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AQUEOUS FILM-COATING VAPORIZATION EFFICIENCY 
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Abbot t  L a b o r a t o r i e s ,  N o r t h  Chicago, I 1  l i n o i s  

ABSTRACT 

A s teady -s ta te  c o n d i t i o n  i s  achieved d u r i n g  most o f  an 

aqueous f i l m - c o a t i n g  c y c l e ,  i.e. , t h e  r a t e  o f  a p p l i c a t i o n  o f  

mo is tu re  t o  t h e  t a b l e t  bed i s  equal t o  i t s  r a t e  o f  evaporat ion.  A 
mathematical  model was developed f o r  t h e  s t e a d y - s t a t e  c o n d i t i o n  t o  

desc r ibe  t h e  e f f i c i e n c y  o f  evapora t i on  o f  t h e  aqueous s o l v e n t  f o r  

any s e t  of d r y i n g  c o n d i t i o n s  ( i n l e t  a i r  f l o w  r a t e ,  temperature,  
and h u m i d i t y )  and spray r a t e  o f  c o a t i n g  suspension. The model was 

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

c o a t i n g  composi t ions.  A v a p o r i z a t i o n  e f f i c i e n c y ,  E,, was d e f i n e d  

as a means t o  assess a r e p r o d u c i b l e  c o a t i n g  end p o i n t .  Es va lues  

f o r  each c o a t i n g  formula f e l l  w i t h i n  a narrow range. The hydroxy-  

p r o p y l  c e l l u l o s e  c o a t i n g  system had a s i g n i f i c a n t l y  l ower  Es v a l u e  

due t o  t h e  h i g h e r  t a c k i n e s s  t h a t  occurs w i t h  t h i s  polymer d u r i n g  

f i l m  format ion.  

INTRODUCTION 

The f i r s t  f i l m - c o a t e d  t a b l e t  was marketed by Abbot t  Labora- 

While t h e  o r i -  
t o r i e s  i n  1953. An impress i ve  l i s t  o f  advantages o f  f i l m - c o a t i n g  

was enumerated f o r  t h i s  t a b l e t  c o a t i n g  process'. 

g i n a l  f i l m - c o a t i n g  work was e x c l u s i v e l y  w i t h  o rgan ic  s o l v e n t  

systems, t h e r e  i s  c u r r e n t l y  a s h i f t  underway t o  aqueous t a b l e t  

coat ing.  

c o a t i n g  formulas comes f r o m  t h e  f l a m m a b i l i t y ,  env i ronmenta l  t o x i -  
c i t y ,  and e s c a l a t i n g  c o s t  o f  o rgan ic  so l ven ts .  

The impetus f o r  t h e  t r a n s i t i o n  t o  an aqueous s o l v e n t  f o r  

Aqueous t a b l e t  
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946 REILAND ET AL. 

c o a t i n g  i s  n o t  w i t h o u t  i t s  drawbacks, however. The s t a b i l i t y  o f  

t h e  a c t i v e  i n g r e d i e n t s  i n  t h e  presence o f  mo is tu re  i s  o f  obv ious 

concern. Aqueous c o a t i n g  suspensions may a l s o  suppor t  b a c t e r i a l  

growth which i s  n o t  a c o n s i d e r a t i o n  when o rgan ic  s o l v e n t s  a r e  

used. 
c u l t i e s  presented by t h e  s h i f t  t o  aqueous c o a t i n g  i s  t h e  g r e a t l y  

increased energy requi rements t o  evaporate t h e  wa te r  i n  t h e  forma- 

t i o n  o f  t h e  f i l m  on t h e  t a b l e t  sur face.  This ,  o f  course, i s  a 

r e s u l t  o f  t h e  ve ry  h i g h  l a t e n t  hea t  o f  v a p o r i z a t i o n  f o r  wa te r  

r e l a t i v e  t o  t h e  commonly used o rgan ic  so l ven ts .  

From a process p o i n t  o f  v iew,  one o f  t h e  g r e a t e s t  d i f f i -  

A t  p resen t ,  t h e  approach used i n  t h e  pharmaceut ica l  i n d u s t r y  

towards t h e  f i l m - c o a t i n g  o f  t a b l e t s  i s  p r i m a r i l y  e m p i r i c a l .  The 

purpose o f  t h i s  r e p o r t  i s  t o  d e s c r i b e  a d r y i n g  t h e o r y  f o r  t h e  va-  

p o r i z a t i o n  o f  aqueous s o l v e n t  d u r i n g  a f i l m - c o a t i n g  process. It 

can be used t o  examine t h e  e f f e c t  o f  c o a t i n g  f o r m l a  a p p l i c a t i o n  
r a t e  and i n  de te rm in ing  t h e  i n f l u e n c e  o f  t h e  a i r  temperature,  a i r  

f l o w  r a t e ,  and h u m i d i t y  o f  t h e  d r y i n g  a 

c o a t i n g  o f  t a b l e t s .  

