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4.1 E ffect o f Feed C om position on m- and p-C N B  C rystallization

T h e  s ta r t in g  l iq u id  m ix t u r e s  a t 6 1 .0 ,  6 2 .9 ,  a n d  6 5 .0  w t%  m - C N B  w e r e  

s tu d ie d  w it h o u t  a n y  z e o l i t e  in  o r d e r  to  in v e s t ig a t e  p r e c ip i t a t e  c o m p o s i t io n s  a n d  

t e m p e r a tu r e s  th a t th e  p r e c ip i t a t e s  w e r e  fo r m e d . S e v e n  g r a m s  o f  s o l i d  m- a n d  p - C N B  

w e r e  m e l t e d  to  o b ta in  a  h o m o g e n e o u s  l iq u id  s o lu t io n .  T h e  l iq u id  m ix t u 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  b y  u s in g  th e  G C . T h e n , th e  l iq u id  m ix t u r e  in  th e  

c r y s t a l l i z e r  w a s  c o o le d  b y  th e  c o o l i n g  w a t e r  fr o m  3 0 CC  t o  a  c r y s t a l l i z a t io n  

t e m p e r a tu r e . A l l  p r e c ip i ta te s  w e r e  c o l l e c t e d  f r o m  th e  c r y s t a l l i z e r ,  w a s h e d ,  a n d  

d i s s o lv e d  w i t h  h e x a n e .  T h e  d i s s o lv e d  p r e c ip i t a t e 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  u s in g  th e  G C . T h e  C N B  c o m p o s i t io n s  w i t h  d i f f e r e n t  s ta r t in g  l iq u id  

m ix t u r e s  w i t h o u t  a n y  z e o l i t e  are  s h o w n  in  T a b le  4 .1 .

T able 4.1 C o m p o s i t io n  o f  เท- a n d  / > C N B  in  th e  f e e d s  a n d  p r e c ip i t a t e s ,  a n d  

c r y s t a l l i z a t io n  t e m p e r a tu r e s

F e e d

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

(w t% )
P r e c ip i t a t e  c o m p o s i t io n  

(w t% )
C r y s t a l l i z a t io n

te m p e r a tu r e

( ๐๑m - C N B 17 -C N B m - C N B /7 - C N B

B e l o w  th e  e u t e c t ic  

c o m p o s i t io n
6 0 .9 7 3 9 .0 3 8 .9 2 9 1 .0 8 2 3 .0

A t  th e  e u t e c t i c  

c o m p o s i t io n
6 2 .9 0 3 7 .1 0 6 2 .9 5 3 7 .0 5 2 3 .0

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

c o m p o s i t io n
6 5 .0 2 3 4 .9 8 8 9 .8 5 1 0 .1 5 2 3 .5
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T h e  r e s u lt  s h o w s  th a t th e  p r e c ip i ta te s  a p p e a r  in  a  c r y s ta l  fo r m  w i t h  61  w t%  

m - C N B  ( b e l o w  th e  e u t e c t i c  c o m p o s i t io n )  a n d  6 5  w t%  m - C N B  ( a b o v e  th e  e u t e c t i c  

c o m p o s i t io n )  in  th e  f e e d ,  w h i l e  th e  p r e c ip i t a t e s  fr o m  6 2 .9  w t%  m - C N B  (a t  th e  

e u t e c t i c  c o m p o s i t io n )  in  th e  f e e d  is  a  s o l id  m ix t u r e  o f  m- a n d  /? - C N B . B e l o w  th e  

e u t e c t ic  c o m p o s i t io n ,  th e  p r e c ip i ta te s  a re  r ic h  in  p - C N B ,  9 1 .0 8  w t%  p u r ity . A b o v e  th e  

e u t e c t ic  c o m p o s i t io n ,  th e  p r e c ip i t a t e s  a re  r ic h  in  m - C N B , 8 9 .8 5  w t%  p u r ity . T h e  

p r e c ip i t a t e  c o m p o s i t io n  a n d  c r y s t a l l i z a t io n  t e m p e r a tu r e  a t e a c h  f e e d  c o m p o s i t io n  a re  

s h o w n  in  T a b le  4 .1 .  T h e s e  r e s u lt s  c o n f o r m  w i t h  b in a r y  p h a s e  d ia g r a m  a s  s h o w n  in  

F ig u r e  4 .1 .  In  a n y  c a s e ,  a  s in g le  c r y s t a l l i z a t io n  s te p  c a n n o t  p r o d u c e  1 0 0  w t%  p u r e  

c r y s t a l s  fo r  a  v a r ie t y  o f  r e a s o n s ,  e .g . ,  t h e y  c a n  b e  c o n t a m in a t e d  w i t h  r e s id u a l  s o lv e n t  

o r  o th e r  im p u r it ie s  th a t h a v e  n o t  b e e n  r e m o v e d  b y  w a s h in g ,  o r  h a v e  b e e n  in c o r p o r a te d  

in to  th e  c r y s ta l  in t e r s t i t ia l ly  o r  a s  l iq u id  in c l u s i o n  ( M u l l in ,  2 0 0 1 ) .  T h e s e  a re  p o s s i b l e  

r e a s o n s  w h y  th e  p u r ity  o f  p r e c ip ita te  is  n o t  c l o s e  t o  1 0 0  w t% .

