
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Effect of Feed Composition on m -  and p -CNB Crystallization

D if f e re n t  c o n c e n t r a t io n s  o f  m -C N B  ( 2 0 .0 ,  3 0 .0 , 5 0 .0 , 6 1 .0 ,  6 2 .0 , 6 2 .5 ,  6 2 .9 ,
6 3 .5 , 6 4 .0 ,  6 5 .0 , 6 7 .5 ,  7 0 .0 ,  8 0 .0 , a n d  9 0  w t% )  w e r e  u s e d  to  s tu d y  th e  m- a n d p - C N B

c r y s ta l l i z a t io n  a n d  c o n s t r u c t  th e  b in a r y  p h a s e  d ia g r a m . S e v e n  g r a m s  o f  s o l id  m- a n d  
p - C N B  w e r e  m e l te d  to  o b ta in  a  h o m o g e n e o u s  l i q u id  s o lu t io n . T h e  l iq u id  m ix tu r e  w a s  
m e a s u r e d  fo r  th e  C N B  c o m p o s i t io n s  u s in g  th e  G C . T h e n , th e  l iq u id  m ix tu r e  in  th e  
c r y s ta l l i z e r  w a s  c o o le d  b y  th e  c o o l in g  w a te r  to  a  c r y s ta l l iz a t io n  te m p e r a tu r e .  A ll 
s o l id s  w e r e  c o l le c te d  f ro m  th e  c r y s ta l l iz e r ,  w a s h e d ,  a n d  d i s s o lv e d  w ith  h e x a n e .  T h e  
d i s s o lv e d  s o l id s  w e r e  m e a s u r e d  f o r  th e  C N B  c o m p o s i t io n s  b y  th e  G C . T a b le  4.1 
s h o w s  th e  c r y s ta l l iz a t io n  te m p e r a tu r e  a n d  th e  f e e d  q n d  s o l id  c o m p o s i t io n s  f ro m  tw o  
to  th r e e  s e p a r a te  e x p e r im e n ts .  I t c a n  b e  c le a r ly  s e e n  th a t  th e  e x p e r im e n t  is  
r e p r o d u c ib le .

T h e  c r y s ta l l i z a t io n  o f  th e  fe e d  b e lo w  th e  e u te c t ic  c o m p o s i t io n  (2 0 , 3 0 , 5 0 , 
6 1 , 6 2 , a n d  6 2 .5  w t%  m -C N B )  r e s u l t s  in  th e  s o l id  fo rm . T h e  c o m p o s i t io n  is  r i c h  in  p- 
C N B . O n  th e  c o n tr a ry ,  w h e n  th e  f e e d  c o m p o s i t io n  a t  th e  e u te c t ic  c o m p o s i t io n  (6 2 .9  
w t%  W -C N B ) is  c o o le d  d o w n  to  th e  c r y s ta l l iz a t io n  te m p e r a tu r e  a t  2 2 .5  ° c ,  a n  
a m o r p h o u s  s o l id  w i th  th e  c o m p o s i t io n  c lo s e  to  th e  fe e d  c o m p o s i t io n  c a n  b e  o b s e rv e d .  
C r y s ta l l i z a t io n  o f  th e  f e e d  a b o v e  th e  e u te c t ic  c o m p o s i t io n  r e s u l t s  in  th e  s o l id  fo rm , 
w h ic h  is  th e  s a m e  w i th  th a t  b e lo w  th e  e u te c t ic  c o m p o s i t io n  b u t  th e  c o m p o s i t io n  is  
r ic h  in  m -C N B . F ig u r e  4 .1  c o m p a r e s  th e  d a ta  o b ta in e d  f ro m  th i s  w o rk  a n d  th a t  o f  
S u lz e r  C h e m te c h  P te . ,  L td . I t  c a n  b e  s e e n  th a t  th e  r e s u lt s  a r e  r e la t iv e ly  c lo s e .  O n  a  
w h o le ,  th e  r e s u l t  s h o w s  th e  p u r i ty  o f  th e  s o l id  c o m p o s i t io n  is  n o t  c lo s e  to  1 0 0  w t% . In  
th e  in d u s t r i a l  c r y s ta l l iz a t io n  p r a c t ic e ,  m a n y  b u lk - p r o d u c e d  c h e m ic a ls  w i th  p u r i ty  
m o r e  th a n  95  p e r c e n t  a re  o f te n  a c c e p te d  a s  ju s t i f y in g  th e  d e s ig n a t io n  “ p u r e ” . 
G e n e r a l ly ,  c r y s ta ls  c o n ta in  f o r e ig n  im p u r i t ie s  o r  c a l l e d  “ in c lu s io n ”  ( M u l l in ,  2 0 0 1 ) .
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Table 4.1 Composition of ไท- and p-CNB in the feeds and solids after crystallization

F e e d  c o m p o s i t io n S o l id  c o m p o s i t io n C r y s ta l l iz a t io n
F e e d ( w t% ) (w t% ) te m p e r a tu r e

m -C N B p - C N B m -C N B P - C N B (° C )
2 0 .1 5  [1] 7 9 .9 5  [1] 3 .7 4  [1] 9 6 .2 6  [11 6 7 .0
2 0 .1 7  [2] 7 9 .9 3  [2] 3 .5 7  [2] _ 9 6 .4 3  [2] 6 7 .5
3 0 .1 1  [1 | 6 9 .8 9  [1] 2 .1 8  [ 1 1 9 7 .8 2  [11 5 7 .0
3 0 .0 9  [2] 6 9 .9 1  [2] 4 .6 5  [21 9 5 .3 5  [2] 5 7 .0
5 0 .1 7  [1] 4 9 .8 3  [1] 4 .8 9  [1] 9 5 .1 1  [1] 3 8 .0
5 0 .0 6  [2] 4 9 .9 4  [2] 4 .9 8  [2] 9 5 .0 2  [2] 3 8 .0
6 1 .0 9  [1] 3 8 .9 1  [1] 2 .6 3  [1] 9 7 .3 7  [1] 2 4 .0

B e lo w  th e 6 1 .0 4  [2] 3 8 .9 6  [21 4 .7 1  [2] 9 5 .2 9  [2] 2 3 .5
e u te c t ic 6 1 .0 8  [3] 3 8 .9 2  [3] 4 .7 2  [3] 9 5 .2 8  [31 2 4 .0

6 2 .1 8  [ 1 ] 3 7 .8 2  [1] 2 .7 5  [1] 9 7 .2 7  [1] 2 3 .5
6 2 .0 6  [2 ] 3 7 .9 4  [2] 5 .3 4  [2] 9 4 .6 6  [21 2 3 .5
6 2 .0 2  [3] 3 7 .9 8  [31 5 .4 9  [3] 9 4 .5 1  [31 2 3 .5
6 2 .5 7  [11 3 7 .4 3  [11 2 .5 2  [1] 9 7 .4 8  [1] 2 2 .5
6 2 .5 2  [2] 3 7 .4 8  [2] 3 .4 8  [2] 9 6 .5 2  [2] 2 3 .0
6 2 .5 1  [3] 3 7 .4 9  [3] 3 .1 1  [31 9 6 .8 9  [31 2 3 .0
6 2 .9 1  [1) 3 7 .0 9  [1] 6 2 .9 5  [11 3 7 .0 5  [11 2 2 .5

T h e  e u te c t ic 6 2 .9 2  [2] 3 7 .0 8  [2] 6 2 .9 0  [2] 3 7 .1 0  [2] 2 2 .5
6 2 .9 5  [3] 3 7 .0 5  [3] 6 2 .9 3  [3] 3 7 .0 7  [3] 2 2 .5
6 3 .5 2  [11 3 6 .4 8  [11 9 3 .6 6  [1] 7 .3 4  [1] 2 3 .5
6 3 .6 5  [2] 3 6 .3 5  [2] 9 6 .1 7  [21 3 .8 2  [2] 2 4 .0

A b o v e  th e
6 3 .5 9  [3] 3 6 .4 1  [31 9 6 .8 3  [3] 3 .1 7  [3] 2 3 .5

6 4 .1 8  [1] 3 5 .8 2  [1] 9 8 .2 6  [11 1 .7 4  [1] 2 3 .5
e u te c t ic

6 4 .0 8  [2] 3 5 .9 2  [21 9 8 .1 7  [2] 1 .83 [2] 2 3 .5
6 4 .1 3  [3] 3 5 .8 7  [3] 9 8 .4 2  [3] 1 .58  [31 2 3 .5
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Table 4 .1 ( c o n t .)  C o m p o s i t io n  o f  m- a n d  p - C N B  in  th e  f e e d  a n d  s o l id  a f te r  
c r y s ta l l iz a t io n