THEORETICAL 

Dur ing  most o f  t h e  aqueous c o a t i n g  

r i n  t h e  aqueous f i l m -  

o p e r a t i o n  i n  an a i r -  

suspension o r  p e r f o r a t e d  pan t y p e  c o a t e r  a s t e a d y - s t a t e  i s  main- 

t a i n e d  between t h e  r a t e  o f  a p p l i c a t i o n  o f  wa te r  i n  t h e  c o a t i n g  

composi t ion and i t s  r a t e  o f  evaporat ion.  The d r y i n g  t h e o r y  d e v e l -  

oped i s  aimed a t  d e s c r i b i n g  t h e  s t e a d y - s t a t e  s i t u a t i o n  only .  

s teady -s ta te  t h e  d r y i n g  r a t e  must equal t h e  a p p l i c a t i o n  r a t e  o f  

t h e  c o a t i n g  suspension. 

i s  e x a c t l y  t h e  same as t h e  r a t e  o f  s p r a y i n g  o f  water on to  t h e  
t a b l e t  bed. A m o i s t u r e  ba lance f o r  t h i s  s t e a d y - s t a t e  c o n d i t i o n ,  

assuming a c losed system, i s  

A t  

That i s ,  t h e  r a t e  o f  evapora t i on  o f  wa te r  

1. 

GH1 + 15.432RX = GH2 (1 1 
where 

R = c o a t i n g  f o r n u l a  a p p l i c a t i o n  r a t e  (g./min.) 
X = aqueous f r a c t i o n  o f  t h e  c o a t i n g  fo rmu la  
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AQUEOUS FI'LM-COATING 947 

G = mass f l o w  o f  a i r  t h rough  t h e  system 
( lb .  dry a i r /min. )  

r e s p e c t i v e l y  (g r . / l  b. dry a i r )  
H1, H2 = h u m i d i t y  i n  t h e  i n l e t  and exhaust  a i r  d u c t s  

The mass f l o w  o f  a i r  t h rough  t h e  system i s  ob ta ined  from t h e  

s tandard c u b i c  f e e t  pe r  minute (SCFM) of a i r  f l o w  d i v i d e d  by t h e  
s p e c i f i c  volume o f  t h e  a i r .  S o l v i n g  f o r  R 

Under a g i ven  s e t  o f  d r y i n g  c o n d i t i o n s  ( f i x e d  i n l e t  temper- 
a t u r e ,  h u m i d i t y ,  and a i r  f l o w  r a t e )  t h e r e  w i l l  be a maximum 
p o s s i b l e  a p p l i c a t i o n  r a t e ,  Rmax, a t  which a s teady -s ta te  c o n d i t i o n  
can be achieved and i t  w i l l  be g i v e n  by 

where Hs i s  t h e  s a t u r a t i o n  h u m i d i t y  o f  t h e  exhaust a i r  (gr./ lb. 

d r y  a i r ) .  Spray o r  e v a p o r a t i v e  c o o l i n g  f o l l o w s  t h e  wet-bu lb l i n e  
on a psych romet r i c  chart'. 
exhaust a i r  a t  Rmax w i l l  be t h e  we t -bu lb  t e n p e r a t u r e  o f  t h e  i n l e t  
a i r .  
t h e  exhaust d u c t  would r e q u i r e  a w a t e r  s u r f a c e  reach ing  a dynamic 
e q u i l i b r i u m  between t h e  r a t e  o f  heat  t r a n s f e r  by convec t i on  and 
t h e  r a t e  o f  mass t r a n s f e r  by evaporat ion.  Fo r  t h i s  t o  occu r ,  t h e  
e n t i r e  t a b l e t  bed s u r f a c e  would have t o  be s a t u r a t e d  w i t h  water.  
This i s  n o t  a c o n d i t i o n  o f  p r a c t i c a l  i n t e r e s t  i n  f i l m - c o a t i n g ,  b u t  
i s  u s e f u l  t h e o r e t i c a l l y  as a re fe rence  p o i n t .  

Th is  means t h a t  t h e  temperature o f  t h e  

To o b t a i n  a wet-bu lb temperature on a temperature p robe  i n  

Using t h e  a p p l i c a t i o n  r a t e  and t h e  t h e o r e t i c a l  maximum a p p l i -  
c a t i o n  r a t e  under t h e  g i ven  d r y i n g  c o n d i t i o n s ,  a v a p o r i z a t i o n  
e f  f i c i  ency , E , can be expressed 

R 
E = -  

Rmax 

Th is  i s  s i m i l a r  t o  t h e  v a p o r i z a t i o n  e f f i c i e n c y  desc r ibed  f o r  
t h r o u g h - c i r c u l a t i o n  b a t c h  dry ing3.  
c a l c u l a t e d  f rom t h e  f o l l o w i n g  rearrangement o f  e q u a t i o n  (1): 

The exhaust  h u m i d i t y ,  H2, i s  
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948 REILAND ET AL. 

+ H 1  
- 15.432RX 

H2 - G 

The exhaust temperature,  T2, can be es t ima ted  by s u b t r a c t i n g  f r o m  

t h e  heat i n p u t  t h e  heat l o s s  due t o  evapora t i on  o f  t h e  aqueous 

s o l v e n t  and l o s s  t o  t h e  environment. 

T1 i s  t h e  i n l e t  temperature ("C), X i s  t h e  l a t e n t  hea t  o f  v a p o r i -  

z a t i o n  (cal./g.) a t  t h e  wet-bu lb temperature,  and s i s  t h e  humid 

heat (cal./lb."C) o f  t h e  d r y i n g  a i r .  A 5% heat loss t o  t h e  en- 

v i  roninent i s  assumed based on exper ience i n  a 24" Accela-Cota. 

