,  w i t h  t h e  r e s u l t  t ha t  the m o b i l i t y  of 

moisture  i n c r e a s e s  from t i g h t l y  bound s ta te  t o  so lven t  

l i k e  s ta te .  T h i s  i s  due t o  the lowering of t he  glass 

t r a n s i t i o n  tempera ture  by t h e  mois ture  w i t h  t h e  

consequent i n c r e a s e  i n  the  free volume of i n d i v i d u a l  

molecules .  

So rp t ion  of mois ture  a l s o  occur s  w i t h i n  t h e  

Ufec t O f  Mo i s t u r e  On The Flow 0 f Powders. 

The two fundamental forces t h a t  can  affect 

the flow of powders are cohesion and f r i c t i o n .  

Cohesion i s  the mutual a t t r a c t i o n ,  and r e s i s t a n c e  t o  

s e p e r a t i o n  of c o n t a c t i n g  powder p a r t i c l e s  of a 

i n d e n t i c a l  material. F r i c t i o n  i s  t h e  r e s i s t a n c e  

e x e r t e d  by one p a r t i c l e  a g a i n s t  the  motion of ano the r  
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1580 DAWOODBHAI AND RHODES 

p a r t i c l e  a t  t h e  p o i n t s  of c o n t a c t .  

f o r c e s  act a t  a t angen t  t o  t h e  c o n t a c t  p o i n t  s u r f a c e .  

The f r i c t i o n a l  f o r c e  i n c r e a s e s  as the  t r u e  

(microscopic)  c o n t a c t  area and as the  average stress 

r e q u i r e d  t o  shear cold-welded j u n c t i o n s  t h a t  form 

between c o n t a c t i n g  a s p e r i t i e s  of p a r t i c l e s  i n c r e a s e s .  

The adsorbed mois ture  f i l m  l u b r i c a t e s  t h e  p a r t i c l e s ,  

and p o s s i b l y  p r e v e n t s  t o  some degree t h e  c o l d  welding 

of a s p e r i t i e s ,  and the reby  reduces  t h e  f r i c t i o n a l  

f o r c e  t h a t  opposes the r e l a t i v e  motion of t h e  

p a r t i c l e s .  

The f r i c t i o n a l  

Cohesion i n  d r y  powder i s  a f u n c t i o n  of van 

der Waals forces, e l e c t r o s t a t i c  f o r c e s  and mechanical 

i n t e r l o c k i n g .  

t h e  p a r t i c l e  diameter decreases. 

f o r c e s  are in f luenced  by t h e  p a r t i c u l a t e  n a t u r e ,  shape 

and the p a r t i c l e  s i z e  d i s t r i b u t i o n .  

i n t e r l o c k i n g  i s  a macroscopic phenomenon. It i s  more 

pronounced with p a r t i c l e s  of smaller s i z e ,  which have 

a more i r r e g u l a r  s u r f a c e  r e l a t i v e  t o  diameter. 

Cohesion i n  m o i s t  powder i n v o l v e s  l i q u i d  b r i d g e s  and 

may also invo lve  s o l i d  bridges, between p a r t i c l e s .  

The l i q u i d  bridges connec t ions  depends on the percent  

of water and i ts  d i s t r i b u t i o n .  The c o n t r i b u t i n g  

f a c t o r s  are i n t e r f a c i a l  t e n s i o n  and c a p i l l a r y  

The van der Waals f o r c e s  i n c r e a s e  as 

The e l e c t r o s t a t i c  

Mechanical 
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THE EFFECT OF MOISTURE 1581 

p r e s s u r e .  I f  t h e  number of s o l i d  bridges i n c r e a s e s  i t  

can r e s u l t  i n  i n c r e a s e d  cohesion and a g g r e g a t i o n ,  and 

u l t i m a t e l y  format ion  of a hard cake. Caking i s  the  

state i n  which t h e  powder cannot be moved by 

v igo rous ly  shaking o r  tapping  of the c o n t a i n e r .  

A parameter known as t e n s i l e  s t r e n g t h  of a 

powder bed, i s  obta ined  from measurements of t h e  shear 

s t r e n g t h  of a packed powder bed, with a shear c e l l .  

The i n f l u e n c e  of mois ture  conten t  on the  f low 

p r o p e r t i e s  of powders has a l s o  been q u a n t i f i e d  by 

t e n s i l e  s t r e n g t h  v a l u e s .  Fac to r s  tha t  i n f l u e n c e  

t e n s i l e  s t r e n g t h  of powder bed inc lude  t h e  n a t u r e  of 

t h e  material, pe rcen t  moi s tu re ,  p a r t i c l e  s i z e  and t h e  

material packing d e n s i t y .  Moisture s i g n i f i c a n t l y  

in f luenced  the  t e n s i l e  s t r e n g t h  of powders by 

formation of l i q u i d  bridges (4-6) .  A t  h igher  moisture  

conten t  and a t  h igher  packing d e n s i t i e s  l i q u i d  bridges 

may p rogres s  from pendular  t o  f u n i c u l a r  bonds (4-6). 