61 พt% m-CNB 
39 wt% /7-CNB

Eutectic temperature : 23°c Precipitate

Eutectic composition (e): 62.9 wt% m-CNB and 37.1 wt%/7-CNB

%  ทา -CNI

Figure 4.1 B in a r y  p h a s e  d ia g r a m  o f  ทไ- a n d  /? - C N B  ( S u lz e r  C h e m t e c h  P t e . ,  L td ) .
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4.2 E ffect o f the FAU Z eolite on the เท- and /?-CNB C rystallization

4 .2 .1  E f f e c t  o f  F A U  Z e o l i t e s  o n  th e  C N B  F e e d  S o l u t io n  C o m p o s i t io n s
T o  in v e s t ig a t e  th e  e f f e c t s  o f  th e  n u m b e r  o f  z e o l i t e s  o n  th e  f e e d  

c o m p o s i t io n ,  a n  e x p e r im e n t  w a s  c a r r ie d  o u t  w i t h  61 w t%  พ - C N B  o r  b e l o w  th e  

e u t e c t i c  c o m p o s i t io n  in  th e  f e e d  o r  s ta r t in g  l iq u id  m ix tu r e :  7  g  o f  0 .6 1  a n d  0 .3 9  m a s s  

f r a c t io n  o f  พ - C N B  a n d  jP -C N B . T h e  m ix t u r e  w a s  m e lt e d  to  o b t a in  a  h o m o g e n e o u s  

l iq u id  m ix t u r e .  T h e  z e o l i t e s  u s e d  in  th is  w o r k  w e r e  p r e p a r e d  b y  c a lc in a t io n s  a t 3 5 0 ° c  

f o r  a n  h o u r  b e f o r e  a d d in g  in to  th e  C N B  m ix t u r e .  A f t e r  a  g iv e n  t im e ,  th e  m ix t u r e  w a s  

s t ir r e d  to  m i n i m iz e  a n y  c o n c e n t r a t io n  g r a d ie n t  in  th e  s o lu t io n .  T h e n , th e  m ix t u r e  

c o m p o s i t io n s  a f te r  a d d in g  a  z e o l i t e  w e r e  m e a s u r e d  b y  th e  G C . T h e  r e s u lt s  a re  s h o w n  

in  T a b le s  4 .2  a n d  4 .3 .  T h e  f e e d  c o m p o s i t io n s  b e f o r e  a n d  a f te r  a d d in g  t h e  z e o l i t e s  a re  

a b o u t  th e  s a m e  r e g a r d le s s  th e  n u m b e r  o f  th e  z e o l i t e .  It a p p e a r s  th a t th e  s tu d ie d  

n u m b e r  o f  z e o l i t e s  h a r d ly  a f f e c t s  th e  m- a n d  p - C N B  c o m p o s i t io n s  in  th e  l iq u id  

m ix t u r e .

T able 4.2 m- a n d  /? - C N B  c o m p o s i t io n  in  th e  f e e d  w it h  61  w t%  o f  พ - C N B  b e f o r e  

a n d  a f te r  a d d in g  5 g r a in s  o f  z e o l i t e s  a t 3 0 ° C

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

b e f o r e  a d d in g  z e o l i t e  (w t% )
F e e d  c o m p o s i t io n  

a f te r  a d d in g  z e o l i t e  (w t% )
%

d if f e r e n c e *
m- C N B p - C N B พ - C N B P - C N B

N a X 6 0 .9 8 3 9 .0 2 6 0 .9 3 3 9 .0 7 - 0 .0 5
C a X 6 0 .9 7 3 9 .0 3 6 0 .9 3 3 9 .0 7 - 0 .0 4
B a X 6 1 .0 0 3 9 .0 0 6 1 .0 2 3 8 .9 8 + 0 .0 2

N a Y 6 1 .0 4 3 8 .9 6 6 0 .9 8 3 9 .0 2 - 0 .0 6
C a Y 6 0 .9 5 3 9 .0 5 6 0 .9 7 3 9 .0 3 - 0 .0 2

* % d if f e r e n c e  i s  th e  d i f f e r e n c e  b e t w e e n  th e  m- C N B  c o m p o s i t io n  in  th e  

w it h o u t  a  z e o l i t e .
'e e d  w i t h  a n d
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T a b l e  4 .3  เท- a n d  p - C N B  c o m p o s i t io n  in  th e  f e e d  w i t h  61 พ t%  o f  W -C N B  b e f o r e  

a n d  a f te r  a d d in g  1 0  g r a in s  o f  z e o l i t e s  at 3 0 ° c

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

b e f o r e  a d d in g  z e o l i t e  (w t% )
F e e d  c o m p o s i t io n  

a fte r  a d d in g  z e o l i t e  (vรท0Aว)
%

d if f e r e n c e *
m - C N B P - C N B เท- C N B p - C N B

N a X 6 1 .0 4 3 8 .9 6 6 0 .9 8 3 9 .0 2 - 0 .0 6
C a X 6 0 .9 7 3 9 .0 3 6 0 .9 5 3 9 .0 5 - 0 .0 2

B a X 6 0 .9 5 3 9 .0 5 6 0 .9 3 3 9 .0 7 - 0 .0 2

N a Y 6 1 .0 0 3 9 .0 0 6 0 .9 4 3 9 .0 6 - 0 .0 6
C a Y 6 1 .0 3 3 8 .9 7 6 0 .9 8 3 9 .0 2 - 0 .0 5

* % d if f e r e n c e  is  th e  d i f f e r e n c e  b e t w e e n  th e  W -C N B  c o m p o s i t io n  in  th e  

w it h o u t  a  z e o l i t e .
e e d  w i t h  a n d

4 .2 .2  E f f e c t  o f  th e  N u m b e r  o f  Z e o l i t e s  o n  th e  C N B  P r e c ip ita te  