S u b s t i t u t i n g  equat ions (2 )  and (3) i n t o  equa t ion  (4) y i e l d s  

S u b s t i t u t i n g  f o r  H2 i n  equa t ion  ( 7 )  g i v e s  

1 5.4 3 2RX 
G1H,-H1) E =  

The independent v a r i a b l e s  i n  t h e  f i l m - c o a t i n g  process a r e  X ,  TI, 

H I ,  R and G. Equat ion (8) expresses t h e  v a p o r i z a t i o n  e f f i c i e n c y  

i n  terms o f  t h e  independent v a r i a b l e s  excep t  t h a t  t h e  s a t u r a t i o n  

h u m i d i t y ,  H, ,  i s  inc luded.  

h u m i d i t y  and temperature,  f u r t h e r  s i w l i f i c a t i o n  i s  d i f f i c u l t .  

S ince Hs i s  a n o n l i n e a r  f u n c t i o n  o f  

Presumably acceptable f i l m - c o a t i n g  can be made ove r  a range 

o f  v a p o r i z a t i o n  e f f i c i e n c y  as c a l c u l a t e d  u s i n g  e q u a t i o n  (8). With 

a s p e c i f i c  c o a t i n g  formula and d r y i n g  c o n d i t i o n s  t h e r e  w i l l  be a 

maximum c o a t i n g  a p p l i c a t i o n  r a t e  c o n p a t i b l e  w i t h  t h e  f o r m a t i o n  o f  

an acceptable f i lm-coat ing.  The v a p o r i z a t i o n  e f f i c i e n c y  c a l  c u l  a -  

t e d  w i t h  t h i s  maximum c o a t i n g  a p p l i c a t i o n  r a t e  and t h e  s p e c i f i c  

d r y i n g  c o n d i t i o n s  w i l l  be a c r i t i c a l  v a l u e  above which success fu l  

c o a t i n g  w i l l  n o t  g e n e r a l l y  be poss ib le .  The c r i t i c a l  v a p o r i z a t i o n  

e f f i c i e n c y  f o r  a s p e c i f i c  c o a t i n g  fo rmu la  i s  n o t  a s i n g l e  v a l u e ,  
b u t  f a l l s  w i t h i n  a narrow range under v a r i o u s  d r y i n g  c o n d i t i o n s .  

O i f f e r e n t  c o a t i n g  formulas may produce a range o f  c r i t i c a l  v a p o r i -  
z a t i o n  e f f i c i e n c i e s .  T h i s  i s  p r i m a r i l y  dependent on t h e  p h y s i c a l  
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AQUEOUS FILM-COATING 949 

p r o p e r t i e s  of t h e  f i l m s  obta ined f ro in  t h e  c o a t i n g  formulas.  
t a c k i n e s s  o f  t h e  f i l m  d u r i n g  d r y i n g  i s  p a r t i c u l a r l y  r e l e v a n t  t o  

t h i s  assessment. 

The 

Using t h e  v a p o r i z a t i o n  e f f i c i e n c y  as expressed i n  e q u a t i o n  

(8) ,  t h e  i n f l u e n c e  o f  t h e  c o a t i n g  spray r a t e ,  t h e  s o l i d s  c o n t e n t  
o f  t h e  fo rmu la  and t h e  t e n p e r a t u r e ,  h u m i d i t y ,  and f l o w  r a t e  o f  t h e  

d r y i n g  a i r  can be examined and q u a n t i f i e d .  Only t h e  q u a n t i t y  o f  
water  i n  t h e  c o a t i n g  cornposi t ion i s  i m p o r t a n t  i n  t h e  d e r i v a t i o n  o f  

t h i s  mathematical  model. However, t h e  a c t u a l  composi t ion o f  t h e  

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

f i l m - c o a t e d  t a b l e t s  under s p e c i f i e d  c o n d i t i o n s .  

v a p o r i z a t i o n  e f f i c i e n c i e s  t h e  c o a t i n g  system i s  o p e r a t i n g  c l o s e r  

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

o b t a i n i n g  accep tab le  f i l m - c o a t e d  t a b l e t s  i s  s i g n i f i c a n t l y  i n -  

creased. 

A t  t h e  h i g h e r  

The i n f l u e n c e  o f  changing any o f  t h e  v a r i a b l e s  d e f i n i n g  t h e  

v a p o r i z a t i o n  e f f i c i e n c y  i n  a g iven s e t  o f  c o a t i n g  c o n d i t i o n s  can 

be examined by e v a l u a t i o n  o f  t h e  p a r t i a l  d e r i v a t i v e s  o f  equa t ion  

(8) w i t h  respec t  t o  each v a r i a b l e .  They can be u t i l i z e d  t o  des-  

c r i b e  t h e  magnitude o f  change i n  each o f  t h e  c o a t i n g  v a r i a b l e s  

necessary t o  a f f e c t  a d e s i r e d  change i n  t h e  v a p o r i z a t i o n  e f f i -  

c iency.  The f o l l o w i n g  d e r i v a t i v e s  can be obta ined:  