Although t h e  packing d e n s i t y  of f i n e  powder i s  less 

than  that  of c o a r s e  powder, t h e  t e n s i l e  s t r e n g t h  of 

d r y  f i n e  powder i s  greater t h a n  that  of d r y  c o a r s e  

powder. T h i s  i s  because of the  greater number of 

c o n t a c t  p o i n t s  of f i n e  powder p a r t i c l e s  (greater 

s u r f a c e  i r r e g u l a r i t y  r e l a t i v e  t o  diameter). T h i s  

makes the  p a r t i c l e - p a r t i c l e  i n t e r a c t i o n  f o r c e s  greater 
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1582 DAWOODBHAI AND RHODES 

t h a n  t h e  mobi l iz ing  g r a v i t a t i o n a l  f o r c e .  For c o a r s e  

p a r t i c l e s  g r a v i t a t i o n a l  f o r c e  exceeds i n t e r a c t i o n  

f o r c e s ,  l ead ing  t o  greater m o b i l i t y  (5,6). 

Increased  packing d e n s i t y  has been shown t o  

i n c r e a s e  t h e  t e n s i l e  s t r e n g t h  f o r  porous and non- 

porous,  and a l s o  f o r  cohes ive  and non-cohesive,  

powders (4-6). The n a t u r e  of material and i t s  

p a r t i c l e  s i z e  were impor tan t  f a c t o r s  t ha t  in f luenced  

t h e  t e n s i l e  s t r e n g t h  of powders. Fo r  a porous and 

cohes ive  powder (calcium phosphate) ,  t e n s i l e  s t r e n g t h  

was not  changed because t h e  mois ture  e n t e r e d  t h e  

i n t r a p a r t i c u l a t e  vo ids  and was therefore unable  t o  

accumulate on e x t e r n a l  s u r f a c e  t o  i n f l u e n c e  

i n t e r p a r t i c u l a t e  f o r c e s  by format ion  of l i q u i d  bridges 

( 4 ) .  A non-porous and non-cohesive powder, t h e  c o a r s e  

f r a c t i o n  (32-7'5 urn) of sodium c h l o r i d e  (5,6), showed 

an i n c r e a s e  i n  t e n s i l e  s t r e n g t h  w i t h  i n c r e a s e  i n  

mois ture  con ten t  up t o  about 4% because of the 

i n c r e a s e  i n  t h e  number of l i q u i d  bridges i n i t i a l l y  a t  

p o i n t s  of a c t u a l  c o n t a c t  ( l o w e r  pe rcen t  mois ture)  and 

e v e n t u a l l y  a t  p o i n t s  of near  c o n t a c t  ( a t  4 percent  

moi s tu re ) .  Beyond a c e r t a i n  mois ture  c o n t e n t ,  t h e  

number of l i q u i d  bridges of bo th  t y p e s  remain 

c o n s t a n t .  The forces of a t t r a c t i o n  of t h e  l i q u i d  

bridges a t  a c t u a l  c o n t a c t  p o i n t s  are more powerful 
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THE EFFECT OF MOISTURE 1583 

t han  a t  near  c o n t a c t  p o i n t s .  However, w i t h  f u r t h e r  

i n c r e a s e  i n  mois ture  c o n t e n t ,  t h e  t e n s i l e  s t r e n g t h  

reached a p l a t e a u  because of t h e  ba lance  between 

inc reased  n e t  a t t r a c t i v e  f o r c e s  a t  p o i n t s  of near  

c o n t a c t  and decreased a t t r a c t i v e  f o r c e s  a t  p o i n t s  of 

a c t u a l  c o n t a c t ,  as t h e  dimension of l i q u i d  bridges a t  

p o i n t s  of a c t u a l  c o n t a c t  i nc reased  (4,5). Therefore ,  

an i n c r e a s e  i n  mois ture  con ten t  can be expected t o  

decrease t h e  powder flow of bo th  non-porous and non- 

cohes ive  m a t e r i a l s .  

With non-porous and cohes ive  powder such as 

f i n e  sodium c h l o r i d e  p a r t i c l e s  there are more 

p o t e n t i a l  s i tes of c o n t a c t  compared t o  c o a r s e  

p a r t i c l e s  (5,6). A small i n i t i a l  i n c r e a s e  i n  moisture  

con ten t  raised i t s  t e n s i l e  s t r e n g t h  even f u r t h e r ,  due 

t o  i n c r e a s e d  p a r t i c l e - p a r t i c l e  i n t e r a c t i o n s .  The 

combined effects of t h e  number and a t t r a c t i v e  f o r c e s  

of the l i q u i d  bridges are similar as wi th  coarse  

sodium chlor ide  p a r t i c l e s .  However, w i t h  f u r t h e r  

i n c r e a s e  i n  mois ture  con ten t  t h e  p a r t i c l e - p a r t i c l e  

i n t e r a c t i o n  decreased and became i n s i g n i f i c a n t .  As a 

r e s u l t ,  the t e n s i l e  s t r e n g t h  e x p o n e n t i a l l y  decreased 

t o  a low l e v e l  p l a t e a u  v a l u e  (5,6). There fo re ,  

i n c r e a s e  in mois ture  cannot be expected t o  h e l p  

improve the f low p r o p e r t i e s  of a l r e a d y  cohes ive  
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1584 DAWOODBHAI AND RHODES 

powder. Excessive mois ture  w i l l  f u r t h e r  i n c r e a s e  t h e  

t e n s i l e  s t r e n g t h  and may lead t o  caking of the  powder. 