F e e d  c o m p o s i t io n S o l id  c o m p o s i t io n C r y s ta l l iz a t io n
F e e d ( w t% ) ( w t% ) te m p e r a tu r e

m-C N B > C N B m-C N B P -C N B (° C )
6 5 .0 4  [1] 3 4 .9 6  [1] 9 5 .7 9  [1] 4 .2 1  [1] 2 3 .5
6 5 .0 8  (2] ~ 3 4 .9 2  [2] 9 8 .1 7  [2] 1 .83  [2] 2 3 .5
6 5 .1 1  [3] 3 4 .8 9  [3] 9 5 .1 3  [3] 4 .8 7  [3] 2 4 .0
6 7 .5 9  [1] 3 2 .4 1  [1] 9 5 .6 9  [1] 4 .3 1  [1] 2 4 .5
6 7 .5 5  [2] 3 2 .4 5  [2] 9 6 .3 4  [2] 3 .6 6  [2] 2 4 .5

A b o v e  th e
6 7 .5 1  [3] 3 2 .4 9  [3] 9 6 .5 1  [3] 3 .4 9  [3] 2 4 .5
7 0 .2 7  [1] 2 9 .7 3  [1J 9 7 .7 0  [1] 2 .3 0  [1] 2 6 .0

e u te c t ic
7 0 .1 3  [2] 2 9 .0 7  [2] 9 8 .3 3  [2] 1 .67  [2] 2 6 .0
7 0 .0 9  [3] 2 9 .9 1  [3] 9 8 .7 9  [3] 1.21 [3] 2 6 .0
8 0 .1 7  [1] 1 9 .8 3  [1] 9 7 .7 0  [1] 2 .3 0  [1] 2 8 .5
8 0 .0 2  [2] 1 9 .9 8  [2] 9 7 .6 3  (2] 2 .3 7  [2] 2 7 .5
9 0 .1 6  [1] 9 .8 4  [1] 9 8 .0 8  11] 1 .9 2  [1] 3 4 .0
9 0 .0 8  [2] 9 .9 2  [2] ' 9 7 . 8 9  [2] 2 . 1 1  [2] 3 4 .0

T h e  n u m b e r  in  th e  p a r e n th e s is  r e fe r s  to  n u m b e r  o f  ru n .
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Figure 4.1 C o m p o s i t io n  o f  th e  b in a r y  p h a s e  d ia g r a m  o f  m- a n d  /? -C N B  b e tw e e n  th is  
w o rk  a n d  th a t  f ro m  S u lz e r  C h e m te c h  P te . ,  L td .

4.2 Effects of Zeolites- and Amorphous Materials on the Crystallization and 
Composition of เท - and p-CNB

4 .2 .1  E f f e c ts  o f  Z e o l i te s  o n  th e  C N B  S o l id  C o m p o s i t io n  a n d  
C r y s ta l l iz a t io n  T e m p e r a tu r e
T h e  e f f e c ts  o f  K Y  z e o l i te  o n  th e  C N B  c r y s ta l  c o m p o s i t io n  a n d  

c r y s ta l l iz a t io n  te m p e r a tu r e  w e r e  in v e s t ig a te d .  F iv e  g ra in s  o f  th e  K Y  z e o l i t e  w e re  
a d d e d  a t  th e  c e n te r  o f  th e  C N B  m ix tu r e  in  th e  c r y s ta l l iz e r .  T h e  fe e d  c o m p o s i t io n ,  
s o l id  c o m p o s i t io n ,  a n d  c r y s ta l l iz a t io n  te m p e r a tu r e  a re  s h o w n  in  T a b le  4 .2 .  W ith  th e  
p r e s e n c e  o f  th e  K Y  z e o l i te ,  th e  c r y s ta l l iz a t io n  o f  th e  f e e d  w ith  th e  c o m p o s i t io n  
b e tw e e n  2 0 .0  -  6 4 .0  w t%  m- C N B  a n d  6 7 .5  -  9 0 .0  w t%  W Î-CNB re s u lt s  in  th e  c r y s ta l  
fo rm . T h e  c r y s ta l s  o b ta in e d  f ro m  th e  c r y s ta l l i z a t io n  o f  th e  f e e d  b e tw e e n  2 0 .0  -  6 4 .0  
w t%  m-C N B  a re  r i c h  in  p - C N B , w h i le  th o s e  f ro m  6 7 .5  -  9 0 .0  w t%  m -C N B  a re  r ic h  
in  W2- C N B . T h e  e u te c t ic  c o m p o s i t io n  o f  th e  s y s te m  w i th  th e  K Y  z e o l i te  is  n o w  a t
65.5 w t%  m -C N B  w i th  18.5 °c e u te c t i c  te m p e r a tu r e .
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F ig u r e  4 .2  c o m p a re s  th e  s o l id  l iq u id  p h a s e  d i a g r a m  o f  m- a n d  p - C N B  
w i th o u t  a n d  w ith  th e  K Y  z e o l i te . F ro m  th e  fe e d  a t  6 2 .9  w t%  W -C N B , w h ic h  is  th e  
e u te c t ic  c o m p o s i t io n  o f  th e  เท- a n d  /? -C N B  m ix tu r e ,  th e  c r y s ta l l iz a t io n  w i th  th e  
a d d i t io n  o f  K Y  z e o l i t e  c le a r ly  r e s u l t s  in  th e  c r y s ta l  f o r m a t io n ,  n o t th e  a m o r p h o u s  
s o l id  a s  in  th e  c a s e , w h e r e  th is  is n o  z e o l i te .  T h e  e u te c t ic  c o m p o s i t io n  is 6 5 .5  w t%  เท- 
C N B , w h ic h  is  a b o u t  3 w t%  m -C N B  h ig h e r  in  th e  m -C N B  c o m p o s i t io n  th a n  th e  
a m o r p h o u s  s o l id  c o m p o s i t io n ,  6 2 .9  w t%  OT-CNB, f ro m  th e  s y s te m  w i th o u t  th e  z e o l i te .  
In  a d d i t io n ,  th e  n e w  e u te c t ic  t e m p e r a tu r e  is a b o u t  4  °c lo w e r ,  1 8 .5  ๐c  c o m p a r e d  to  
2 2 .9  °c.

Table 4.2 C o m p o s i t io n  o f  เท- a n d  / 7- C N B  in  th e  s o l id s  a f te r  c r y s ta l l iz a t io n  w i th  th e  
K Y  z e o l i te

F e e d  c o m p o s i t io n S o l id  c o m p o s i t io n C r y s ta l l iz a t io n
F e e d (w t% ) (w t% ) te m p e r a tu r e

m -C N B P -C N B m -C N B p - C N B ( ๐๑
2 0 .0 8  [ 1 ] 7 9 .9 2  [1] 2 .8 2  [ 1 ] 9 7 .1 8  [1] 6 7 .5
2 0 .1 5  [2 ] 7 9 .8 5  [2] 3 .8 7  [2] 9 6 .1 3  [2) 6 7 .5

3 0 .2 1  [1] 6 9 .8 9  [1] 1 .2 6  [ 1 ] 9 8 .7 4  [Ij 5 8 .0
3 0 .0 5  [2] 6 9 .9 5  [2] 3 .4 4  [21 9 6 .5 6  [2] 5 8 .0

4 9 .9 8  [11 5 0 .0 2  [1] 2 .41  [1] 9 7 .5 9  [ i f 3 8 .0
5 0 .0 2  [2] 4 9 .9 8  [2] 1 .4 6  [2] 9 8 .5 4  [21 3 8 .0

B e lo w  th e
6 1 .0 9  [1] 3 9 .9 1  [1] 2 .2 6  [ 1 ] 9 7 .7 4  [1] 2 4 .0
6 1 .0 2  [2 J 3 8 .9 8  [2] 3 .8 7  [2] 9 6 .1 3  [21 2 4 .0

e u te c t ic 6 1 .0 1  [3] 3 8 .9 9  [3] 2 .3 3  [31 9 7 .6 7  [31 2 4 .0
6 2 .0 2  [ 1 ] 3 7 .9 8  [1] 1 .73  [1] 9 8 .2 7  [1[ 2 3 .5
6 2 .1 2  [2 ] 3 7 .8 8  [2] 2 .4 9  [2] 9 7 .5 1  [2] 2 4 .0
6 2 .0 6  [3] 3 7 .9 4  [3] 3 .2 9  [3] 9 6 .7 1  [3] 2 4 .0
6 2 .5 2  [1] 3 7 .4 8  [1] 1 .65  [1] 9 8 .3 5  [1] 2 2 . 0