The v a p o r i z a t i o n  e f f i c i e n c y  i n  e q u a t i o n  (8) i s  a comp l i ca ted  

f u n c t i o n  o f  i n l e t  h u m i d i t y  s i n c e  Hs i s  a f u n c t i o n  o f  i n l e t  

h u m i d i t y  as w e l l  as i n l e t  temperature.  The e v a l u a t i o n  o f  t h e  
e f f e c t  o f  changing i n l e t  h u m i d i t y  can be examined by l o o k i n g  a t  

t h e  e f f e c t  o f  changing t h e  h u m i d i t y  d r i v i n g  f o r c e ,  ( H s - H l ) .  
p a r t i a l  d e r i v a t i v e  o f  e q u a t i o n  (8) w i t h  r e s p e c t  t o  t h e  h u m i d i t y  

d r i v i n g  f o r c e  i s  

The 
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REILAND ET AL. 9 50 

The h u m i d i t y  d r i v i n g  f o r c e  i s  i nc reased  by i n c r e a s i n g  T1 o r  de- 
H1 a l s o  i nc reases  H,, b u t  
d i t y  d r i v i n g  f o r c e ,  

c reas ing  H1, A t  cons tan t  T1, i n c r e a s i n g  
n o t  as r a p i d l y .  T h i s  r e s u l t s  i n  t h e  hum 
(Hs-H1), decreasing. 

A t  cons tan t  i n l e t  h u m i d i t y ,  i n c r e a s  

a t u r e  increases t h e  s a t u r a t i o n  h u m i d i t y ,  

ng t h e  i n l e t  a i r  temper- 
H,. The s a t u r a t i o n  

h u m i d i t y  can e m p i r i c a l l y  be p r e c i s e l y  and a c c u r a t e l y  represented 

by a po l ynomia l ,  P, i n  terms o f  t h e  wet-bu lb temperature,  Tw, o f  
t h e  i n l e t  a i r  

Hs = P(Tw) = a. t a l T w  + a2Tw 2 t ... t anTG (13) 

This  a l l o w s  e v a l u a t i o n  o f  t h e  p a r t i a l  d e r i v a t i v e ,  aE/aTw, u s i n g  

t h e  c h a i n  r u l e  

Thus, a t  cons tan t  i n l e t  h u m i d i t y ,  t h e  e v a l u a t i o n  o f  aE/aTw can be 
used t o  es t ima te  t h e  i n f l u e n c e  o f  a change i n  i n l e t  temperature on 
t h e  v a p o r i z a t i o n  e f f i c i e n c y .  From a psych romet r i c  c h a r t ,  a t  50 
gr./ lb. d r y  a i r  h u m i d i t y  (approx imate ly  40% r e l a t i v e  h u m i d i t y  a t  
24"C), t h e  wet-bu lb temperature changes about  1°C f o r  every 3°C 
change i n  TI. 

EXPERIMENTAL 

A l l  aqueous f i l m - c o a t i n g  o f  t a b l e t s  was per formed i n  a 24" 
Accela-Cota mod i f i ed  t o  produce a i r  f l o w  r a t e s  up t o  700 SCFM a t  
an i n l e t  a i r  temperature s e t t i n g  up t o  90°C. 
d i t y  was monitored by an EG&G Model 911 Dew-All h u m i d i t y  ana ly -  
zer. 
Mot ion Model C12 mass-flow meter. Coat ing t r i a l s  were performed 
a t  a f i x e d  pan speed o f  12 RPM u s i n g  60 P S I  a t o m i z i n g  a i r  
pressure.  A Spray ing Systems Co. spray-gun Model 1/4JAU was 
equipped w i t h  a Model 2850 f l u i d  cap and a Model 67228-45" a i r  

cap. 

The i n l e t  a i r  humi- 

The c o a t i n g  l i q u i d  spray r a t e  was f o l l o w e d  with a M i c r o -  D
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AQUEOUS FILM-COATING 951 

Nonabsorbent p o l y s t y r e n e  beads 7/16" i n  d iamete r  were used i n  

a p r e l i m i n a r y  t r i a l  where d i s t i l l e d  water (wi th 0.2% sodium l a u r y l  
s u l f a t e )  was sprayed a t  i n c r e a s i n g  r a t e s  u n t i l  t h e  bead bed was 

saturated.  Th is  pure aqueous system was used t o  demonstrate t h e  

v a l i d i t y  of t h e  b a s i c  mathematical  model. 
used as t h e  t a b l e t  s u b s t r a t e  i n  a l l  t h e  f i l m - c o a t i n g  t r i a l s .  

Twelve k i lograms was t h e  t a b l e t  l o a d  i n  each case. 

Lactose placeboes were 

The b a s i c  c o a t i n g  formula i s  g i ven  i n  Table 1. Hydroxypropyl  
m e t h y l c e l l u l o s e  6 cps (Pharmacoat Type 606, Shin-Etsu Chem. Co.), 
hydroxypropyl  m e t h y l c e l l u l o s e  15 cps (Pharmacoat Type 615), and 

hydroxypropyl  c e l l u l o s e  (K luce l  LF, Hercules Inc.) were t h e  f i l m -  

formers i n v e s t i g a t e d .  