Caking has been observed a t  h igh  percent  r e l a t i v e  

humidi ty  w i t h  s e v e r a l  commonly used powder e x c i p i e n t s  

i n c l u d i n g  starch ( 2 , 7 , 8 ) .  The occurrance of caking 

was suppressed by t h e  a d d i t i o n  of 0 . 2 5  t o  0.5% 

magnesium oxide t o  starch, o r  by 1.0% of magnesium 

oxide t o  suga r s  and sal ts  ( 2 , 5 ) .  It was suggested 

t h a t  t h e  f i n e  p l a t e  shaped magnesium oxide p a r t i c l e s  

adhered t o  t he  s u r f a c e s  of caking  material by van der 

Waals and e l e c t r o s t a t i c  f o r c e s  and t h a t  their  presence 

reduced i n t e r p a r t i c u l a t e  cohesion by dec reas ing  the  

number l i q u i d  bridges w i t h i n  caking material ( 2 , 8 ) .  

Effec t of Mo i s t u r e  on Compaction of Powderg. 

Compaction i s  a p rocess  by which powder 

p a r t i c l e s  are brought s u f f i c i e n t l y  c l o s e  t o g e t h e r  s o  

t h a t  t h e  bonding f o r c e s  between them are large enough 

t o  produce a s t r o n g  compact. The n e c e s s i t y  for t h e  

presence  of mois ture  i n  format ion  of s t r o n g  tablets 

was i n d i c a t e d  by t h e  fact t h a t  t h e  c r y s t a l  hydra t e s  

t h a t  i n h e r e n t l y  compressed well d id  not  do s o  when 

t h e i r  water of c r y s t a l l i z a t i o n  was removed e . g .  

f e r r o u s  s u l p h a t e  heptahydra te  (9 ) .  Moisture  i n c r e a s e s  

t h e  compact s t r e n g t h  by i n c r e a s i n g  the  t e n s i l e  
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THE EFFECT OF MOISTURE 1555 

s t r e n g t h  of t h e  powder bed, by i n c r e a s i n g  t h e  con tac t  

area among the  p a r t i c l e s  f o r  bonding, by decreas ing  

the v a r i a t i o n  of d e n s i t y  wi th in  the  tablet and by the  

r e c r y s t a l l i x a t i o n  effect .  

The reduced v a r i a t i o n  of d e n s i t y  wi th in  t h e  

tablet  was mainly a t t r i b u t e d  t o  t h e  l u b r i c a t i o n  o f  t h e  

d i e  walls (which a l lows  a g r e a t e r  f r a c t i o n  of t h e  

a p p l i e d  force t o  be t r a n s m i t t e d  through the  compact 

on to  t h e  lower punch, t h i s  i s  a l s o  known as t h e  R 

va lue )  and only  s l i g h t l y  a t t r i b u t e d  t o  the l u b r i c a t i o n  

of powder p a r t i c l e  s u r f a c e  (which fac i l i t a tes  

rearrangement and repacking of p a r t i c l e s )  (10-12). 

The adsorbed water f i l m  decreases t h e  p a r t i c l e  s u r f a c e  

energy and t h u s  decreases the  adhes ion  of the tablet 

t o  t h e  die wall. I n  a d d i t i o n ,  t h e  expressed  water 

f i l m  on the die  wall dur ing  compaction func t ioned  as a 

low v i s c o s i t y  l u b r i c a n t  (10-12). The i n c r e a s e  i n  

l u b r i c a t i o n  was i n d i c a t e d  by t h e  i n c r e a s e  i n  t h e  R 

v a l u e s ,  decrease i n  t h e  e j e c t i o n  f o r c e s  and decrease 

i n  t h e  f o r c e s  l o s t  t o  t h e  die wall (10-12). 

Repacking and rearrangement of anhydrous 

d e x t r o s e  and d e x t r o s e  monohydrate i n c r e a s e d  w i t h  

i n c r e a s i n g  percent  mois ture  con ten t  as i n d i c a t e d  by 

decrease of ;in s i t u  p o r o s i t y  and decrease of y i e l d  

f o r c e  and by i n c r e a s e d  compact d e n s i t y  (13). This  
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1586 DAWOODBHAI AND RHODES 

presumably was due t o  i n t e r p a r t i c u l a t e  and d ie  wall 

l u b r i c a t i o n  effects,  and due t o  p l a s t i c i z i n g  effect of 

water, as the  mois ture  con ten t  i nc reased  (13). With 

subs t ances  l i k e  m i c r o c r y s t a l l i n e  c e l l u l o s e ,  the 

mois ture  wi th in  i t s  pores  acts as an i n t e r n a l  

l u b r i c a n t  and faci l i ta tes  t h e  s l i p p a g e  and flow wi th in  

i n d i v i d u a l  m i c r o c r y s t a l s  du r ing  compaction (3,141. 

The mois ture  faci l i ta tes  p l a s t i c  deformation of 

m i c r o c r y s t a l s  t o  a l low c l o s e  con tac t  and hydrogen 

bonding between p a r t i c l e s  (3,14). The mois ture  acted 

as a p l a s t i c i z e r ,  and the reby  reduced t h e  y i e l d  po in t  

and the elastic recovery  du r ing  compaction (3,141. 