6 2 .5 4  [2] 3 7 .4 6  [2] 2 .1 8  [2 ] 9 7 .9 2  [2] 2 2 . 0

6 2 .5 8  [3] 3 7 .4 2  [3] 2 .7 4  [3] 9 7 .2 6  [3] 2 2 . 0
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Table 4.2 (cont.) Composition of m - and p-CNB in the solids after crystallization
with the KY zeolite

F e e d
F e e d  c o m p o s i t io n  

( w t% )
S o l id  c o m p o s i t io n  

(w t% )
C r y s ta l l iz a t io n

te m p e ra tu re

(° C )m -C N B p -C N B m -C N B p -C N B
6 2 .9 3  [1] 3 7 .0 7  (1] 1 .05  [ lj 9 8 .9 5  [1] 2 0 .5
6 2 .9 4  [2] 3 7 .0 6  [2] 3 .0 5  [2] 9 6 .0 5  [2] 2 0 .5
6 2 .9 1  [3] 3 7 .0 9  [3] 3 .2 5  [3] 9 6 .7 5  [3 | 2 0 . 0

B e lo w  th e 6 3 .4 5  [1] 3 6 .5 5  [1] 1 .48  [1] 9 8 .5 2  [1] 2 0 . 0

e u te c t ic 6 3 .5 3  [2] 3 6 .4 7  [2] 3 .61  [2] 9 6 .3 9  [2] 19 .5
6 3 .5 6  [3] 3 6 .4 4  [3] 2 .81  [3 | 9 7 .1 9  [3J - 19 .5
6 4 .0 9  [1] 35 .9 1  [1] 2 .5 8  [1] 9 7 .4 2  [1] 19 .5
6 4 .1 5  [2] 3 5 .8 5  [2] 2 .6 2  [2 ] 9 7 .3 8  [2] 19 .5
6 4 .0 7  [3] 3 5 .9 3  [3] 2 .6 4  [3 | 9 7 .3 6  [3] 19 .5
6 5 .5 6  [1] 3 4 .4 4  [1] 6 5 .6 4  [1] 3 4 .3 6  [1[ 18 .5

T h e  e u te c t ic 6 5 .6 1  [2] 3 4 .3 9  [2] 6 5 .6 9  [2] 3 4 .3 1  [2] 18 .5
6 5 .5 7  [3] 3 4 .4 3  [3] 6 5 .4 3  [3] 3 4 .3 6  [2] 18 .5
6 7 .5 5  [1] 3 2 .4 5  [1] 9 6 .2 1  [1] 3 .7 9  [1] 2 0 . 0

6 7 .4 8  [2] 3 2 .5 2  [2] 9 7 .8 3  [2] 2 .1 7  [2] 2 0 .5
6 7 .5 2  [3] 3 2 .4 8  [3] 9 7 .7 5  [3] 2 .2 5  [2] 2 0 . 0

7 0 .0 5  [1] . 2 9 .9 5  [1] 9 5 .5 3  [1] 4 .4 7  [1] 2 0 .5
A b o v e  th e 7 0 .2 5  [2] 2 9 .7 5  [21 9 7 .1 5  [21 2 .8 5  [2] 2 0 .5

e u te c t ic 7 0 .0 9  [3] 2 9 .9 1  [3] 9 8 .1 2  [3] 1 .88  [3] 2 0 .5
7 9 .9 3  [1] 2 0 .0 7  [1] 9 8 .8 0  [1] 1 . 2 0  [1] 2 7 .5
7 9 .9 0  [2] 2 0 . 1 0  [2 ] 9 7 .0 6  [2] 2 .9 4  [2] 2 7 .5
9 0 .2 8  [1] 9 .7 2  [1] 9 7 .8 4  [1] 2 .1 6  [1] 3 4 .0
9 0 .1 6  [2] 9 .8 4  [2] 9 7 .1 3  [2] 2 .8 7  [2] 3 4 .0

T h e  n u m b e r  in  th e  p a r e n th e s i s  r e fe r s  to  n u m b e r  o f  ru n .
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m-CNB concentration (พt%)

Figure 4 .2  L iq u id  s o l id  p h a s e  d ia g r a m  o f  m- a n d  J9 -C N B  w i th o u t  a n d  w i th  th e  K Y  
z e o l i te .

T a b le  4.3 s h o w s  th e  f e e d  c o m p o s i t io n ,  s o l id  c o m p o s i t io n ,  a n d  
c r y s ta l l iz a t io n  te m p e r a tu r e  o f  m- a n d  p - C N B  w i th  th e  p r e s e n c e  o f  th e  B a X  z e o l i te . 
T h e  c r y s ta l l iz a t io n  o f  th e  f e e d  w i th  2 0 .0  -  6 5 .0  w t%  W -C N B  r e s u l t s  in  th e  c r y s ta ls  
r ic h  in  p - C N B .  O n  th e  c o n t r a r y ,  w h e n  th e  f e e d  6 7 .5  -  8 0 .0  w t%  rn -C N B  is  
c r y s ta l l iz e d ,  th e  c r y s ta l s  a re  r ic h  in  /W -C N B . L ik e  th e  s y s te m  w ith  th e  K Y  z e o l i te ,  th e  
p r e s e n c e  o f  th e  B a X  z e o l i t e  a f f e c ts  th e  e u te c t i c  c o m p o s i t io n  a n d  te m p e r a tu r e  o f  m- 
a n d  p - C N B .  T h e  e u te c t ic  c o m p o s i t io n  a n d  te m p e r a tu r e  a r e  a b o u t  6 6 .0  w t%  m -C N B  
a n d  1 8 .0  ° c .  C o m p a r i s o n  o f  th e  s o l id  l iq u id  p h a s e  d ia g r a m  o f  m- a n d  p - C N B  w i th o u t  
a n d  w i th  th e  B a X  z e o l i te  is  s h o w n  in  F ig u r e  4.4. I t w a s  fo u n d  th a t  th e  e u te c t ic  
c o m p o s i t io n  is  a t  6 6 .0  w t%  m -C N B  a n d  th e  e u te c t ic  te m p e r a tu r e  is  a b o u t  4 ๐c  lo w e r  
th a n  th a t  w i th o u t  th e  z e o l i te .
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Table 4.3 Composition of m - and p-CNB in the solids after crystallization with the
BaX zeolite

F e e d  c o m p o s i t io n S o l id  c o m p o s i t io n C r y s ta l l iz a t io n
F e e d (w t% ) (w t% ) te m p e r a tu r e

■
m -C N B p - c m m -C N B / 7-C N B ( ๐๑

2 0 .0 5  [1] 7 9 .9 5  [1] 1 . 2 1  [ 1 ] 9 8 .8 9 ( 1 ] 6 7 .5
2 0 . 1 2  [2] 7 9 .8 8  [2] 1 .8 9  [2] 9 8 .1 1  [2] 6 7 .0
4 9 .9 8  [1] 6 9 .0 2  [1] 1 .2 8  [ 1 ] 9 8 .7 2  [1] 3 8 .5
5 0 .0 1  [2] 6 9 .9 9  [2] 2 .4 1  [2] 9 7 .5 9  [2] 3 8 .5
6 1 .9 9  [1] 3 8 .0 1  [lj 1 .9 4  [1] 9 8 .0 6  [1] 2 1 .5
6 2 .0 6  [2] 3 7 .9 4  [2] 2 .6 4  [2] 9 7 .3 5  [2] 2 1 . 0