TABLE 1 

Aqueous F i l m - c o a t i n g  Formula 

F i  1 m-Former 4.0% (w/v) 
Propy l  ene G lyco l  2.0 

T i t a n i u m  D i o x i d e  1.0 

Dye, Yel low, FD&C #6 0.1 
D i s t i l l e d  Water q.s. 

To adequate ly  t e s t  t h e  d r y i n g  t h e o r y ,  f i l m - c o a t i n g  was per formed 

a t  extremes o f  i n l e t  a i r  temperature,  humid i t y ,  and a i r  f l ow .  

I n l e t  t e w e r a t u r e  s e t t i n g s  o f  55OC and 85OC were used i n  com- 

b i n a t i o n  w i t h  ambient room humid i t y  and t h e  e q u i v a l e n t  o f  g r e a t e r  
t h a n  60% r e l a t i v e  h u m i d i t y  i n  t h e  room a i r  (achieved by t h e  

i n t r o d u c t i o n  o f  steam i n  t h e  i n l e t  a i r  supply) .  
s e t t i n g s  were e i t h e r  app rox ima te l y  300 SCFM o r  650 SCFM. A l l  runs 

were repeated a t  as c l o s e  as p o s s i b l e  t o  i d e n t i c a l  c o n d i t i o n s .  
RESULTS AND D I S C U S S I O N  

The a i r  f l o w  

The mathmat ica l  model desc r ibes  t h e  d r y i n g  e f f i c i e n c y  o f  t h e  

aqueous s o l v e n t  i n  t h e  t a b l e t  f i l m - c o a t i n g  process. 

d r y i n g  i s  assumed as t h e  s o l e  method o f  m o i s t u r e  evaporat ion.  

e f f e c t  o f  d i f f e r e n t  f i l m - f o r m e r s  and d r y i n g  c o n d i t i o n s  on v a p o r i -  

Convect ion 

The 
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952 REILAND ET AL 

z a t i o n  e f f i c i e n c y  a t  a d e f i n e d  c o a t i n g  end p o i n t  was examined as 

w e l l  as t h e  e f f e c t s  o f  changing c o a t i n g  c o n d i t i o n s .  

The a p p l i c a b i l i t y  o f  t h e  d r y i n g  model based o n l y  on convec- 

t i o n  d r y i n g  was shown by s p r a y i n g  water on t h e  p o l y s t y r e n e  beads 

as i l l u s t r a t e d  i n  F i g u r e  1. The recorded i n l e t  temperature was 

constant  around 6 O O C .  The exhaust temperature,  measured i n  t h e  

d u c t  immediately o u t s i d e  t h e  Accela-Cota, was seen t o  d rop  as t h e  

spray r a t e  o f  water  was incremented u n t i l  250 g./min. was 

reached. A t  t h i s  p o i n t  t h e  temperature probe i n  t h e  exhaust d u c t  

was v i s i b l y  wet. A sp ray - ra te  o f  300 g./min. d i d  n o t  produce any 

f u r t h e r  change i n  t h e  exhaust temperature.  The i n l e t  h u m i d i t y  was 

measured t o  be 36 gr . / lb .  d r y  a i r  (+ 2 gr . / lb .  f l u c t u a t i o n  d u r i n g  

t h e  t r i a l ) .  

f o r  a i r  a t  6OoC and 36 gr. / lb.  d r y  a i r  i s  25"C, which i s  i n  

excel  l e n t  agreement w i t h  t h e  minimum exhaust  temperature v a l u e  
f rom F i g u r e  1. T h i s  i s  evidence t h a t  as t h e  r a t e  o f  s p r a y i n g  

water  increases t h e  T2 v a l u e  approaches t h e  wet-bul  b tempera tu re  

o f  t h e  i n l e t  a i r .  Comparison o f  t h e  e x p e r i m e n t a l l y  measured 

va lues o f  T2 based on t h e  evapora t i on  o f  wa te r  p r e s e n t  i n  t h e  

formula were i n  ve ry  good agreement. 

polymer,  p l a s t i c i z e r  and pigments d i d  n o t  s i g n i f i c a n t l y  change t h e  

r e s u l t s  expected f rom pure convec t i on  d r y i n g  o f  water.  Good 

agreement between t h e  va lues for  t h e  wet-bu lb ternperature o f  t h e  

i n l e t  a i r  and t h e  temperature o f  a probe p laced d i r e c t l y  i n  t h e  

spray d u r i n g  t h e  c o a t i n g  process i s  f u r t h e r  ev idence o f  t h e  

p r imary  r o l e  of convec t i on  d ry ing .  The spray probe temperature 
was g e n e r a l l y  about l 0 C  l e s s  t h a n  t h e  c a l c u l a t e d  Tw o f  t h e  i n l e t  
a i r .  Th i s  smal l  d i f f e r e n c e  cou ld  be t h e  r e s u l t  o f  t h e  tempera tu re  

of t h e  a i r  a t  t h e  p o i n t  where t h e  spray probe was p laced  b e i n g  
s l i g h t l y  l e s s  than t h e  va lue of T1 measured f u r t h e r  upstream i n  
t h e  i n l e t  a i r  supply  duct,  