M i c r o c r y s t a l l i n e  c e l l u l o s e  (14) and a l s o  soy p r o t e i n  

(15) t ab le t s ,  when d i r e c t l y  compressed, showed 

i n c r e a s e  i n  hardness  as the percent  mois ture  conten t  

increased and as t h e  compression f o r c e  i n c r e a s e d  u n t i l  

t h e  t r u e  d e n s i t y  of t h e  material was reached. Ei ther  

lack of mois ture  o r  i n s u f f i c i e n t  mois ture  i s  one of 

t he  f a c t o r s  r e s p o n s i b l e  f o r  l amina t ion  of tablets  

s i n c e  t h e  y i e l d  force becomes h igh  and t h e  elastic 

recovery i s  i n c r e a s e d .  

With c r y s t a l l i n e ,  water s o l u b l e  subs t ances  

such as sodium c h l o r i d e ,  t h e  t h i n  adsorbed l a y e r s  of 

mois ture  i n c r e a s e  the e f f e c t i v e  s u r f a c e  area for 

i n t i m a t e  c o n t a c t  (10-12). The phenomenon of 
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THE EFFECT OF MOISTURE 1587 

r e c r y s t a l l i z a t i o n  du r ing  compression w i l l  i n c r e a s e  

compact s t r e n g t h ,  when water i s  p r e s e n t  as vapor in 

t h e  po res  of t he  p a r t i c l e s .  For anhydrous d e x t r o s e ,  

w i t h  up t o  8 .9% mois ture  con ten t  t h e  pe rcen t  r e l a t i v e  

humidi ty  i s  below t h e  cr i t ical  va lue  of less than  

81.3% ( R H O ) ,  and t h e r e f o r e  the mois ture  is  p r e s e n t  as 

vapor i n  t he  po res .  The water vapor condenses on 

a p p l i c a t i o n  of compression f o r c e  and promotes the 

format ion  of a s a t u r a t e d  s o l u t i o n  which moves t o  the  

flaws w i t h i n  the p a r t i c l e s  o r  t o  t h e  p a r t i c l e  c r y s t a l  

c o n t a c t  p o i n t s ,  mobil ized i n  p a r t  by s u r f a c e  t e n s i o n  

f o r c e s  (13). R e c r y s t a l l i z a t i o n  upon decompression i n  

these areas of weakness r e s u l t s  i n  an i n c r e a s e  i n  

t e n s i l e  s t r e n g t h  (13). 

The presence  of "excess ive"  mois ture  a t  

moderate t o  h igh  compression f o r c e  decreases t h e  

compact s t r e n g t h ,  by dec reas ing  t h e  t e n s i l e  s t r e n g t h  

of t h e  powder bed, d e c r e a s i n g  the  m i c r o i r r e g u l a r i t i e s  

of t he  particles,  by hydrodynamic r e s i s t a n c e  and by 

i n c r e a s e d  e las t ic  recovery  af ter  e j e c t i o n  when 

compressed beyond t r u e  d e n s i t y .  

The t e n s i l e  s t r e n g t h  of d e x t r o s e  monohydrate 

tablets decreased wi th  any i n c r e a s e  of mois ture  

c o n t e n t  (13,161, and t h e  m i c r o c r y s t a l l i n e  c e l l u l o s e  

tablets capped i n  t h e  presence  o f  excess ive  moisture  
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1588 DAWOODBHAI AND RHODES 

a t  h igh  compression f o r c e  (141, because of 

hydrodynamic r e s i s t a n c e ,  t o g e t h e r  w i t h  i n c r e a s e d  

e las t ic  recovery after e j e c t i o n .  The t e n s i l e  s t r e n g t h  

of anhydrous d e x t r o s e  tablets decreased when made a t  

moderate t o  h igh  compression force i n  presence  of 

e x c e s s i v e  mois ture  due t o  hydrodynamic r e s i s t a n c e  of 

the l i q u i d  p r e s e n t  i n  the vo ids  of the compact (13). 

Excessive mois ture  a l s o  produces the 

c a p p i l l a r y  s ta te  of the  powder aggrega t ion  and the reby  

the  s u r f a c e  t e n s i o n  effect becomes i n s i g n i f i c a n t  i n  

main ta in ing  t h e  high t e n s i l e  s t r e n g t h  of t h e  powder 

bed. The mois ture  has  a s o l v e n t  effect of e l i m i n a t i n g  

the  s u r f a c e  cracks and i r r e g u l a r i t i e s  i n  t h e  c r y s t a l s .  

T h i s  i n c r e a s e s  the  c r y s t a l s ’  r e s i s t a n c e  t o  

f r agmen ta t ion ,  and decreases t h e  c r y s t a l  s u r f a c e  

ene rgy ,  which t h e r e f o r e  decreases adhesion between 

p a r t i c l e s .  The electrostatic charges of a t t r a c t i o n  

a l s o  become d i s p e r s e d  (10-12). The hardness  of 

lactose tablets con ta in ing  naproxen a t  low and h igh  

compression force decreased as t h e  mois ture  conten t  

i n c r e a s e d  beyond two pe rcen t  (17). 

Effect of Moisture  on Phys ica l  StabiU$..y. 