C o m p o s i t io n s  a n d  C r y s t a l l i z a t io n  T e m p e r a tu r e
T o  s tu d y  e f f e c t  o f  th e  n u m b e r  o f  a  z e o l i t e  o n  th e  p r e c ip i ta te  

c o m p o s i t io n ,  a  C N B  m ix t u r e  w it h  5  g r a in s  a n d  1 0  g r a in s  o f  a  z e o l i t e  w a s  c o o l e d  b y  

c o o l i n g  w a t e r  a t th e  c o o l i n g  r a te  o f  l ° c / h r  fr o m  30°c u n t i l  p r e c ip i t a t e s  w e r e  fo r m e d .  
T h e  p r e c ip i t a t e s  w e r e  c o l l e c t e d ,  w a s h e d  a n d  d i s s o l v e d  w i t h  h e x a n e .  T h e  C N B  

p r e c ip i t a t e  c o m p o s i t io n  ( R u n # l )  w a s  a n a ly z e d  b y  th e  G C . T h e  e x p e r im e n t  w a s  

r e p e a te d  b y  h e a t in g  th e  m ix t u r e  b a c k  t o  h o m o g e n e o u s  p h a s e .  T h e  l iq u id  m ix t u r e  w a s  

ta k e n  to  c h e c k  th e  c o m p o s i t io n  a n d  th e n  c o o le d  th e  s y s t e m  u n t i l  th e  p r e c ip i t a t e s  w e r e  

fo r m e d  a g a in . T h e  C N B  p r e c ip i t a t e  c o m p o s i t io n  ( R u n # 2 )  w a s  a n a ly z e d .  T h e  

p r e c ip i t a t e s  w e r e  ta k e n  f r o m  8 p o s i t i o n s  in  t w o  a r e a s ;  th e  1 -4  p o s i t i o n s  n e a r  th e  

z e o l i t e s  (a r e a  ( a ) )  a n d  th e  5 - 8  p o s i t io n  fa r  fr o m  th e  z e o l i t e s  (a r e a  ( b ) )  a s  s h o w n  in  

F ig u r e  4 .2 .
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z e o l i t e s

F i g u r e  4 .2  L o c a t io n s  w h e r e  p r e c ip i t a t e s  w e r e  c o l l e c t e d  fo r  m- a n d  / 7- C N B  

c o m p o s i t io n  a n a ly s i s .

F r o m  T a b le s  4 .4 - 4 .7 ,  th e  p r e s e n c e  o f  th e  z e o l i t e s  in  th e  s y s t e m  w i t h  61  

w t%  r n -C N B  o r  b e l o w  th e  e u t e c t i c  c o m p o s i t io n  in  th e  f e e d  r e s u lt e d  in  p r e c ip i t a t e s  

r ic h  in  / 7- C N B .  It c a n  b e  c le a r ly  s e e n  th a t th e  p r e c ip i t a t e s  n e a r  th e  z e o l i t e s  (a r e a ( a ) )  

h a v e  a  p u r ity  o f  / 7- C N B  h ig h e r  th a n  t h o s e  fa r  fr o m  th e  z e o l i t e s  ( a r e a ( b ) ) .  T h e  

c r y s t a l l i z a t io n  o f  th e  f e e d  s o lu t io n  w i t h  5  g r a in s  o f  th e  z e o l i t e s  r e s u lt e d  in  th e  

p r e c ip i t a t e s  w i t h  h ig h  / 7- C N B  c o m p o s i t io n s  ( T a b l e s  4 .4 - 4 .5 )  th a n  th a t  fr o m  th e  

s o lu t io n  w i t h  1 0  g r a in s  o f  th e  z e o l i t e s  ( T a b le s  4 . 6 - 4 .7 ) .  A n d  th a t  i s  tr u e  fo r  b o t h  a r e a s ,  
n e a r  a n d  fa r  fr o m  th e  z e o l i t e s .
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Table 4.4 Composition of m- and p -CNB in the precipitates located near and far
from zeolites (Run#l) with 61 wt% of /n-CNB in the feed and 5 grains of zeolites

P r e c ip i t a t e  n e a r  z e o l i t e P r e c ip i ta te  fa r  fr o m  z e o l i t e
Z e o l i t e C o m p o s i t io n  (w t% ) C o m p o s i t io n  (w t% )

m- C N B p -C N B m-/p- C N B m - C N B p - c m m - / /> C N B
6 .2 0 [1] 9 3 .8 0 m 0 .0 6 6 1 1 0 .3 9 [5] 8 9 .6 1 [5] 0 .1 1 5 9
7 .8 5 [2| 9 2 .1 5 [21 0 .0 8 5 2 8 .3 9 [6) 9 1 .6 1 [61 0 .0 9 1 6

N a X
6 .2 5 [31 9 3 .7 5 [3] 0 .0 6 6 7 1 3 .1 4 [71 8 6 .8 6 [7] 0 .1 5 1 3
4 .4 3 [4] 9 5 .5 7 [4] 0 .0 4 6 4 9 .2 9 181 9 0 .7 1 [8] 0 .1 0 2 4
4 .7 4 [1] 9 5 .2 6 [11 0 .0 4 9 8 4 .2 5 [5] 9 5 .7 5 [51 0 .0 4 4 4
4 .1 6 [ 21 9 5 .8 4 [2 ] 0 .0 4 3 4 6 .5 6 [6] 9 3 .4 4 [6] 0 .0 7 0 2

C a X
5 .1 7 [31 9 4 .8 3 [3| 0 .0 5 4 5 6 .8 4 17] 9 3 .1 6 [71 0 .0 7 3 4
6 .3 2 [4] 9 3 .6 8 [4] 0 .0 6 7 5 9 .6 7 [8] 9 0 .3 3 [8] 0 .1 0 7 1
4 .7 9 [1] 9 5 .2 1 [11 0 .0 5 0 3 5 .5 8 [5] 9 4 .4 2 [5] 0 .0 5 9 1