The wet-bu lb temperature f r o m  a psych romet r i c  c h a r t  

Thus, t h e  presence o f  

Acceptable f i l m - c o a t i n g  can be made ove r  a range o f  vapor i za -  

t i o n  e f f i c i e n c y  up t o  a c r i t i c a l  va lue  dependent on t h e  c o a t i n g  
formula and c o a t i n g  c o n d i t i o n s .  The c r i t i c a l  v a p o r i z a t i o n  e f f i -  
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AQUEOUS FILM-COATING 95 3 
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F I G U R E  1. Spraying o f  Water on Polyst rene Beads. 

ciency i s  a coat ing  end po in t  dependent on the  sub jec t ive  evalua- 

t i o n  of t h e  q u a l i t y  of t h e  coating. To a t t e n p t  t o  reduce t h e  

s u b j e c t i v i t y  i n  the determinat ion o f  t he  coat ing  end p o i n t ,  a 

vapor iza t ion  e f f i c i e n c y ,  E,, a t  which s t i c k i n g  t o  t h e  coa t ing  pan 

occurs, was defined. This i s  the vapor iza t ion  e f f i c i e n c y  ca l cu la -  

t e d  from t h e  d r y i n g  cond i t ions  and coa t ing  spray r a t e  t h a t  p ro-  

duced 2 o r  more t a b l e t s  s t i c k i n g  t o  the  coat ing  pan f o r  a complete 

revo lu t i on  du r ing  a 1 minute observat ion period. The end p o i n t  

def ined i n  t h i s  manner proved q u i t e  reproducible. The Es value 

w i l l  be s l i g h t l y  h igher  than t h e  upper l i m i t  f o r  vapor i za t i on  
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954 REILAND ET AL. 

e f f i c i e n c y  compat ib le  w i t h  good q u a l i t y  f i l m - c o a t i n g .  

f i l m - c o a t i n g  can be ob ta ined  a t  E va lues below Es. 

E legant  

The e f f e c t  o f  t h e  3 d i f f e r e n t  f i l m - f o r m e r s  on t h e  c o a t i n g  

v a p o r i z a t i o n  e f f i c i e n c y  a t  which s t i c k i n g  occurred,  under  t h e  v e r y  
best  d r y i n g  c o n d i t i o n s  s t u d i e d ,  i s  shown i n  Table 2. 

a t  approx imate ly  t h e  same c o n d i t i o n s  a r e  r e p o r t e d  i n  a l l  cases. 

The most s t r i k i n g  obse rva t i on  was t h e  d r a m a t i c a l l y  l ower  Es v a l u e  

f o r  hydroxypropyl  c e l l u l o s e  when compared w i t h  t h e  two v i s c o s i t y  

grades o f  hydroxypropyl  methyl  c e l  l u l  ose s tud ied .  The hydroxy-  

p ropy l  c e l l u l o s e  f i l m s  were q u i t e  t a c k y  d u r i n g  f i l m  f o r m a t i o n  and 
t h i s  was r e f l e c t e d  i n  t h e  much lower  Es values. Coat ing w i t h  t h e  

two v i s c o s i t y  grades o f  hydroxypropyl  m e t h y l c e l l u l o s e  cou ld  be 

performed a t  much h i g h e r  v a p o r i z a t i o n  e f f i c i e n c i e s  b e f o r e  s t i c k i n g  

occurred. The lowes t  v i s c o s i t y  grade o f  hydroxypropyl  methyl  - 
c e l l u l o s e  could be a p p l i e d  s l i g h t l y  f a s t e r .  With t h e  same f i l m -  

former t h e  t a c k i n e s s  o f  t h e  c o a t i n g  composi t ion would be expected 
t o  decrease w i t h  dec reas ing  mo lecu la r  we igh t  . The average v i s -  

c o s i t y  of t h e  hydroxypropyl  c e l l u l o s e  c o a t i n g  suspension was 87 

cps. which i s  i n t e r m e d i a t e  between t h e  6 cps. and 15 cps. v i s -  

c o s i t y  grades o f  hydroxypropyl  m e t h y l c e l l u l o s e  (56 cps. and 145 

cps. r e s p e c t i v e l y ) .  

good. 

Two t r i a l s  

4 

The r e p r o d u c i b i l i t y  o f  t h e  E s  values was 

A t  l ower  temperatures o r  a i r  f l o w s  no accep tab le  f i l m - c o a t i n g  
could be produced w i t h  t h e  hydroxypropyl  c e l l u l o s e  c o a t i n g  compo- 

s i t i o n ,  i.e., severe p i c k i n g ,  ch ipp ing ,  o r  edge p e e l i n g  occu r red  

up t o  t h e  p o i n t  where t a b l e t s  s t a r t e d  s t i c k i n g  t o  t h e  c o a t i n g  

pan. 

hydroxypropyl  m e t h y l c e l l u l o s e  as t h e  f i lm- fo rmer .  The e f f e c t  o f  

a i r  f l o w  a t  low and h i g h  i n l e t  temperatures i s  i l l u s t r a t e d  i n  