Phys ica l  s t a b i l i t y  i s  t h e  s tudy  of i n  V i t r Q  

changes i n  a dosage form p r o p e r t i e s  when s u b j e c t e d  t o  
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THE EFFECT OF MOISTURE 1589 

p h y s i c a l  stress and time. These i n  v i  t rQ changes may 

a l te r  b i o a v a i l i b i l i t y  and t h e r a p e u t i c  e f f i c a c y ,  even 

though t h e  drug potency and p u r i t y  appear u n a l t e r e d .  

Major changes i n  t h e  p h y s i c a l  s t a b i l i t y  of a 

compact can  r e s u l t  f rom moi s tu re  g a i n  and/or  moisture  

loss a t  d i f f e r e n t  p o i n t s  i n  time. The s o r p t i o n  of 

moi s tu re  by i n g r e d i e n t s  of tablets  can r e s u l t  i n  

format ion  of their  s o l u t i o n  for water s o l u b l e  

s u b s t a n c e s ,  w i t h  consequent c r y s t a l  change and/or  

growth of c r y s t a l l i n e  subs t ances  o r  can manifest  as 

s w e l l i n g  of polymeric materials. 

Moisture  Ga i n .  

Changes i n  tablet  appearance (18,19) and 

i n c r e a s e  i n  tablet  volume (14,18,20-23) as a r e s u l t  of 

mo i s tu re  s o r p t i o n  was observed wi th  s e v e r a l  direct 

compression e x c i p i e n t s .  Amorphous o r  sp ray  dried 

l a c t o s e  tablet volume inc reased  monotonously due t o  

hygroscopic  s w e l l i n g  a t  35% r e l a t i v e  humidi ty  and 30° C 

(21.23). 

because the  amount of water sorbed was no t  s u f f i c i e n t  

f o r  making super  s a t u r a t e d  s o l u t i o n  of l a c t q s e  

(21,23). A t  h igh  pe rcen t  r e l a t i v e  humidi ty ,  t h e  

amorphous l a c t o s e  tablet  volume expansion was more 

r a p i d  and e x t e n s i v e  and,  corresponded t o  r a p i d  

i n c r e a s e  i n  c r y s t a l l i n i t y  as t h e  moi s tu re  conten t  

No c r y s t a l l i z a t i o n  of l a c t o s e  was detected 
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1590 DAWOODBHAI AND RHODES 

s t a b i l i z e d  t o  a p l a t e a u  l e v e l  (21,231. It was 

sugges ted  t h a t  t h e  water liberated from super -  

s a t u r a t e d  amorphous l a c t o s e  s o l u t i o n  was due t o  

decrease i n  s u r f a c e  area. T h i s  liberated water 

f u r t h e r  promoted t h e  format ion  of s u p e r s a t u r a t e d  

amorphous l a c t o s e  s o l u t i o n ,  and accelerated t h e  

a u t o c a t a l y t i c  c r y s t a l l i z a t i o n  i n t o  d-monohydrate and 

9-anhydrous l a c t o s e  (21,231. Tablets con ta in ing  

hygroscopic  materials such as docusa te  sodium, 

magnesium c h l o r i d e ,  o r  potassium acetate and made up 

of c r y s t a l l i n e  water s o l u b l e  e x c i p i e n t s  e . g .  l a c t o s e  

o r  mann i to l ,  showed c r y s t a l  growth of these e x c i p i e n t s  

when s t o r e d  a t  h igh  pe rcen t  r e l a t i v e  humidi ty  a t  37OC 

f o r  4 months. The i d e n t i t y  of these c r y s t a l  growths 

was confirmed by DSC and TLC (18). 

The c rush ing  s t r e n g t h  of t ab le t s ,  made from 

c r y s t a l l i n e  subs t ances  o r  polymers,  which are either 

water s o l u b l e  o r  i n s o l u b l e ,  w i l l  decrease when exposed 

t o  h igh  pe rcen t  r e l a t i v e  humidi ty .  Lactose tablets 

t h e  w i t h  h ighes t  i n i t i a l  c rush ing  s t r e n g t h  underwent 

t h e  greatest decrease i n  ha rdness ,  and v j c e  v e r s a ,  i n  

a l i n e a r  f a s h i o n  (24,261. With dibasic calcium 

phosphate  d i h y d r a t e ,  the  tablet  hardness  decrease was 

greater f o r  tablets wi th  lower i n i t i a l  mois ture  

c o n t e n t  compared t o  tablets w i t h  h igher  i n i t i a l  
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THE EFFECT OF MOISTURE 1591 

mois tu re  con ten t  (25). Dibasic calcium phosphate 

d i h y d r a t e  tablets made a t  an i n i t i a l  mo i s tu re  conten t  

of 2.8% showed the  least decrease i n  tablet hardness  

(25). The decrease i n  c rush ing  s t r e n g t h  of 

m i c r o c r y s t a l l i n e  c e l l u l o s e  tablets  was d i r e c t l y  

related t o  t h e  amount of water sorbed (22). 