B a X
6 .0 9 [2] 9 3 .9 1 [21 0 .0 6 4 8 4 .2 3 [6] 9 5 .7 7 [6| 0 .0 4 4 2
4 .6 5 [31 9 5 .3 5 [3| 0 .0 4 8 8 6 .4 9 [7| 9 3 .5 1 [7] 0 .0 6 9 4
4 .4 0 H I 9 5 .6 0 [4] 0 .0 4 6 0 4 .1 4 [81 9 5 .8 6 [81 0 .0 4 3 2
6 .4 1 [1J 9 3 .5 9 [1] 0 .0 6 8 5 8 .3 4 [5] 9 1 .6 6 [5] 0 .0 9 1 0
5 .8 4 [21 9 4 .1 6 [2] 0 .0 6 2 0 7 .3 7 161 9 2 .6 3 [6] 0 .0 7 9 6

N a Y
4 .1 4 [3J 9 5 .8 6 [31 0 .0 4 3 2 8 .0 4 [71 9 1 .9 6 [7] 0 .0 8 7 4
6 .2 7 [4] 9 3 .7 3 [41 0 .0 6 6 9 6 .9 1 [8] 9 3 .0 9 [8] 0 .0 7 4 2
7 .6 7 [ 1 ] 9 2 .3 3 [1] 0 .0 8 3 1 6 .4 7 [5] 9 3 .5 3 [5] 0 .0 6 9 2
4 .7 9 |2] 9 5 .2 1 [2] 0 .0 5 0 3 9 .2 4 [61 9 0 .7 6 [6] 0 .1 0 1 8

C a Y
6 .8 9 [31 9 3 .1 1 [31 0 .0 7 4 0 7 .3 3 [7] 9 2 .6 7 [71 0 .0 7 9 1
6 .0 6 H I 9 3 .9 4 [4] 0 .0 6 4 5 8 .8 8 [8] 9 1 .1 2 [8] 0 .0 9 7 5

* The number in the parenthesis refers to the position where precipitates were
collected as shown in Figure 4.2.
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Table 4.5 Composition of m- and / 7-CNB in the precipitates located near and far
from zeolites (Run#2) with 61 wt% of m-CNB in the feed and 5 grains of zeolites

P r e c ip i t a t e  n e a r  z e o l i t e P r e c ip i ta te  fa r  f r o m  z e o l i t e
Z e o l i t e C o m p o s i t io n  (w t% ) C o m p o s i t io n  (w t% )

m - C N B p -C N B m-/p-C N B m - C N B p - c  N B m-/p-C N B
6 .0 7 [1] 9 3 .9 3 [1] 0 .0 6 4 6 9 .8 8 [5] 9 0 .1 2 [5] 0 .1 0 9 6
4 .6 6 [2] 9 5 .3 4 [2] 0 .0 4 8 9 9 .6 0 [6] 9 0 .4 0 [6] 0 .1 0 6 2

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

C a X
5 .6 3 [2] 9 4 .3 7 [2] 0 .0 5 9 7 1 0 .6 7 [6] 8 9 .3 3 [6] 0 .1 1 9 4
7 .7 1 [3] 9 2 .2 9 [3] 0 .0 8 3 5 8 .8 6 [7] 9 1 .1 4 [7] 0 .0 9 7 2
5 .9 7 [4] 9 4 .0 3 14] 0 .0 6 3 5 1 0 .0 7 [8] 8 9 .9 3 [8] 0 .1 1 2 0
4 .2 7 [1J 9 5 .7 3 [1] 0 .0 4 4 6 8 .0 3 [5] 9 1 .9 7 ]5] 0 .0 8 7 3

B a X
7 .0 2 [2] 9 2 .9 8 [2] 0 .0 7 5 5 1 0 .5 2 [6] 8 9 .4 8 [6] 0 .1 1 7 6
4 .9 3 [3] 9 5 .0 7 [3] 0 .0 5 1 9 9 .6 8 [7] 9 0 .3 2 [7] 0 .1 0 7 2
5 .7 0 [4] 9 4 .3 0 (4] 0 .0 6 0 4 7 .9 9 [8] 9 2 .0 1 (8] 0 .0 8 6 8
4 .6 6 11] 9 5 .3 4 [1] 0 .0 4 8 9 1 0 .7 4 [5] 8 9 .2 6 [5] 0 .1 2 0 3

N a Y
4 .0 7 12] 9 5 .9 3 12] 0 .0 4 2 4 7 .0 7 [6] 9 2 .9 3 [61 0 .0 7 6 1
7 .1 1 [3] 9 2 .8 9 [3] 0 .0 7 6 5 8 .1 0 17] 9 1 .9 0 [7] 0 .0 8 8 1
5 .9 8 [4] 9 4 .0 2 [4] 0 .0 6 3 6 8 .3 8 [8] 9 1 .6 2 [8] 0 .0 9 1 5
7 .8 8 [1] 9 2 .1 2 [1] 0 .0 8 5 5 1 3 .6 4 [5] 8 6 .3 6 [5] 0 .1 5 7 9

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

* The number in the parenthesis refers to the position where precipitates were
collected as shown in Figure 4.2.
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Table 4.6 Composition of m- and /7-CNB in the precipitates located near and far
from zeolites (Run#l) with 61 wt% of m-CNB in the feed and 10 grains of zeolites

P r e c ip i ta te  n e a r  z e o l i t e P r e c ip i t a t e  fa r  fr o m  z e o l i t e
Z e o l i t e C o m p o s i t io n  ( พ t% ) C o m p o s i t io n  (w t% )

m - C N B P-C  N B m-/p-CNB W -C N B /7-cnb m-/p-C N B
7 .1 5 [1] 9 2 .8 5 [1] 0 .0 7 7 0 1 0 .6 3 [5] 8 9 .3 7 [5] 0 .1 1 8 9