B e lo w  th e
6 2 .0 2  [3] 3 7 .9 8  [3] 1 .8 9  [3] 9 8 .1 1  [3] 2 1 . 0

6 3 .5 1  [1] 3 6 .4 9  [1] 1 1 8  [ 1 ] 9 8 .8 2  ]1] 19 .5
e u te c t ic

6 3 .5 7  [2] 3 6 .4 3  [2] 1 .5 0  [2] 9 8 .5 0  [2] 19 .5
6 5 .0 5  [1] 3 4 .9 5  [1] 2 .3 5  [1] 9 7 .6 5  [1] 18 .5
6 4 .9 7  [2] 3 4 .0 3  [2] 1 .7 8  [2] 9 8 .2 2  [2] 1 9 .0
6 5 .0 5  [3] 3 4 .9 5  [3] 2 .4 9  |3 ] 9 7 .5 1  [3] 18 .5
6 5 .0 5  [1] 3 4 .9 5  [1] 2 .3 5  [1] 9 7 .6 5  [1] 18 .5
6 4 .9 7  [2] 3 4 .0 3  [2] 1 .7 8  [2] 9 8 .2 2  [2] 1 9 .0
6 5 .0 5  [3] 3 4 .9 5  [3] 2 .4 9  (3] 9 7 .5 1  [3] 18 .5
6 5 .9 9  |1 ] 3 4 .0 1  [1] 6 6 . 0 2  [1] 3 3 .9 8  [1] 1 8 .0

T h e  e u te c t ic 6 6 . 0 2  [2| 3 3 .9 8  [2] 6 6 .0 5  [2] 3 3 .9 5  [2] 1 8 .0
6 6 .0 5  [3] 3 3 .9 5  [3] 6 6 .0 3  [3] 3 3 .9 7  [3] 1 8 .0
6 7 .5 6  [1] 3 2 .4 4  [1| 9 7 .6 5  [1] 2 .3 5  [1] 1 9 .0
6 7 .4 7  [2] 3 2 .5 3  [2] 9 7 .9 7  [2] 2 .0 3  [2] 19 .5

A b o v e  th e
6 7 .5 1  [3] 3 2 .4 9  [3] 9 7 .2 1  [3] 2 .7 9  [3] 19 .5
6 9 .9 7  [1] 2 9 .0 3  [1] 9 8 .4 3  [1] 1 .5 7  [1] 2 0 . 0

e u te c t ic
7 0 .0 4  [2] 2 9 .9 6  [2] 9 7 .1 3  [2] 1 .8 7  [2] 2 0 . 0

8 0 .1 1  [1] 2 0 .8 9  [1] 9 8 .5 4  [1] 1 .4 6  ]1] 2 8 .0
8 0 .0 6  [2 ] 2 0 .9 4  12] 9 8 .7 0  [2] 1 .3 0  [2] •27 .5

T h e  n u m b e r  in  th e  p a r e n th e s is  r e f e r s  to  n u m b e r  o f  ru n .



34

Figure 4.3 L iq u id  s o l id  p h a s e  d i a g r a m  o f  m- a n d  /> -C N B  w i th o u t  a n d  w i th  th e  B a X  
z e o l i te .

N a X  z e o l i te  is  th e n  c h o s e n  fo r  th e  s tu d y  a s  th e  z e o l i te  h a s  h ig h  m- 
'  C N B  s e le c t iv i ty  th a n  th e  K Y  a n d  B a X  z e o l i te s  ( L e a r d s a k u l th o n g ,  2 0 0 8 ) . T a b le  4 .4  

s h o w s  th e  fe e d  c o m p o s i t io n ,  s o l id  c o m p o s i t io n ,  a n d  c r y s ta l l iz a t io n  te m p e r a tu r e  o f  m- 
a n d  /? -C N B  in  th e  p r e s e n c e  o f  N a X  z e o l i te .  C r y s ta l l iz a t io n  o f  th e  fe e d  w i th  2 0 .0  -
6 5 .0  w t%  m -C N B  r e s u l t s  in  th e  c r y s ta l s  r ic h  in  /> C N B ,  w h ile  c r y s ta l l i z a t io n  o f  th e  
fe e d  w i th  6 7 .5  -  9 0 .0  w t%  m -C N B  r e s u l t s  in  th e  c r y s ta l s  r ic h  in  W -C N B . T h e  e u te c t ic  
c o m p o s i t io n  o f  th e  s y s te m  w ith  th e  N a X  z e o l i te  is  n o w  a t  6 6 .5 w t%  /rz -C N B  w i th
1 7 .0  ๐c  e u te c t ic  t e m p e r a tu r e .  C o m p a r i s o n  o f  th e  s o l id  l iq u id  p h a s e  d i a g r a m s  o f  m- 
a n d  p-CNB w i th o u t  a n d  w ith  N a X  z e o l i te  is  s h o w n  in  F ig u r e  4 .5 . T h e  e u te c t ic  
c o m p o s i t io n  f ro m  th e  s y s te m  w i th  th e  z e o l i te  is  a b o u t  3 .5  w t%  m -C N B  h ig h e r  th a n  
th a t  th e  w i th o u t  th e  z e o l i te ,  w h i le  th e  c r y s ta l l iz a t io n  te m p e ra tu re  is  a b o u t  5 .5  ๐c  
lo w e r  th a n  th a t  w i th o u t  th e  z e o l i te .  It c a n  b e  s e e n  th a t  th e  p r e s e n c e  o f  th e  N a X  z e o l i te  
r e s u lt s  in  a b o u t  th e  s a m e  a f fe c ts  a s  th e  K Y  a n d  B a X  z e o l i te s  d e s p i te  i ts  h ig h  W Î-CNB 
s e le c t iv i ty .

C o m p a r i s o n  a m o n g  th e  e f fe c ts  o f  th e  K Y , B a X , a n d  N a X  z e o l i t e s  o n  
th e  c r y s ta l l iz a t io n  o f  m- a n d  /? -C N B  s h o w s  th a t  th e  c r y s ta l l iz a t io n  te m p e r a tu r e  a n d  
e u te c t ic  c o m p o s i t io n  o f  m- a n d  p - C N B  m ix tu r e  w i th  th e  p r e s e n c e  o f  th e  z e o l i t e s  h a v e
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th e  sa m e  t r e n d .  T h a t  is  th e i r  p r e s e n c e  r e s u l t s  in  lo w e r  c r y s ta l l i z a t io n  te m p e r a tu r e  a n d  
h ig h e r  m -C N B  in  th e  e u te c t ic  c o m p o s i t io n  th a n  th e  s y s te m  w i th o u t  th e  z e o l i te s .  O th e r  
th a n  th a t , th e r e  is  n o  s ig n i f ic a n t  d i f f e r e n c e  b e tw e e n  th e  s y s te m  w i th  a n d  w i th o u t  th e  
z e o l ite s .

Table 4.4 C o m p o s i t io n  o f  m- a n d  / 7- C N B  in  th e  s o l id s  a f te r  c r y s ta l l iz a t io n  w i th  th e  
N a X  z e o l i te

F e e d  c o m p o s i t io n S o l id  c o m p o s i t io n C r y s ta l l iz a t io n
F e e d ( พ t% ) ( w t% ) te m p e r a tu r e

m -C N B P - C N B m -C N B jP -C N B ( ๐๑

- 2 0 .0 9  [1] 7 9 .9 1 [1 ] 4 .2 9  (1] 9 5 .7 1  (1] 6 6 .5
2 0 .0 4  [2] 7 9 .9 6 (2 ] 3 .5 8  [2] 9 6 .4 2  (2] 6 7 .0

3 0 .0 9  [1] 6 9 .9 1 (1 ] 3 .5 9  [1] 9 6 .4 1  (1] 5 8 .0
3 0 .0 7  [2] 6 9 .9 3 (2 ] 4 .71  (2] 9 5 .2 9  [2] 5 7 .5

5 0 .0 3  [1] 4 9 .9 7  [1] 4 .3 9  (1] 9 5 .6 1  [1] 3 7 .5
4 9 .9 8  [2] 5 0 .0 2  [2] 6 .5 9  [2] 9 3 .4 1  [2] 3 8 .0

6 1 .0 2  [ 1 ] 3 8 .9 8  [1] 5 .3 3  [1] 9 4 .6 7  (1] 2 0 .5
6 1 .0 9  [2] 3 8 .9 1  (2] 4 .2 9  (2] 95 .7 1  [2] 2 1 . 0

B e lo w  th e 6 1 .0 4  [3] 3 8 .9 6  (3] 4 .4 5  (3] 9 5 .4 6  [3] 2 0 .5
e u te c tic 6 3 .5 2  [1] 3 6 .4 8  [1] 3 .8 6  [1] 9 6 .1 4  (1] 19 .5

6 3 .5 6  [2] 3 6 .4 4  [2] 5 .3 9  [2] 9 4 .6 1  (2] 19 .5
6 3 .4 9  [3] 3 6 .5 1  (3] 4 .4 9  (3] 9 5 .5 1  (3] 1 9 .0