The effect of moi s tu re  s o r p t i o n  on 

d i s i n t e g r a t i o n  time depends on whether t he  tablet 

material i s  c r y s t a l l i n e  o r  polymeric .  The 

d i s i n t e g r a t i o n  time of m i c r o c r y s t a l l i n e  c e l l u l o s e  

tablets decreased more r a p i d l y  as t h e  amount o f  sorbed 

mois ture  i n c r e a s e d  and as t h e  exposure p e r i o d  t o  t h e  

h igh  pe rcen t  relative humidi ty  i n c r e a s e d  (22). These 

tablets when e v a l u a t e d  a f te r  202 days  had t h e  same 

ha rdness ,  t h i c k n e s s ,  and pe rcen t  mois ture  con ten t  but  

s h o r t e r  d i s i n t e g r a t i o n  times, than  t h o s e  tablets 

e v a l u a t e d  af ter  t h e  9 days .  The change i n  the tablet 

i n t e r n a l  s t r u c t u r e  was i n d i c a t e d  by t h e  abscence of 

f ragments  which d i s i n t e g r a t e d  s lowly  from t h e  tablets  

s t o r e d  f o r  202 days  (22). For tablets t h a t  con ta ined  

l a c t o s e  only  and l a c t o s e  p l u s  naproxen there was a 

tendency for t he  d i s i n t e g r a t i o n  time t o  s l i g h t l y  

i n c r e a s e  (25). For dibasic calcium phosphate 

d i h y d r a t e  tablets prepared  wi th  an i n i t i a l  mois ture  

con ten t  of 1 . 5  t o  3.2% the  d i s i n t e g r a t i o n  time 
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1592  DAWOODBHAI AND RHODES 

i n c r e a s e d  as t h e  p e r i o d  of exposure t o  h igh  humidity 

i n c r e a s e d  ( 2 5 ) .  For s h o r t e r  p e r i o d s  of exposure t h e  

tablets w i t h  i n i t i a l  mois ture  con ten t  of 2 . 5  t o  2.8% 

seemed t o  be least  affected. However, wi th  a 

prolonged p e r i o d  of  exposure the d i s i n t e g r a t i o n  time 

i n c r e a s e d  regardless of t h e  i n i t i a l  mois ture  con ten t  

(25). 

After exposure t o  f o u r  humidi ty  l e v e l s ,  t h e  

p h y s i c a l  s t a b i l i t y  of the tablets were ranked us ing  

t h e  cr i ter ia  of minimum mois ture  up take ,  minimum 

i n c r e a s e  i n  volume of tablets  and t h e  r e t e n t i o n  of t h e  

maximum hardness  and t h e  minimum d i s i n t e g r a t i o n  times. 

The e x c i p i e n t s  dibasic calcium phosphate d i h y d r a t e ,  

and bo th  hydrous and anhydrous l a c t o s e  r e s u l t e d  i n  

more p h y s i c a l l y  stable tablets t h a n  did mannitol  or 

monobasic calcium phosphate  monohydrate. S o r b i t o l ,  

d e x t r o s e  and suc rose  gave t h e  least  p h y s i c a l l y  stable 

tablets (20). 

The T50% v a l u e s  f o r  d i s s o l u t i o n  of naproxen 

from dibasic calcium phosphate  i n c r e a s e d  as the  p e r i o d  

of exposure t o  h igh  humidi ty  i n c r e a s e d  ( 2 5 ) .  The T50% 

v a l u e s  of naproxen from dibasic  calcium phosphate 

d i h y d r a t e  did not  i n c r e a s e  more s i g n i f i c a n t l y  i n  t h e  

tablets  w i t h  higher i n i t i a l  mois ture  con ten t  as 

compared t o  lower i n i t i a l  mois ture  con ten t  tablets f o r  
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THE EFFECT OF MOISTURE 1593 

any g iven  pe r iod  of exposure t o  t h e  h igh  percent  

humidi ty  (25). However, on ly  a s l i g h t  t r e n d  towards 

t h e  decrease i n  d i s s o l u t i o n  rate o f  naproxen a t  5 and 

15 minutes  from l a c t o s e  t ab le t s  exposed t o  h igh  

pe rcen t  r e l a t i v e  humidi ty  occurred  ( 2 4 ) .  The 

d i s s o l u t i o n  rate of sodium naproxen a t  5 and 10 

minutes ,  from m i c r o c r y s t a l l i n e  c e l l u l o s e  tablets made 

w i t h  i n c r e a s i n g  i n i t i a l  mois ture  con ten t  from 3 t o  7 % 

did  not  s i g n i f i c a n t l y  change (17). 

Yois tu re  L o s s .  

Moisture  loss f rom tablets c o n t a i n i n g  h igh  

i n i t i a l  mois ture  con ten t  w i l l  cause  r e c r y s t a l l i z a t i o n .  

The effect of  t h i s  phenomenon w i l l  be d i s c u s s e d  i n  the  

s e c t i o n  below. The c rush ing  s t r e n g t h  of 

m i c r o c r y s t a l l i n e  c e l l u l o s e  tablets showed only  a 

s l i g h t  decrease o r  no change, e s p e c i a l l y  i n  t h e  

abscence of water s o l u b l e  components (3,141. With 

dibasic calcium phosphate d i h y d r a t e  tablets,  mois ture  

l o s s  i s  accompanied by g e n e r a l  hardening i n  t h e  bulk 

of t h e  tab le t s  (25) .  

Moisture  loss a l s o  sho r t ened  t h e  

d i s i n t e g r a t i o n  times of t h e  tablets c o n t a i n i n g  

m i c r o c r y s t a l l i n e  c e l l u l o s e  (3 ,14 ) .  The 

d i s i n t e g r a t i o n  time of dibasic calcium phosphate 
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1594 DAWOODBHAI AND RHODES 

d i h y d r a t e  tablets  remained unchanged f o r  s h o r t  pe r iod  

of exposure t o  low r e l a t i v e  humidi ty  (25 ) .  Prolonged 

exposure t o  low pe rcen t  r e l a t i v e  humidi ty  s l i g h t l y  

shor tened  the  d i s i n t e g r a t i o n  time ( 2 5 ) .  