N a X
6 .2 8 [2] 9 3 .7 2 [2] 0 .0 6 7 0 1 3 .3 5 [6) 8 6 .6 5 [61 0 .1 5 4 1
9 .2 5 [3] 9 0 .7 5 [3] 0 .1 0 1 9 1 1 .6 6 [7] 8 8 .3 4 [71 0 .1 3 2 0
7 .1 0 [4] 9 2 .9 0 [4] 0 .0 7 6 4 1 2 .3 2 [8] 8 7 .6 8 [81 0 .1 4 0 5
8 .5 4 [1] 9 1 .4 6 [1] 0 .0 9 3 4 1 2 .1 5 [51 8 7 .8 5 [51 0 .1 3 8 3
7 .2 4 [2] 9 2 .7 6 [2] 0 .0 7 8 1 1 2 .4 0 [61 8 7 .6 0 [61 0 .1 4 1 6

C a X
7 .5 0 [3] 9 2 .5 0 [3] 0 .0 8 1 1 1 0 .1 3 |7] 8 9 .8 7 [7] 0 .1 1 2 7
6 .3 5 [4] 9 3 .6 5 [4] 0 .0 6 7 8 1 0 .3 5 [8] 8 9 .6 5 [81 0 .1 1 5 4
5 .1 9 [1] 9 4 .8 1 [1] 0 .0 5 4 7 7 .7 1 [5| 9 2 .2 9 [51 0 .0 8 3 5
5 .9 9 [2] 9 4 .0 1 (2] 0 .0 6 3 7 8 .8 8 [61 9 1 .1 2 [61 0 .0 9 7 5

B a X
6 .9 8 [3] 9 3 .0 2 [3] 0 .0 7 5 0 7 .3 6 [71 9 2 .6 4 [7[ 0 .0 7 9 4
7 .1 6 [4] 9 2 .8 4 [4] 0 .0 7 7 1 8 .3 9 [8] 9 1 .6 1 [8] 0 .0 9 1 6
7 .5 3 [1] 9 2 .4 7 [1] 0 .0 8 1 4 9 .8 8 [5] 9 0 .1 2 [5] 0 .1 0 9 6

N a Y
6 .3 5 [2] 9 3 .6 5 [2] 0 .0 6 7 8 8 .9 6 [6] 9 1 .0 4 [61 0 .0 9 8 4
6 .2 4 [3] 9 3 .7 6 [3] 0 .0 6 6 6 1 0 .8 3 [7] 8 9 .1 7 [71 0 .1 2 1 5
7 .0 1 [4] 9 2 .9 9 [4] 0 .0 7 5 4 9 .8 5 [8] 9 0 .1 5 [81 0 .1 0 9 3
7 .1 2 [1] 9 2 .8 8 [1] 0 .0 7 6 7 1 2 .2 0 [51 8 7 .8 0 [51 0 .1 3 9 0

C a Y
6 .9 3 [2] 9 3 .0 7 12] 0 .0 7 4 5 1 4 .5 8 [6] 8 5 .4 2 [61 0 .1 7 0 7
7 .2 4 [3] 9 2 .7 6 [3] 0 .0 7 8 1 1 3 .4 9 [7] 8 6 .5 1 [7] 0 .1 5 5 9

1 0 .0 5 [4] 8 9 .9 5 [4] 0 . 1 1 1 7 1 5 .2 7 [81 8 4 .7 3 [81 0 .1 8 0 2
* The number in the parenthesis refers to the position where precipitates were
collected as shown in Figure 4.2.
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Table 4.7 Composition of m- and /7-CNB in the precipitates located near and far
from zeolites (Run#2) with 61 wt% of m-CNB in the feed and 10 grains of zeolites

P re c ip i ta te  n e a r  z e o l i te P r e c ip i ta te  f a r  f ro m  z e o l i te
Z e o l i te C o m p o s i t io n  (w t% ) C o m p o s i t io n  ( พ t% )

m -C N B p - c  N B m -/p -C N B พ - C N B / 7- C N B พ -//? -C N B
9 .2 4 [1 ] 9 0 .7 6 [1 ] 0 .1 0 1 8 1 4 .0 6 [5] 8 5 .9 4 [5] 0 .1 6 3 6
9 .0 5 [2 ] 9 0 .9 5 [2 ] 0 .0 9 9 5 1 5 .9 6 [6 ] 8 4 .0 4 ]6 ] 0 .1 8 9 9

N a X
11 .7 8 [3] 88.22 [3] 0 .1 3 3 5 1 3 .6 8 [7] 8 6 .3 2 [7] 0 .1 5 8 5
10 .3 5 [4] 8 9 .6 5 [4] 0 .1 1 5 4 1 3 .4 0 [8 ] 8 6 .6 0 [8 ] 0 .1 5 4 7
8 .0 8 [1 ] 9 1 .9 2 [1 ] 0 .0 8 7 9 1 3 .9 9 [5] 86.01 [5] 0 .1 6 2 7
10.12 [2 ] 8 9 .8 8 [2 ] 0 .1 1 2 6 14.11 [6 ] 8 5 .8 9 [6 ] 0 .1 6 4 3

C a X
8 .8 9 [3] 91 .1 1 [3] 0 .0 9 7 6 12.86 [7] 8 7 .1 4 ]7] 0 .1 4 7 6
7 .4 3 [4] 9 2 .5 7 [4] 0 .0 8 0 3 1 2 .8 9 [8 ] 87 .1 1 [8 ] 0 .1 4 8 0
8 .9 0 [1 ] 9 1 .1 0 [1 ] 0 .0 9 7 7 1 1 .2 8 [5] 8 8 .7 2 [5] 0 .1 2 7 1

B a X
6 .9 2 [2 ] 9 3 .0 8 12] 0 .0 7 4 3 9 .2 5 16] 9 0 .7 5 ]6 ] 0 .1 0 1 9
8 .6 7 [3] 9 1 .3 3 [3] 0 .0 9 4 9 1 1.77 [7] 8 8 .2 3 ]7] 0 .1 3 3 4
7 .6 2 [4] 9 2 .3 8 [4] 0 .0 8 2 5 9 .1 3 [8 ] 9 0 .8 7 |8 ] 0 .1 0 0 5
7.61 [1 ] 9 2 .3 9 [1 ] 0 .0 8 2 4 1 2 .5 9 [5] 87 .4 1 [5] 0 .1 4 4 0
8 .3 4 [2 ] 9 1 .6 6 [2 ] 0 .0 9 1 0 1 1 .3 4 ]6 ] 88.66 [6 ] 0 .1 2 7 9