6 4 .1 0  [1] 3 5 .9 0  [1] 4 .9 5  [1] 9 5 .0 5  (1] 1 9 .0
6 4 .0 8  [2] 3 5 .9 2  [2] 3 .5 8  [2] 9 6 .4 2  (2] 18 .5
6 3 .9 8  [3] 3 6 .0 2  [3] 5 .1 4  [3] 9 4 .8 6  (3] 1 9 .0

6 5 .1 1  [1] 3 4 .8 9  [1] 5 .5 2  [1] 9 4 .4 8  (1] 17 .5
6 5 .0 2  [2] 3 4 .9 8  [2] 4 .4 8  (2] 9 5 .1 6  (2] 1 8 .0
6 5 .0 6  [3] 3 4 .9 4  [3] 4 .1 8  [3] 9 5 .8 2  (2] 1 8 .0

TiXbT ใ)
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Table 4.4 (Cont.) Composition of เท- and p-CNB in the solids after crystallization
with the NaX zeolite

F e e d  c o m p o s i t io n S o lid  c o m p o s i t io n C r y s ta l l iz a t io n
F e e d (w t% ) ( w t% ) te m p e r a tu r e

W -C N B p - c m m -C N B 17-C N B ( ๐๑

6 6 .5 1  [1] 3 3 .4 9  [1] 6 6 .5 4  [1] 3 3 .4 6  [1] 17 .0
T h e  e u te c t ic 6 6 .5 3  [2] 3 3 .4 7  [2] 6 6 .4 8  [2] 3 3 .5 2  [2] 17 .0

6 6 .4 9 1 3 ] 3 3 .5 1  [3] 6 6 .5 2  [3] 3 3 .4 8  [3] 17 .0

6 7 .5 1  |1 ] 3 2 .4 9  [1] 9 6 .1 7  [1] 3 .8 3  [1] 18 .5
6 7 .5 6  [2] 3 2 .4 4  [2] 9 5 .5 8  [2] 4 .4 2  [2] 18 .0
6 7 .5 4  [3] 3 2 .4 8  [3] - 9 5 .6 9 ( 3 ] 4 .3 1  [2] 18.5
7 0 .0 9  [1] 2 9 .9 1  [1] 9 4 .1 4  [1] 5 .8 6  [1] 2 4 .0

A b o v e  th e
e u te c t ic

7 0 .1 1  [2] 2 9 .9 9  [2] 9 5 .0 2  [2] 4 .9 8  [2] 2 4 .5
8 0 .0 9  [1] 19 .91 [1] 9 6 .4 8  [1] 3 .5 2  [1] 2 7 .5
8 0 .0 6  [2 ] 1 9 .9 4  [2] 9 6 .7 8  [2] 3 .2 2  [2] 2 8 .0
9 0 .1 2  [1] 9 .8 8  [1] 9 8 .6 2  [1] 1 .38  [1] 3 4 .0
9 0 .0 3  [2] 9 .9 7  [2] 9 7 .6 6  [21 2 .3 4  [21 3 4 .0

* T h e  n u m b e r  in  th e  p a r e n t le s i s  r e fe r s  to  n u m b e r  o f  ru n .
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Figure 4.4 L iq u id  s o l id  p h a s e  d ia g r a m  o f  ไท- a n d  p - C N B  w i th o u t  a n d  w i th  th e  N a X  
z e o l i te .

4 .2 .2  E f f e c ts  o f  A m o r p h o u s  M a te r ia ls  o n  th e  C N B  S o l id  C o m p o s i t io n  a n d
C r y s ta l l i z a t io n  T e m p e r a tu r e
T o  f u r th e r  p r o v e  th e  e f f e c ts  o f  s o l id  m a te r ia ls  o n  th e  c r y s ta l l iz a t io n  o f  

m - a n d  p - C N B , a m o r p h o u s  m a te r ia ls ,  in s te a d  o f  z e o l i te s ,  w e r e  u s e d . A c t iv a te d  
c a r b o n  a n d  s i l ic a  g e l  w e r e  s e le c te d ,  in  p a r t ,  b e c a u s e  o f  th e i r  lo w  ไท-C N B  s e le c t iv i ty  
( L e a r d s a k u l th o n g ,  2 0 0 8 ) .

T a b le  4 .5  s h o w s  th e  fe e d  c o m p o s i t io n ,  s o l id  c o m p o s i t io n ,  a n d  
c r y s ta l l i z a t io n  te m p e r a tu r e  o f  ไท- a n d  p - C N B  s y s t e m  in  th e  p r e s e n c e  o f  th e  a c t iv a te d  
c a r b o n .  A f te r  a d d in g  th e  a c t iv a te d  c a r b o n , th e  c r y s ta l l iz a t io n  o f  th e  fe e d  w i th  3 0 .0  -
6 5 .0  w t%  m -C N B  r e s u l t s  in  th e  c r y s ta l s  r ic h  in  jD -C N B . T h e  e u te c t ic  c o m p o s i t io n  is 
a t  6 6 .5  w t%  m -C N B , w h ic h  is  h ig h e r  th a n  th a t  o f  th e  s y s te m  w i th o u t  th e  a c t iv a te d  
c a r b o n  b u t  r e la t iv e ly ,  th e  s a m e  w i th  th e  s y s t e m s  w ith  th e  z e o l i te s .  T h e  e u te c t ic  
te m p e r a tu r e  is  16 .5  ๐c ,  w h ic h  is  lo w e r  th a n  th e  o n e  w i th o u t  th e  a c t iv a te d  c a r b o n .  T h e  
a c t iv a t e d  c a rb o n  h a s  a b o u t  th e  s a m e  e f fe c t  o n  th e  e u te c t ic  te m p e r a tu r e  a s  th e  z e o l i te s  
C r y s ta l l i z a t io n  o f  th e  f e e d  w i th  6 7 .0  -  8 0 .0  w t%  m -C N B  r e s u l t s  in  th e  c r y s ta l s  r ic h  in  
m -C N B . F ig u re  4 .5  c o m p a r e s  th e  b in a r y  p h a s e  d ia g r a m s  o f  ไท- a n d  /? -C N B  m ix tu r e s  
w i th o u t  a n d  w ith  th e  a c t iv a te d  c a r b o n .  T h e  f ig u r e  f u r th e r  c o n f i r m s  th e  e f f e c ts  o f  th e
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a c t iv a te d  c a r b o n  o n  th e  p h a s e  d ia g r a m . T h a t  is  th e  c r y s ta l l iz a t io n  te m p e r a tu r e  
d e c r e a s e s  a n d  th e  e u te c t i c  c o m p o s i t io n  in c re a s e s .  B e tw e e n  3 0 .0  -  6 5 .0  w t%  W -C N B  
a n d  6 7 .0  -  8 0 .0  w t%  /W -C N B , th e  a c t iv a te d  c a r b o n  h a r d ly  a f f e c ts  th e  p h a s e  b e h a v io r .  
It is a ls o  c le a r  th a t  th e  a c t iv a te d  c a r b o n  a n d  th e  z e o l i te s  h a v e  th e  s im ila r  e f f e c ts  o n  
th e  c r y s ta l l iz a t io n  o f  m- a n d  /? -C N B  m ix tu r e s .

Table 4.5 C o m p o s i t io n  o f  m- a n d  /J -C N B  in  th e  s o l id s  a f te r  c r y s ta l l iz a t io n  w ith  
a c t iv a te d  c a r b o n

F e e d
F e e d  c o m p o s i t io n

( พ t% )
S o l id  c o m p o s i t io n

(w t% )
C r y s ta l l iz a t io n

te m p e r a tu r e
m- C N B P - C N B m -C N B P - C N B (° C )

3 0 .1 1  [1J 6 9 .8 9  [1] 2 .7 2  [1] 9 7 .2 8  [1] 5 9 .0
3 0 .0 4  [2] 6 9 .9 6  [2] 3 .1 2  |2 | 9 6 .8 8  [2 ] 5 8 .5

B e lo w  th e 6 5 .1 2  [1] 3 4 .8 8  [1] 7 .3 9  [1] 9 2 .6 1  [1] 1 7 .5
e u te c t ic 6 5 .0 8  [2] 3 4 .9 2  [2] 4 .3 6  [2] 9 5 .6 4  [2] 17 .5

6 5 .0 3  [3] 3 4 .9 7  [3] 3 .9 4  [3] 9 6 .0 6  [3] 1 8 .0
6 6 .5 2  [1] 3 4 .4 8  [1] 6 6 .4 8  [1] 3 3 .5 2  [1] 1 7 .0