Table 3 f o r  t h e  hydroxypropyl  m e t h y l c e l l u l o s e  c o a t i n g  l i q u i d s .  
Ambient h u m i d i t y  was used i n  a l l  t r i a l s  and ranged f r o m  10 t o  40 

gr. / lb.  d r y  a i r .  Again t h e  E, va lues f o r  each c o a t i n g  fo rmu la  
f e l l  w i t h i n  a narrow range. 
a t  t h e  same v a p o r i z a t i o n  e f f i c i e n c y  under t h e  v a r i o u s  c o a t i n g  

F u r t h e r  c o a t i n g  t r i a l s  were l i m i t e d  t o  fo rmu las  employ ing 

S t i c k i n g  t o  t h e  c o a t i n g  pan occu r red  
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AQUEOUS FILM-COATING 

TABLE 2 

955 

VAPORIZATION EFFICIENCIES (E,) FOR 4% FILM-FORMER 

COATING COMPOSITIONS AT MAXIMUM D R Y I N G  CONDITIONS 
T l ( " C )  H l ( g r / # )  SCFM Rs(g/min) Es F i  1 m-f ormer 

Hydroxypropyl  methyl  - 84 , 41 673 145 0.26 
c e l l u l o s e  - 6 cps 85 15 655 165 0.29 

Hydroxypropyl  methyl  - 84 15 622 120 0.23 

c e l l u l o s e  - 15 cps 87 25 646 115 0.20 

Hyd roxyp ropy l  
c e l  l u  1 ose 

87 38 649 80 0.14 

86 41  663 80 0.14 

c o n d i t i o n s .  T h i s  i n d i c a t e s  t h a t  g i v e n  a s e t  o f  c o a t i n g  c o n d i t i o n s  

t h a t  produce f i l m - c o a t e d  t a b l e t s  o f  acceptable q u a l i t y ,  i t  i s  

p o s s i b l e  t o  p r e d i c t  t h e  sp ray  r a t e  o f  c o a t i n g  suspension under  

o t h e r  c o n d i t i o n s  t h a t  would r e s u l t  i n  t h e  same v a p o r i z a t i o n  

e f f i c i e n c y  and a s i m i l a r  appear ing product .  

The e f f e c t  o f  i n l e t  h u m i d i t y  on t h e  v a p o r i z a t i o n  e f f i c i e n c y  

i s  shown i n  Table 4. 

repo r ted  because 60% r e l a t i v e  h u m i d i t y  a i r  a t  21°C heated t o  85°C 

reduces t h e  r e l a t i v e  h u m i d i t y  t o  l e s s  t h a n  3% which i s  o b v i o u s l y  

n o t  go ing t o  a f f e c t  t h e  d r y i n g  s i g n i f i c a n t l y .  
h e a t i n g  t o  o n l y  55°C t h e  r e l a t i v e  h u m i d i t y  o f  t h e  o r i g i n a l  a i r  i s  

reduced t o  about 10%. The r e s u l t s  i n  Table 4 v e r i f y  t h a t  no ma jo r  

i n f l u e n c e  o f  t h e  i n l e t  h u m i d i t y  i s  seen i n  t h e  Es va lues ,  a l t hough  

g r e a t e r  s c a t t e r  was observed. 

a r e  necessary be fo re  any s i g n i f i c a n t  a f f e c t  o f  h u m i d i t y  on c o a t i n g  

r a t e s  w i  11 become ev iden t .  

Only t h e  low  t e q e r a t u r e  o f  t h e  i n l e t  a i r  i s  

Even a f t e r  

Low temperatures and low a i r  f l o w s  

The e v a l u a t i o n  o f  t h e  p a r t i a l  d e r i v a t i v e s  o f  t h e  v a p o r i z a t i o n  

e f f i c i e n c y  w i t h  respect  t o  t h e  independent v a r i a b l e s  i n  a s e t  o f  
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956 REILAND ET AL. 

TABLE 3 

VAPORIZATION E F F I C I E N C I E S  ( E s )  f o r  477 HYDROXYPROPYL 

METHYLCELLULOSE AT AMBIENT HUMIDITY 

Coa t ing  Cond i t i onsa  

Rs (g./min.) - SCFM V i s c o s i t y  Grade - Tl(°C) - 
6 cps. 87 316 70 

85 260 65 

15 cps. 87 316 65 
86 283 65 

6 cps. 58 659 90 
58 682 95 

15 cps. 57 638 70 
56 672 70 

6 cps. 54 306 45 
55 338 45 

15 cps. 59 36 1 45 
56 338 40 

0.25 
0.29 

0.23 
0.27 

0.27 
0.27 

0.21 
0.21 

0.29 
0.26 

0.24 
0.23 

aResu l t s  f o r  h i g h  temperature and h i g h  a i r  f l o w  o f  bo th  t h e  6 
and 15 cps. v i s c o s i t y  grades appear i n  Table 2. 

c o a t i n g  c o n d i t i o n s  q u a n t i f i e s  t h e  i n f l u e n c e  o f  each o f  t h e  

v a r i a b l e s  under t h e  g i ven  c o a t i n g  c o n d i t i o n s .  