N a Y
7 .1 4 [3] 9 2 .8 6 (3] 0 .0 7 6 9 11.10 [7] 8 8 .9 0 ]7] 0 .1 2 4 9
8 .0 4 [4] 9 1 .9 6 [4] 0 .0 8 7 4 1 0 .3 8 ]8 ] 8 9 .6 2 [8 ] 0 .1 1 5 8

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

C a Y
8 .1 5 (2 ] 9 1 .8 5 [2 ] 0 .0 8 8 7 1 6 .9 8 [6 ] 8 3 .0 2 [6 ] 0 .2 0 4 5
9 .0 2 [3] 9 0 .9 8 [3] 0 .0 9 9 1 1 5 .1 8 [7] 8 4 .8 2 [7] 0 .1 7 9 0
6 .9 3 [4] 9 3 .0 7 [4] 0 .0 7 4 5 14.61 [8 ] 8 5 .3 9 18] 0 .1 7 1 1

* 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  th e  p o s i t i o n  w h e re  p r e c ip i ta t e s  w e r e  
c o l le c te d  a s  s h o w n  in  F ig u r e  4 .2 .

J ' i s s y s ' ü é j
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A d d e d  in to  th e  C N B  liq u id  m ix tu r e ,  a  z e o l i te  m a y  a c t  a s  a  fo re ig n  
p a r t i c le  in  th e  s y s te m  a n d  c e n te r  o f  c r y s ta l l iz a t io n .  T h e  p r e s e n c e  o f  a  z e o l i te  m a y  
in d u c e  p r im a r y  n u c lé a t io n  in  th e  h e te ro g e n e o u s  n u c lé a t io n . T h e  s iz e  o f  a  fo re ig n  
b o d y  is  im p o r ta n t  a n d  th e re  is  a n  e v id e n c e  to  s u g g e s t  th a t  th e  m o s t  a c t iv e  p a r t ic le  
( h e te r o n u c le i )  in  l iq u id  s o lu t io n  lie  in  th e  r a n g e  0.1 to  1 p m  ( M u l l in ,  2 0 0 1 ) .  A  z e o l i te  
th a t  h a s  a n  a v e r a g e  p a r t ic le  s iz e  d ia m e te r  m o re  th a n  1 p m  c a n  c o n s id e r a b ly  a f f e c t  
h e te r o g e n e o u s  n u c lé a t io n ,  w h ic h  u s u a l ly  h a s  a  p r o f o u n d  e f fe c t  o n  th e  f in a l  c r y s ta l l in e  
p r o d u c t  ( M u l l in ,  2 0 0 1 ) .  A  p o s s ib le  r e a s o n  w h y  th e  n u m b e r  o f  a  z e o l i te  s ig n i f ic a n t ly  
a f f e c ts  th e  p r o d u c t  p u r i ty  m a y  c o m e  f ro m  th e  a g g lo m e r a t io n  o f  n u c le i  in  th e  
n u c lé a t io n  s te p . T h e  a g g lo m e r a t io n  k in e t ic s  a re  c o r r e la te d  a s  a  f u n c t io n  o f  th e  
n u m b e r  o f  p a r t i c le s  a n d  th e  s u p e r s a tu r a t io n  in  th e  s o lu t io n  ( F u n a k o s h i  et a l ,  2 0 0 1 ) . 
T h e  n u c le i  in  th e  p r im a ry  n u c lé a t io n  f ro m  th e  in d u c t io n  b y  f o re ig n  p a r t i c le s  a re  
c a l le d  h e te r o g e n e o u s  n u c le i .  F re q u e n t  a g g lo m e r a t io n  o c c u rs  w h e n  th e  n u m b e r  o f  a  
z e o l i te  in d u c in g  p r im a r y  n u c le i  is  la rg e r . A s  th e  n u m b e r  o f  p r im a r y  n u c le i  is  la r g e r  
a n d  its  s iz e  is  s m a lle r ,  th e  p u r i ty  d e c r e a s e s  b y  a g g lo m e r a t io n .  T h a t  is  b e c a u s e  th e  
h ig h e r  n u m b e r  o f  p r im a ry  n u c le i  c a n  g e n e ra te  th e  h ig h e r  n u m b e r  o f  s e c o n d a r y  n u c le i  
in  th e  s y s te m . A f te r  th e  s e c o n d a r y  n u c lé a t io n ,  th e s e  n u c le i  s ta r t  to  a g g lo m e r a te  a n d  
g r o w  ( M u l l in ,  2 0 0 1 ) . H e n c e , th e  p u r i ty  o f  a g g lo m e r a te s  d e c r e a s e s  w i th  th e  in c re a s e  
o f  th e  n u m b e r  o f  e le m e n ta r y  c r y s ta l s  c o n s t i tu t in g  a g g lo m e r a te s .  M o r e o v e r ,  th e  p u r i ty  
d e c r e a s e  is  m o r e  s u b s ta n t ia l  w h e n  th e  a g g lo m e r a te  s iz e  is  s m a lle r .  T h is  c a n  b e  
e x p la in e d  th a t  th e  n u m b e r  o f  e le m e n ta r y  c r y s ta l s  s ig n i f ic a n t ly  a f f e c ts  th e  p u r i ty  
d e c r e a s e  s in c e  th e  h ig h e r  n u m b e r  o f  n u c le i ,  th e  g r e a te r  c o n ta c t  p r o b a b i l i t i e s  a n d  
c o l l i s io n  o f  n u c le i  in  th e  s y s te m  le a d s  to  th e  e n t r a in m e n t  o f  m o th e r  l iq u o r  d u r in g  
a g g lo m e r a t io n  ( F u n a k o s h i  et al., 2 0 0 1 ) . A c c o rd in g ly ,  10 g ra in s  o f  z e o l i te s  c a n  in d u c e  
th e  n u m b e r  o f  h e te r o g e n e o u s  n u c le i  m o re  th a n  5 g ra in s  o f  z e o l i te s  le a d in g  to  th e  
lo w e r  /? -C N B  p u r i ty  b y  a g g lo m e r a t io n .