A t e u te c t ic 6 6 .5 3  [2] 3 4 .4 7  [2] 6 6 .5 7  [2] 3 3 .4 3  [2] 16 .5
6 6 .5 9  [3] 3 4 .4 1  [3] 6 6 .5 0  [3] 3 3 .5 0  [3] 16 .5
6 7 .0 4  [1] 3 4 .9 6  [1] 9 5 .1 1  [1] 4 .8 9  [1] 1 8 .0

A b o v e  th e
6 7 .1 0  [2] 3 4 .9 0  [2] 9 7 .0 4  [2] 2 .9 6  [2] 17 .5

e u te c t ic
6 7 .0 7  |3 ] 3 4 .9 7  [3] 9 6 .4 4  [3] 3 .5 6  [3] 1 8 .0
8 0 .0 6  [ 1 1 1 9 .9 4  [1] 9 7 .0 7  [1] 2 .9 3  [1] 2 7 .5
80 .1 1  [2 ] 1 9 .8 9  [2] 9 8 .8 3  12] 1 .1 7  [2] 2 7 .5

T h e  n u m b e r  in  th e  p a r e n th e s is  r e f e r s  to  n u m b e r  o f  ru n .
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Figure 4.5 L iq u id  s o l id  p h a s e  d ia g ra m  o f  m- a n d  p - C N B  w i th o u t  a n d  w i th  th e  
a c t iv a te d  c a r b o n .

R e s u l ts  o f  a d d in g  s i l ic a  g e l in  th e  c r y s ta l l i z a t io n  o f  m- a n d  p - C N B  a r e  
s h o w n  in  T a b le  4 .6 . A d d in g  th e  s i l ic a  g e l in to  th e  fe e d  m ix tu r e  w ith  3 0 .0  -  6 5 .0  w t%  
m- C N B  r e s u l t s  in  th e  c r y s ta l s  r ic h  in  / 7- C N B . T h e  e u te c t ic  c o m p o s i t io n  o f  th e  s y s te m  
is  a t 6 6 .0  w t%  m -C N B , a n d  th e  e u te c t ic  te m p e r a tu r e  is  1 7 .0  ° c .  C o m p a r i s o n  b e tw e e n  
th e  s o l id  l iq u id  p h a s e  d i a g r a m s  o f  m- a n d  / ? -C N B  w i th o u t  a n d  w i th  th e  s i l ic a  g e l is  
s h o w n  in  F ig u r e  4 .6 . It c a n  b e  s e e n  th a t  th e  e u te c t ic  c o m p o s i t io n  in c r e a s e s  f ro m  th e  
s y s te m  w i th o u t  s i l ic a  g e l , a n d  th e  e u te c t ic  te m p e r a tu r e  is  a b o u t  5 .0  ° c  lo w e r  th a n  th a t  
w i th o u t  th e  s i l i c a  g e l. T h e  p r e s e n c e  o f  s i l ic a  g e l r e s u l t s  in  a b o u t  th e  s a m e  a f f e c ts  a s  
th e  K Y , B a X , a n d  N a X  z e o l i t e s  d e s p i te  i ts  lo w  พ - C N B  s e le c t iv i ty .
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Table 4 .6  C o m p o s i t io n  o f  m- a n d  p - C N B  in  th e  s o l id s  a f te r  c r y s ta l l iz a t io n  w ith  th e  
s i l ic a  g e l

F e e d  c o m p o s i t io n S o l id  c o m p o s i t io n C r y s ta l l iz a t io n
F e e d (w t% ) (w t% ) te m p e r a tu r e

m -C N B P - C N B m -C N B p -C N B ( ๐๑
3 0 .0 2  [1) 6 9 .9 8  [1] 3 .9 5  [1] 9 6 .4 1  [1] 6 0 .0
3 0 .0 5  [2] 6 9 .9 5  [2] 2 .7 4  [2] 9 7 .2 6  [2] 5 9 .5

B e lo w  th e 6 5 .0 7  [1] _ 3 4 .9 3  [1] 3 .5 9  [1 | 9 6 .4 1  [1] 1 8 .0
e u te c t ic 6 5 .1 1  [2] 3 4 .8 9  [2] 1 .9 8  [2] 9 8 .0 2  [2] 18 .5

6 5 .0 8  |3 ] 3 4 .9 2  [3] 2 .2 9  [3] 9 7 .7 1  [3] 18 .5
6 6 . 0 2  [ 1 1 3 3 .9 8  [1] 6 6 .0 5  [1[ 3 3 .9 5  [1] 1 7 .0

A t e u te c t ic 6 6 .0 9  [2 | 3 3 .9 1  [2] 6 6 . 1 2  [2 ] 3 3 .8 8  [2] 17 .5
6 6 .0 5  [3] 3 3 .9 5  [2] 6 6 .0 4  [2] 3 3 .9 6  [2] 1 7 .0
6 7 .5 4  [1] 3 2 .4 6  [1] 9 5 .7 1  [1[ 4 .2 9  [1] 18 .5

A b o v e  Jh e
6 7 .5 2  [2) 3 2 .4 8  [2] 9 8 .8 5  [2] 1 .1 5  [2] 18 .5
6 7 .5 6  [3] 3 2 .4 4  [3] 9 6 .2 3  [3] 3 .7 7  [3] 18 .5

e u te c t ic
8 0 .0 9  [1] 9 .9 1  [1] 9 8 .1 1  [1] 1 .8 9  [1] 2 7 .5
8 0 .1 0  [2 ] 9 .9 0  [2] 9 8 .7 1  [2] 1 .2 9  [2] 2 8 .0

* T h e  n u m b e r  in  th e  p a r e n th e s is  r e fe r s  to  n u m b e r  o f  ru n .
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Figure 4.6 L iq u id  s o l id  p h a s e  d i a g r a m  o f  m- a n d  p - C N B  w i th o u t  a n d  w i th  th e  s i l ic a  
g e l.

Figure 4 .7  E f f e c ts  o f  K Y  z e o l i te ,  B a X  z e o l i te ,  N a X  z e o l i te ,  a c t iv a te d  c a r b o n ,  a n d  
s i l ic a  g e l o n  th e  B in a r y  p h a s e  d ia g r a m  o f  m- a n d  /? -C N B .
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C o m p a r i s o n  th e  e f f e c ts  o f  th e  K Y  z e o l i te ,  B a X  z e o l i te ,  N a X  z e o l i te ,  
a c t iv a te d  c a r b o n ,  a n d  s i l i c a  g e l o n  th e  b in a r y  p h a s e  d ia g r a m  o f  m- a n d  / 7- C N B  is  
s h o w n  in  F ig u r e  4 .7 . A d d in g  th e  K Y  z e o l i te  in to  th e  C N B  m ix tu r e  r e s u l t s  in  th e  
d e c r e a s e  in  th e  c r y s ta l l iz a t io n  te m p e r a tu r e  a n d  in c re a s e  in  th e  e u te c t ic  c o m p o s i t io n  
o n  th e  b in a r y  p h a s e  d ia g r a m . T h e  s a m e  b e h a v io r  c a n  a ls o  b e  o b s e r v e d  w h e n  th e  K Y  
z e o l i te  is  c h a n g e d  to  o th e r  z e o l i te s ,  B a X  a n d  N a X  z e o l i te s ,  o r  a m o r p h o u s  m a te r ia ls ,  
a c t iv a te d  c a r b o n  a n d  s i l i c a  g e l. R e s u l ts  f ro m  th is  e x p e r im e n t  s h o w  th a t  r e g a r d le s s  o f  
พ -C N B  s e le c t iv i ty  o r  e v e n  ty p e  o f  s o l id  m a te r ia l  in  th e  C N B  m ix tu r e ,  th e  p r e s e n c e  o f  
a  s o l id  m a te r ia l  h a s  m o r e  o r  le s s  th e  s a m e  b e h a v io r .  E f f e c ts  o f  a  s o l id  m a te r ia l  m a y  
o n ly  p la y  a  ro le  a s  im p u r i ty  r a th e r  th a n  h a v in g  a n y  r o le  o n  th e  a d s o rp t io n .