Mois ture  Gain FoUowe d by Mo i s t u r e  Loss. 
Par t ia l  moi s tu re  loss from mois ture  rich 

tablets r e s u l t s  i n  format ion  of s o l i d  bridges i n  t h e  

form of r e c r y s t a l l i z e d  and/or  material hardening of 

polymeric  b inding  m a t e r i a l s .  The p a r t i a l  mois ture  

loss g e n e r a l l y  r e s u l t s  i n  an  i n c r e a s e  i n  t h e  c rush ing  

s t r e n g t h  of t h e  tablets  ( 1 6 , 2 4 , 2 5 , 2 ? ) .  As t h e  pe rcen t  

l a c t o s e  was i n c r e a s e d  t h e  tablet  hardness  inc reased  

because t h e  l a c t o s e  r e c r y s t a l l i z a t i o n  effect became 

more pronounced (17). Dibasic calcium phosphate 

d i h y d r a t e  tablets s o f t e n e d  by exposure t o  h igh  pe rcen t  

r e l a t i v e  humidi ty  were able t o  r e g a i n  some o f  their  

loss i n  hardness  after s t o r a g e  a t  low pe rcen t  r e l a t i v e  

humidi ty  (25) .  Almost complete r e s t o r a t i o n  t o  

o r i g i n a l  tablet  ha rdness  was p o s s i b l e  when t h e  i n i t i a l  

mo i s tu re  con ten t  was 2.8% ( 2 5 ) .  The s t r e n g t h  of 

c r y s t a l l i n e  b r i d g e s  formed i s  dependent on t h e  

r e c r y s t a l l i z a t i o n  r a t e .  The r e c r y s t a l l i z a t i o n  rate 

affects t h e  tablet ha rdness  by modifying t h e  s i z e  and 

the numbers of the c r y s t a l l i n e  bridges formed i n  t he  
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THE EFFECT OF MOISTURE 1595 

vo id  s p a c e s .  The r e c r y s t a l l i z a t i o n  rate i s  affected 

by fo rmula t ion  changes t h a t  modi f ies  t he  formula t ion  

moi s tu re  s o r p t i o n  p r o p e r t i e s .  

The magnitude of hardness  i n c r e a s e  i n  lactose 

con ta in ing  tablets a t  a g iven  mois ture  con ten t  

depended on t he  c o n c e n t r a t i o n  and t h e  t y p e  of b inde r  

used (17). When the  v a r i o u s  b i n d e r s  were compared, 

t he  c e l l u l o s e s  t y p e s  gave greater i n c r e a s e s  i n  

hardness  compared t o  either g e l a t i n  o r  povidone. 

Acacia produced a minimal i n c r e a s e ,  and starch 

produced t h e  least  i n c r e a s e ,  i n  tablet hardness  (17). 

As t h e  amount of t h e  b i n d e r  was i n c r e a s e d ,  a higher 

i n i t i a l  mo i s tu re  c o n c e n t r a t i o n  i n  t h e  g r a n u l a t i o n  

could be inco rpora t ed  wi thout  g e t t i n g  t h e  s e v e r e  

hardness  i n c r e a s e s  fo l lowing  p a r t i a l  mo i s tu re  l o s s .  

T h i s  sugges t ed  tha t  t h e  higher  b inde r  c o n c e n t r a t i o n  

slowed r e c r y s t a l l i z a t i o n  rate of water s o l u b l e  drug 

and/or  e x c i p i e n t s  which i n  t u r n  r e s u l t e d  i n  formation 

of fewer c r y s t a l l i n e  bonds,  and hence ,  t he  minimal 

i n c r e a s e  i n  the tablet ha rdness  w i t h  p a r t i a l  moisture  

l o s s  (17,24,27). The greater e f f e c t i v e n e s s  of higher 

b inde r  c o n c e n t r a t i o n  i n  reducing  t h e  r e c r y s t a l l i z a t i o n  

rate i s  p o s s i b l y  due t o  i n c r e a s e d  v i s c o s i t y  which 

would slow down t h e  rate of d i f f u s i o n  of t h e  d i s so lved  

subs t ances  t o  the  growing c r y s t a l  s u r f a c e s .  
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1596 DAWOODBHAI AND RHODES 

It has been shown t h a t  t h e  s t r e n g t h  of t h e  

c r y s t a l l i n e  b r i d g e s  are not  dependent on t h e  tablet 

hardness  immediately fo l lowing  compression ( 2 4 ) .  The 

l a c t o s e  based tablets  tha t  had been s o f t e n e d  by 

exposure t o  h igh  pe rcen t  r e l a t i v e  humidi ty ,  when 

exposed overn ight  t o  ambient c o n d i t i o n s ,  showed t h a t  

t h e  hardness  i n c r e a s e  d id  not  depend on t h e  i n i t i a l  

pos t  compression hardness  ( 2 4 ) .  With polymeric  

materials such as m i c r o c r y s t a l l i n e  c e l l u l o s e ,  

r e c r y s t a l l i z a t i o n  of water s o l u b l e  subs t ances  may lead 

t o  i n c r e a s e s  i n  t h e  tablet  hardness  (17). 