T o  se e  th e  te n d e n c y  o f  p r e c ip i ta te  c o m p o s i t io n s  c le a r ly ,  th e  C N B  
p r e c ip i ta te  c o m p o s i t io n s  f ro m  R u n # l  in  th e  fe e d  s o lu t io n  b e lo w  th e  e u te c t ic  
c o m p o s i t io n  w i th  5 a n d  10 g r a in s  o f  z e o l i te s  w e re  c a lc u la te d  in  te r m s  o f  m -/)p -C N B  
r a t io ,  a s  s e e n  in  F ig u r e s  4 .3  a n d  4 .4 ,  r e s p e c t iv e ly .  M o re o v e r ,  c r y s ta l l iz a t io n  
te m p e r a tu r e s  o f  th e  s o lu t io n  w i th  th e  p r e s e n c e  o f  e a c h  z e o l i te  a t  5 a n d  10 g ra in s  a r e  
s h o w n  in  T a b le  4 .8 . F ro m  F ig u re  4 .3 , th e  r e s u l t  s h o w s  th a t  th e  c r y s ta l l iz a t io n  g iv e s
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a lm o s t  th e  s a m e  พ -//? -C N B  r a t io  o f  th e  p r e c ip i ta te s  a t  th e  lo c a t io n s  n e a r  th e  z e o l i te ,  
w h i le  th e  พ -//? -C N B  r a t io  in c re a s e s  a t  th e  lo c a t io n s  fa r  f ro m  th e  z e o l i te  e x c e p t  B a X , 
w h ic h  p r o v id e s  th e  s im i la r  r a t io  in  b o th  a re a s .  T h e  พ -//? -C N B  ra t io  o f  th e  p r e c ip i ta te s  
n e a r  th e  z e o l i te  s e e m s  to  b e  in d e p e n d e n t  o n  a  ty p e  o f  z e o l i te .  W i th  10 g r a in s  o f  
z e o l i te s ,  a s  s h o w n  in  F ig u r e  4 .4 , th e  r e s u l t s  r e v e a le d  th a t  a  ty p e  o f  z e o l i te  
s ig n i f ic a n t ly  a f fe c ts  th e  r a t io  o f  th e  p r e c ip i ta te s  f a r  f ro m  th e  z e o l i te .  N e v e r th e le s s ,  
th a t  h a s  v e r y  l i t t le  e f f e c t  o n  th e  r a t io  o f  th e  p r e c ip i ta te s  n e a r  th e  z e o l i te .  F u r th e rm o r e ,  
th e  p r e s e n c e  o f  z e o l i te s  c a n  in d u c e  n u c lé a t io n  a t  a  te m p e r a tu r e  lo w e r  th a n  th a t  
r e q u i r e s  f o r  c r y s ta l l iz a t io n  w i th o u t  a n y  z e o l i te ,  a s  s e e n  in  T a b le  4 .8 . T h e  te n d e n c y  o f  
c r y s ta l l i z a t io n  te m p e r a tu r e  in  th e  fe e d  w i th  5 g r a in s  o f  z e o l i te s  is  h ig h e r  th a n  th a t  in  
th e  fe e d  w i th  10 g r a in s  o f  z e o l i te s .

F i g u r e  4 .3  C o m p a r i s o n  o f  พ -//? -C N B  r a t io  o f  th e  p r e c ip i ta te s  w i th  61 w t%  o f  พ -  
C N B  in  th e  f e e d  a n d  5 g r a in s  o f  z e o l i te s  (B a X , C a X , N a X , C a Y , a n d  N a Y ) .



m
-/

p
-C

N
B

 r
at

io

38

Table 4.8 Crystallization temperatures at 61 wt% of m-CNB in the feed with 5 and
10 grains of zeolites

T y p e  o f  z e o l i te
C r y s ta l l iz a t io n  T e m p e r a tu r e  ( ๐C )

5 g r a in s  o f  z e o l i te 10 g r a in s  o f  z e o l i te
W i th o u t  z e o l i te 23 2 3