ed can be used t o  l i n e a r l y  e s t i m a t e  t h e  magnitude of  d change i n  

one o f  t h e  c o a t i n g  c o n d i t i o n s  necessary t o  achieve a s p e c i f i c  new 

v a p o r i z a t i o n  e f f i c i e n c y  des i red .  For  example, s t i c k i n g  occu r red  

a t  Es = 0.27 f o r  4% hydroxypropyl  m e t h y l c e l l u l o s e  - 6 cps a t  an 
i n l e t  temperature o f  58°C w i t h  38 gr. / lb.  d r y  a i r  i n l e t  h u m i d i t y  

and an a i r  f l o w  of 659 SCFM. The spray r a t e  was 90 g./rnin. The 
f o l l o w i n g  p a r t i a l  d e r i v a t i v e s  a r e  ob ta ined  u s i n g  t h i s  data:  

The r e s u l t s  o b t a i n -  

= 0.0033 p e r  g./rnin. aE 
aR 
- 
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AQUEOUS FILM-COATING 

TABLE 4 

957 

VAPORIZATION EFFICIENCIES (Es ) FOR HYDROXYPROPYL 

METHYLCELLULOSE AT H I G H  H U M I D I T Y a  

C o a t i  ng Cond i t i  ons 

V i s c o s i t y  Grade ' l ( g r . / l b . )  - SCFM Rs (g . lm in .1  

6 cps. 73 682 100 
75 700 105 

15 cps. 97 7 1 1  80 
70 672 70 

6 cps. 61  337 40 
64 337 35 

15 cps. 62 290 40 
64 337 35 

0.32 
0.36 

0.28 
0.24 

0.28 
0.23 

0.32 
0.23 

aEqu iva len t  t o  g r e a t e r  t h a n  60% r e l a t i v e  h u m i d i t y  i n  t h e  i n l e t  

bAn i n l e t  temperature s e t t i n g  o f  55OC was used i n  a l l  cases. 
a i r .  

aE 
B(H,-H1) -0.0028 p e r  gr./ lb. d r y  a i r  

- aE = -0.0004 p e r  SCFM 
aG 

- aE = 0.0029 p e r  1% change i n  X ax 

= -0.0135 p e r  O C  wet-bulb aE 
aTW 
- 

The l a r g e s t  change i s  seen t o  occur  w i t h  an i n c r e a s e  i n  T, a t  
cons tan t  humid i t y ,  i.e., an i n c r e a s e  i n  TI. The n e g a t i v e  s i g n s  

shown i n d i c a t e  t h a t  t h e  v a p o r i z a t i o n  e f f i c i e n c y  decreases w i t h  an 

i nc rease  i n  h u m i d i t y  d r i v i n g  f o r c e ,  a i r  f l o w  and i n l e t  ternpera- 

tu re .  

To o b t a i n  good q u a l i t y  f i l m - c o a t i n g  t h e  v a p o r i z a t i o n  e f f i -  

c iency must be reduced f rom 0.27 where s t i c k i n g  o f  t a b l e t s  t o  t h e  
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R E I L A N D  ET AL. 958 

coa t  
0.22 

i ng 

ng pan occurred. I f  a v a p o r i z a t i o n  e f f i c i e n c y ,  E2, equal t o  

was des i red  t h i s  could be est imated t o  be achieved by reduc-  

he spray r a t e  t o  75 g./min., i n c r e a s i n g  t h e  h u m i d i t y  d r i v i n g  

f o r c e  by 18 gr . / lb .  d r y  a i r ,  i n c r e a s i n g  a i r  f l o w  by 125 SCFM, i n -  

c r e a s i n g  t h e  t o t a l  s o l i d s  c o n t e n t  f rom 7.1% t o  25%, o r  i n c r e a s i n g  

T1 t o  69OC. 
these  changes w i l l  d i c t a t e  t h e  approach t o  be used. An i n c r e a s e  

i n  s o l i d s  content  t o  25% w i l l  o b v i o u s l y  change t h e  v i s c o s i t y  

g r e a t l y  as w e l l  as many o t h e r  i m p o r t a n t  f i l m  p r o p e r t i e s .  It may 

indeed be imposs ib le  t o  reduce t h e  h u m i d i t y  i n  t h e  i n l e t  a i r  

s u f f i c i e n t l y  t o  achieve t h e  d e s i r e d  i n c r e a s e  i n  t h e  h u m i d i t y  

d r i v i n g  fo rce .  A i r  f l o w  r a t e s  may a l r e a d y  be l i m i t e d  by t h e  

c a p a c i t y  of t h e  d e l i v e r y  system. 
reduced t o  i n c r e a s i n g  t h e  temperature o f  t h e  d r y i n g  a i r  o r  c o a t i n g  

slower. Product thermal  s t a b i l i t y  i s  o b v i o u s l y  go ing t o  be a 

p r i m a r y  concern. 

I n  many cases t h e  d i f f i c u l t y  i n  a c h i e v i n g  each o f  

The c h o i c e  w i l l  o f t e n  t h e n  be 

The c a l c u l a t i o n  of t h e  v a p o r i z a t i o n  e f f i c i e n c y  can be an easy 

It p r o v i d e s  f o r  t h e  assessment o f  t h e  i n f l u e n c e  o f  

and convenient  method o f  q u a n t i f y i n g  v a r i a b l e s  i n  t h e  c o a t i n g  

process. 

changing any o f  t h e  c o a t i n g  v a r i a b l e s  on t h e  f i l m - c o a t i n g  process. 
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