4.3 Roles of Zeolites and Amorphous Materials on the Crystallization and 
Composition of เท - and/7-CNB

A  r e s u l t s  s h o w  th a t  th e  a d d i t io n  o f  th e  z e o l i te s  o r  a m o r p h o u s  m a te r ia ls  in to  
th e  m ix tu r e  C N B  r e s u l t s  in  th e  c h a n g e  in  th e  p h a s e  d ia g r a m  o f  พ - a n d  / 7-C N B . 
C r y s ta l l iz a t io n  te m p e r a tu r e  d e c r e a s e s ,  a n d  th e  e u te c t ic  c o m p o s i t io n  in c r e a s e s :  It m a y  
b e  e x p la in e d  th a t  th e  a d d e d  m a te r ia ls  m a y  a c t  a s  im p u r i ty  in  th e  f o rm  o f  s e e d in g  a n d  
c h a n g e  th e  b o u n d a r y  b e tw e e n  th e  s ta b le  z o n e  a n d  m e ta s ta b le  z o n e .  E x p la n a t io n  o f  
th is  b e h a v io r  c a n  b e  m a d e  f ro m  F ig u r e  4 .8 . T h e  m e ta s ta b le  z o n e  w id th  is  e x p la in e d  
b y  th e  s o lu b i l i ty  - s u p e r s o lu b i l i ty  d ia g r a m , a s  s h o w n  in  F ig u r e  4 .9  fo r  in te r f a c ia l  „ 
t e n s io n  a s s o c ia te s  w i th  th e  o v e ra l l  f r e e  e n e r g y  c h a n g e  u n d e r  h e t e r o g e n e o u s  
c o n d i t io n s  AG'crit a n d  th e  o v e ra l l  f re e  e n e r g y  c h a n g e  u n d e r  h o m o g e n e o u s  n u c lé a t io n  
AG'crit. T h e  r e la t io n s h ip  b e tw e e n  s u p e r s a tu r a t io n  a n d  s p o n ta n e o u s  c r y s ta l l i z a t io n  le d  
to  a  d ia g r a m m a t ic  r e p r e s e n ta t io n  o f  th e  m e ta s ta b le  z o n e  o n  s o lu b i l i ty  -  
s u p e r s o lu b i l i ty  d ia g r a m , a s  s h o w n  in  F ig u r e  4 .8 . T h e  lo w e r  c o n t in u o u s  s o lu b i l i ty  
c u r v e  c a n  b e  lo c a te d  w i th  p r e c is io n . T h e  u p p e r  b r o k e n  s u p e r s o lu b i l i ty  c u rv e , w h ic h  
r e p r e s e n ts  t e m p e r a tu r e s  a n d  c o n c e n t r a t io n s ,  a t  w h ic h  u n c o n t r o l le d  s p o n ta n e o u s  
c r y s ta l l i z a t io n  o c c u rs ,  is  n o t  a s  w e l l  d e f in e d  a s  th a t  o f  th e  s o lu b i l i ty  c u r v e .  I ts  
p o s i t io n  in  th e  d ia g ra m  is  c o n s id e r a b ly  a f f e c te d  b y , a m o n g s t  o th e r  th in g s ,  th e  r a te  a t  
w h ic h  s u p e r s a tu r a t io n  is  g e n e ra te d , th e  in te n s i ty  o f  a g i ta t io n , th e  p r e s e n c e  o f  t r a c e
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im p u r i t ie s  a n d  th e  th e rm a l  h i s to r y  o f  th e  s o lu t io n .  T h e  d ia g r a m  is  d iv id e d  in to  th re e  
z o n e  ( M u l l in ,  2 0 0 1  ):

1. T h e  s ta b le  ( u n s a tu r a te d )  z o n e , w h e r e  c r y s ta l l iz a t io n  is im p o s s ib le .
2 . T h e  m e ta s ta b le  ( s u p e r s a tu r a te d )  z o n e , b e tw e e n  th e  s o lu b i l i ty  a n d  

s u p e r s o lu b i l i ty  c u r v e ,  w h e re  s p o n ta n e o u s  c r y s ta l l iz a t io n  is  im p o s s ib le .  
H o w e v e r ,  i f  a  c r y s ta l  s e e d  w e r e  p la c e d  in  s u c h  a  m e ta s ta b le  s o lu t io n ,  
g r o w th  w o u ld  o c c u r  o n  it.

3 . T h e  u n s ta b le  o r  la b i le  ( s u p e r s a tu r a te d )  z o n e , w h e r e  s p o n ta n e o u s  
c r y s ta l l i z a t io n  is  p o s s ib le ,  b u t  n o t  in e v i ta b le .

Figure 4.8 S o lu b i l i ty  - s u p e r s o lu b i l i ty  d ia g r a m  ( M u l l in ,  2001).

I f  a  s o lu t io n  r e p r e s e n te d  b y  p o in t  A in  F ig u re  4 .8  is  c o o le d  ( l in e  ABC), 
s p o n ta n e o u s  c r y s ta l l i z a t io n  c a n n o t  o c c u r  u n t i l  c o n d i t io n s  r e p r e s e n  b y  p o in t  c  a re  
r e a c h e d .  A t th is  p o in t ,  c r y s ta l l iz a t io n  m a y  b e  s p o n ta n e o u s  o r  it  m a y  b e  in d u c e d  b y  
s e e d in g ,  a g i ta t io n  o r  m e c h a n ic a l  s h o c k . F u r th e r  c o o l in g  to  s o m e  p o in t  D m a y  b e  
n e c e s s a r y  b e f o r e  c r y s ta l l i z a t io n  c a n  b e  in d u c e d .  T h e  p o s i t io n  in  th e  d ia g ra m  is
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c o n s id e r a b ly  e f f e c te d  b y  th e  p r e s e n c e  o f  t r a c e  im p u r i t ie s  s o  th a t  th e  p r e s e n c e  o f  
a d s o r b e n t  in  th e  C N B  m ix tu r e  m a y  c h a n g e  th e  p o s i t i o n  in  th e  d ia g r a m  a s  w e l l .

T h e  m a x im u m  a l lo w a b le  s u p e r s a tu r a t io n ,  A cmax, m a y  b e  e x p r e s s e d  in  te r m s  
o f  th e  m a x im u m  a l lo w a b le  u n d e r c o o l in g ,  A9max:

Ac =max
f d c ^
~dd A9„ (4 .1 )

A s  th e  p r e s e n c e  o f  a  s u i ta b le  fo re ig n  b o d y  o r  ‘s y m p a th i e ’ s u r f a c e  c a n  in d u c e  
n u c lé a t io n  a t  d e g re e  o f  s u p e r c o o l in g  lo w e r  th a n  th o s e  r e q u i r e d  fo r  s p o n ta n e o u s  
n u c lé a t io n  ( M u l l in ,  2 0 0 1 ) .  T h is  s e n te n c e  is  c o n s is te n t  w i th  c r y s ta l l iz a t io n  
te m p e r a tu r e  in  th e  p r e s e n c e  o f  th e  z e o l i te s  o r  a m o r p h o u s  m a te r ia ls ,  w h ic h  is  lo w e r  
th a n  in  th e  a b s e n c e  o f  th e  s o l id  m a te r ia ls .

W h e n  th e  d e g re e  o f  s u p e r c o o l in g  d e c r e a s e s ,  A^max a n d  A c max in c re a s e  
a c c o r d in g  to  th e  r e la t io n s h ip  b e tw e e n  A<9max a n d  A c max in  E q u a t io n  (4 .1 ) .  I n c r e a s in g  
A#max a n d  A cmax r e s u l t s  in  a  b r o a d e r  m e ta s ta b le  z o n e  w id th .

T h e  o v e ra l l  f re e  e n e r g y  c h a n g e  a s s o c ia te d  w ith  th e  f o r m a t io n  o f  a  c r i t ic a l  
n u c le u s  u n d e r  h e te r o g e n e o u s  c o n d i t io n s ,  A G ’crit, m u s t  b e  le s s  th a n  th e  c o r r e s p o n d in g  
f re e  e n e r g y  c h a n g e ,  AGcrit, a s s o c ia te d  w ith  h o m o g e n e o u s  n u c lé a t io n ,  i.e . (M u l l in ,
2 0 0 1 ).

A G  crjt -  (f) AGcrit - ( 4 . 2 )

w h e r e  th e  f a c to r  (j) is  le s s  th a n  u n i ty .
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Vrx̂ .
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Figure 4.9 In te r fa c ia l  te n s io n  a t  th e  b o u n d a r ie s  b e tw e e n  th re e  p h a s e s  ( tw o  s o l id s ,  
o n e  l iq u id )  ( M u l l in ,  2 0 0 1 ) .