The d i s i n t e g r a t i o n  times of t h e  

m i c r o c r y s t a l l i n e  c e l l u l o s e  tablets  d id  not  i n c r e a s e  t o  

their  o r i g i n a l  v a l u e s  after p a r t i a l  mois ture  l o s s ,  

i n d i c a t i n g  t h a t  the hydrogen bonds were not  

r egene ra t ed  ( 2 2 ) .  F o r  dibasic calcium phosphate 

d i h y d r a t e  t ab le t s ,  p r e v i o u s l y  cond i t ioned  a t  h igh  

r e l a t i v e  humidi ty ,  a s i n g l e  ove rn igh t  room c o n d i t i o n  

exposure f u r t h e r  prolonged t h e  d i s i n t e g r a t i o n  times, 

e s p e c i a l l y  i f  t he  tablets had ve ry  low o r  ve ry  high 

mois ture  con ten t  a t  t h e  time of compression ( 2 5 ) .  

For pure lactose tablets ,  and a l s o  f o r  lactose 

tablets  con ta in ing  naproxen,  the  r e c r y s t a l l i z a t i o n  

effect  tended t o  s l i g h t l y  prolong d i s i n t e g r a t i o n  times 

(24 ,281 .  
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THE EFFECT OF MOISTURE 1597 

The r e c r y s t a l l i z a t i o n  effect d i d  not  

s i g n i f i c a n t l y  change t h e  d i s s o l u t i o n  rate of naproxen 

from l a c t o s e  tablets  w i t h  h igh  i n i t i a l  mois ture  

c o n c e n t r a t i o n  a t  t h e  time of  compression, o r  which had 

been exposed t o  h i g h  pe rcen t  r e l a t i v e  humidi ty ,  

followed by an overn ight  exposure t o  ambient 

c o n d i t i o n s  (17,24,27), o r  by change of pe rcen t  lactose 

i n  t h e  fo rmula t ion  (17). Compared t o  t he  lactose 

tablets  w i t h  an  i n i t i a l  mois ture  c o n t e n t  of under 

2.396, t he  tablets a f te r  p a r t i a l  mo i s tu re  l o s s ,  had 

somewhat lower percent  of naproxen d i s s o l v e d  a t  5 

minutes compared t o  the i r  i n i t i a l  v a l u e ,  i n d i c a t i n g  a 

lag time (17). The d i s s o l u t i o n  ra te  of sodium 

naproxen and the sodium benzoate  from the  

m i c r o c r y s t a l l i n e  c e l l u l o s e  tablets remained r a p i d  and 

unchanged (17). Modif ica t ion  o f  r e c r y s t a l l i z a t i o n  

rate by t h e  presence  of d i f f e r e n t  b i n d e r s  had no 

effect on s a l i c y l i c  acid T50% d i s s o l u t i o n  from l a q t o s e  

con ta in ing  tablets (27). The d i s s o l u t i o n  rate of 

naproxen from dibasic calcium phosphate d i h y d r a t e  

tablets  a f te r  p a r t i a l  mois ture  l o s s  remained.close t o  

t h e i r  e l e v a t e d  T50% v a l u e s  as ob ta ined  af ter  exposure 

t o  h igh  pe rcen t  r e l a t i v e  humidi ty  (24,251. I n  

summary, t h e  effect  o f  mois ture  g a i n  i s  similar t o  

p a r t i a l  mois ture  l o s s  i n  slowing the  d i s s o l u t i o n  rate 
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1598 DAWOODBHAI AND RHODES 

of naproxen from dibasic calcium phosphate d i h y d r a t e  

tablets.  

Conclusions. 

Powder f low p r o p e r t i e s  are affected by 

numerous f a c t o r s .  I n  g e n e r a l ,  t h e  presence  of 

moisture  t e n d s  t o  decrease t h e  flow of t h e  powders by 

i n c r e a s i n g  their  t e n s i l e  s t r e n g t h .  The adsorbed 

moisture  f i l m  acts as a low v i s c o s i t y  l u b r i c a n t  du r ing  

compaction, t he reby  promoting uniform d e n s i t y  w i t h i n  

t h e  tablets  and dec reas ing  the  adhesion o f  the tablets 

t o  t h e  d i e  wall .  I n  a d d i t i o n ,  the  p l a s t i c i z i n g  effect 

of mois ture  on amorphous and polymeric  materials, and 

t h e  r e c r y s t a l l i z a t i o n  effect w i t h  some c r y s t a l l i n e  

materials c o n t r i b u t e s  t o  format ion  of a s t r o n g  tab le t .  

Conversely,  e x c e s s i v e  mois ture  decreases t h e  tablet 

s t r e n g t h  by dec reas ing  the  powder t e n s i l e  s t r e n g t h ,  

i n c r e a s i n g  both e las t ic  recovery  and hydrodynamic 

r e s i s t a n c e .  Phys ica l  s t a b i l i t y  of the  tab le t s  i s  

s i g n i f i c a n t l y  altered by mois ture  g a i n ,  mo i s tu re  l o s s  

and p a r t i a l  mois ture  l o s s .  The effects observed are 

l a r g e l y  dependent upon the  fo rmula t ion .  
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