T h e  in te r fa c ia l  te n s io n , y, is  o n e  o f  th e  im p o r ta n t  f a c to r s  c o n t r o l l in g  th e  
n u c lé a t io n  p r o c e s s .  F ig u r e  4 .9  s h o w s  a n  in te r f a c ia l  e n e r g y  d ia g r a m  fo r  th r e e  p h a s e s  
in  c o n ta c t ;  in  th is  c a s e , h o w e v e r ,  th e  th re e  p h a s e s  a r e  tw o  s o l id s  a n d  a  l iq u id .  T h e  
th re e  in te r f a c ia l  te n s io n s  a re  d e n o te d  b y  Yd ( b e tw e e n  th e  s o l id  c r y s ta l l in e  p h a s e ,  c , 
a n d  th e  l iq u id  1), Ysi ( b e tw e e n  a n o th e r  fo re ig n  s o l id  s u r fa c e , ร, a n d  th e  l iq u id )  a n d  Yes 
( b e tw e e n  th e  s o l id  c r y s ta l l in e  p h a s e  a n d  f o r e ig n  s o l id  s u r f a c e )  ( M u l l in ,  2 0 0 1 ) .  
R e s o lv in g  th e s e  fo rc e s  in  a  h o r iz o n ta l  d i r e c t io n

Yd

T h e  a n g le , 6, o f  c o n ta c t  b e tw e e n  th e  c r y s ta l l in e  d e p o s i t  a n d  f o r e ig n  s o l id  
s u r fa c e , c o r r e s p o n d s  to  th e  a n g le  o f  w e t t in g  in  l iq u id - s o l id  s y s te m  ( M u l l in ,  2 0 0 1 ) .

T h e  f a c to r  (เ) in  E q u a t io n  ( 4 .2 )  c a n  b e  e x p r e s s  a s

Yii =  Ycs+ Tel cosO (4 .3 )

COS e = 7a ~ Ycs (4 .4 )

<p = ( 2  +  c o s  0 ) ( 1  -  c o s
4 (4 .5 )
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T h u s ,  w h e n  0 = 1 8 0 ° ,  c o s  0  =  -1 a n d  ^ =  1, E q u a t io n  ( 4 .2 )  b e c o m e s

A G  crit — AGcrit (4 .6 )

W h e n  9 l in e s  b e tw e e n  0  a n d  1 8 0 ° , (f> < 1 ; th e re f o r e ,

AG'crit <  AGcrit _ (4 .7 )

W h e n  9 =  0 , (p =  0 , a n d  _

AG 'crit =  0  ,  ( 4 .8 )

T h is  is  i l lu s t r a te d  in  F ig u re  ( 4 .1 0 ) ,  w h ic h  s h o w s  a  f o re ig n  p a r t i c le  in  a  
s u p e r s a tu r a te d  s o lu t io n  ( M e rs m a n n , 2 0 0 1 ) .

F o r  th e  c a s e s  o f  c o m p le te  n o n - a f f in i ty  b e tw e e n  th e  c r y s ta l l in e  s o l id  a n d  th e  
fo re ig n  s o l id  s u r fa c e  ( c o r r e s p o n d in g  to  th a t  o f  c o m p le te  n o n  - w e t t in g  in  l iq u id  - 
s o l id  s y s te m ) ,  0 = 1 8 0 ° ,  a n d  E q u a t io n  ( 4 .6 )  a p p l ie s ,  i.e . th e  o v e ra l l  f re e  e n e r g y  o f  
n u c lé a t io n  is  th e  s a m e  a s  th a t  r e q u i r e d  f o r  h o m o g e n e o u s  o r  s p o n ta n e o u s  n u c lé a t io n .

S o l u t i o n  —  “  -  ' Ô .
. r  _  -  0 - 0  _ 2 Z — 1© = _ 9 0 -
~ ~  C r y s t a l  ^

ร < '' ร W v ร 1^ r e i 9 n  p a r t i c l e

v x £ y

—  0  =  1 3 0

F i g u r e  4 .1 0  N u c lé a t io n  o n  a  f o re ig n  p a r t i c le  fo r  d i f f e r e n t  w e t t in g  a n g le s  ( M e r s m a n n ,  
2 0 0 1 ).

F o r  th e  c a s e  o f  p a r t i a l  a f f in i ty  (c f . th e  p a r t i a l  w e t t in g  o f  a  s o l id  w i th  a  
l iq u id ) , 0 < 0 < 1 8 0 ° ,  a n d  E q u a t io n  ( 4 .7 )  a p p l ie s ,  w h ic h  in d ic a te s  th a t  n u c lé a t io n  is  
e a s ie r  to  a c h ie v e  b e c a u s e  th e  o v e ra l l  e x c e s s  f re e  e n e r g y  r e q u i r e d  is  le s s . t h a n  th a t  f o r
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h o m o g e n e o u s  n u c lé a t io n .  F o r  th e  c a s e  o f  c o m p le te  a f f in i ty  (c f . c o m p le te  w e t t in g )  
9 = 0, a n d  th e  f r e e  e n e r g y  o f  n u c lé a t io n  o f  z e ro . T h is  c a s e  c o r r e s p o n d s  to  th e  s e e d in g  
o f  a  s u p e r s a tu r a t io n  s o lu t io n  w i th  c r y s ta l s  o f  th e  r e q u i r e d  c r y s ta l l in e  p r o d u c t ,  i.e . n o  
n u c le i  h a v e  to  b e  fo rm e d  in  th e  s o lu t io n  ( M u l l in ,  2 0 0 1 ) .

T h e  p r e s e n c e  o f  th e  z e o l i te s  o r  a m o r p h o u s  m a te r ia ls  m a y  b e  in  th e  c a s e  o f  
th e  p a r tia l  w e t t in g  o f  a  s o l id  w i th  a  l iq u id , w h ic h  is  d e s c r ib e d  b y  E q u a t io n  (4 .7 ) ,  a n d  
AGcrit is  r e la te d  to  ( A 7 ) '2, a s  in d ic a te d  in  E q u a t io n  (4 .9 ) .

AGcrit a  (A T ) " 2 ( 4 .9 )

w h e re  A T = T* - T is  th e  s u p e r c o o l in g ,  r *  is  th e  s o l id - l iq u id  e q u i l ib r iu m  
te m p e r a tu r e ,  a n d  T is d e g re e  o f  s u p e r s a tu r a t io n  (M u l l in ,  2 0 0 1 ) .

F ro m  E q u a t io n s  (4 .2 ) ,  (4 .7 )  a n d  ( 4 .9 ) ,  th e  v a lu e  o f  AG'crit w i l l  b e  le s s  th a n  
AGcrit w h e n  th e  v a lu e  o f  AT is  h ig h , m e a n in g  th a t  th e  v a lu e  o f  T o r  d e g re e  o f  
s u p e r s a tu r a t io n  m u s t  b e  lo w . T h is  r e la te s  to  “ T h e  p r e s e n c e  o f  a  s u i ta b le  f o re ig n  b o d y  
o r  ‘s y m p a th ie ’ s u r f a c e  c a n  in d u c e  n u c lé a t io n  a t d e g re e  o f  s u p e r c o o l in g  lo w e r  th a n  
th o s e  r e q u i re d  f o r  s p o n ta n e o u s  n u c lé a t io n  (M u l l in ,  2 0 0 1 ) .”  T h e  m e ta s ta b le  z o n e  
w id th  m a y  b e c o m e  b ro a d e r .  T h u s ,  th e  c r y s ta l l iz a t io n  te m p e r a tu r e  o f  th e  f e e d  w ith  th e  
z e o l i te s  o r  a m o r p h o u s  m a te r ia ls  d e c r e a s e s  f ro m  th e  c r y s ta l l iz a t io n  te m p e r a tu r e  o f  th e  
fe e d  w ith o u t .  T h e  p r e s e n c e  o f  th e  z e o l i te s  o r  a m o r p h o u s  m a te r ia ls  m a y  c h a n g e  th e  
p r o p e r t ie s  o f  th e  s o lu t io n  s t r u c tu r e .  T h e  b in a r y  p h a s e  d ia g r a m  o f  m- a n d  /J -C N B  is  
s h i f t e d  to  th e  r ig h t  h a n d  s id e . T h a t  is  a  r e a s o n  w h y  th e  p r e c ip i ta t e  c o m p o s i t io n  in  th e  
f e e d  a t  a n d  a b o v e  th e  e u te c t ic  c o m p o s i t io n  is  s h i f te d  f ro m  b e in g  r ic h  in  m -C N B  to  p- 
C N B .
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