B a X 22 20
C a X 21 21
N a X 21 21
C a Y 22 20
N a Y 22 21

F i g u r e  4 .4  C o m p a r i s o n  o f  m -/p - C N B  r a t io  o f  th e  p r e c ip i ta te s  w i th  61 w t%  o f  เท- 
C N B  in  th e  fe e d  a n d  10 g r a in s  o f  z e o l i te s  ( B a X , C a X , N a X , C a Y , a n d  N a Y ) .
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F ro m  F ig u r e s  4 .3  a n d  4 .4 ,  th e  f77-/p-C N B  r a t io  o f  p r e c ip i ta te s  n e a r  th e  
z e o l i te s  is  lo w e r  th a n  th o s e  f a r  f ro m  th e  z e o l i te s ,  a n d  th e  h ig h  n u m b e r  o f  a  z e o l i te  h a s  
m o r e  p r o n o u n c e d  e f fe c ts  o n  th e  r a t io  th a n  th e  lo w e r  n u m b e r  o f  th e  z e o l i te  e s p e c ia l ly  
a t  th e  lo c a t io n s  f a r  f ro m  th e  z e o l i te .  M o s t  c r y ta l l iz a t io n  te m p e r a tu r e s  f r o m  10 g ra in s  
o f  z e o l i te s  a r e  lo w e r  th a n  th o s e  f ro m  th e  5 g ra in s .  T h a t  m a y  b e  d u e  to  h ig h  
s u p e r s a tu r a t io n  r e s u l t in g  in  f a s t  n u c lé a t io n  a n d  c r e a t io n  o f  la rg e  n u m b e r  o f  v e r y  
s m a ll  c ry s ta l  ( M u l l in ,  2 0 0 1 ) . 10  g ra in s  o f  th e  z e o l i te s  m a y  a c c e le r a te  th e  s y s te m  in to  
n u c lé a t io n  s te p  f a s te r  th a n  5 g r a in s  o f  z e o l i te s ,  a n d  p r e c ip i ta t e s  f ro m  th e  10 g r a in s  
w i l l  h a v e  th e  lo n g e r  t im e  in  a g g lo m e r a t io n  a n d  g r o w th  th a n  th e  5 g ra in s .  
A g g lo m e r a t io n  in  th e  b u lk  c a n  o c c u r  m o r e  th a n  in  th e  a r e a  o f  z e o l i te s  b e c a u s e  o f  
h ig h e r  n u m b e r  o f  n u c le i  so  th e  m -/p -C N B  r a t io  o f  p r e c ip i ta te s  n e a r  a n d  fa r  f ro m  10 
g r a in s  o f  z e o l i te s  is  c le a r ly  d i f f e r e n t .  T h e  r a te  o f  n u c lé a t io n  o f  a  s o lu t io n  c a n  b e  
a f f e c te d  c o n s id e r a b ly  b y  th e  p r e s e n c e  o f  m e re  t r a c e  im p u r i t ie s  in  th e  s y s te m . 
H o w e v e r ,  im p u r i t ie s  th a t  a c t  a s  a  n u c lé a t io n  in h ib i to r  in  o n e  c a s e  m a y  n o t  n e c e s s a r i ly  
b e  e f f e c t iv e  in  a n o th e r ;  in d e e d , it m a y  e v e n  a c t  a s  a n  a c c e le r a to r .  N o  g e n e ra l  ru le  
a p p l ie s  a n d  e a c h  c a s e  m u s t  b e  c o n s id e re d  s e p a r a te ly  ( M u l l in ,  2 0 0 1 ) .

In  o r d e r  to  c o m p a re  c o m p o s i t io n s  o f  C N B  p r e c ip i ta te s  f ro m  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  w i th  5 a n d  10 g ra in s  o f  z e o l i te s ,  a ll  p r e c ip i ta te s  in  th e  
c r y s ta l l iz e r  a f te r  R u n # 2  w e r e  c o l le c te d  a n d  th e  r e s u l t s  a r e  s h o w n  in  T a b le  4 .9  a n d  
F ig u r e  4 .5 . T a b le  4 .9  s h o w s  th a t  p r e c ip i ta te s  f ro m  th e  fe e d  w i th  5 g r a in s  o f  z e o l i te s  
h a v e  h ig h e r  / 7 -C N B  p u r i ty  th a n  th o s e  f ro m  th e  fe e d  w i th  10 g r a in s  o f  z e o l i te s ,  a n d  it 
is  t r u e  in  a ll  te s te d  z e o l i te s .  T h is  r e s u l t  c o n f i rm s  th e  r e s u l t  o f  th e  p r e c ip i ta te s  
c o l le c te d  f ro m  th e  p o s i t io n s  1 to  8 in  th e  tw o  a re a s  a s  s h o w n  in  F ig u r e  4 .2 .
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Table 4.9 พ- and /?-CNB compositions of all precipitates collected from 61 wt% m-

CNB in the feed with 5 and 10 grains of zeolites

Z e o l i te

5 g r a in s  o f  z e o l i te s 10 g r a in s  o f  z e o l i te s
P r e c ip i ta te  c o m p o s i t io n  

(w t% ) พ -//? -C N B  
ra t io

P r e c ip i ta te  c o m p o s i t io n  
(w t% ) พ -//? -C N B  

ra t ioพ - C N B p -C N B พ - C N B p - c  N B
N a X 1 0 .3 8 8 9 .6 2 0 .1 1 5 8 1 3 .7 9 86.21 0 .1 6 0 0
C a X 9 .4 4 9 0 .5 6 . 0 .1 0 4 2 1 2 .9 6 8 7 .0 4 0 .1 4 8 9
B a X 9 .1 9 9 0 .8 1 0.1012 9 .6 9 9 0 .3 1 0 .1 0 7 3
N a Y 8 .6 7 9 1 .3 3 0 .0 9 4 9 1 1 .3 5 8 8 .6 5 0 .1 2 8 0
C a Y 9 .7 1 9 0 .2 9 0 .1 0 7 5 1 6 .4 5 8 3 .5 5 0 .1 9 6 9

F ig u r e  4 .5  in d ic a te s  th a t  a  ty p e  o f  z e o l i te  h a s  a  g r e a t  in f lu e n c e  o n  th e  
m -lp - C N B  r a t io  in  th e  f e e d  w i th  10 g r a in s  o f  z e o l i te s ,  b u t  h a s  a  v e r y  l i t t le  e f f e c t  o n  
th e  r a t io  in  th e  fe e d  w i th  5 g ra in s  o f  z e o l i te s .  B a X  p r o v id e s  th e  lo w e s t  พ -//? -C N B  
ra t io  o r  th e  h ig h e s t  p - C N B  c o m p o s i t io n  a t  10 g r a in s  o f  z e o l i te s .  A  p o s s ib le  r e a s o n  
w h y  th e  p u r i ty  o f  /? -C N B  in  F ig u r e  4 .5  is  n o t a s  h ig h  a s  th a t  in  F ig u r e s  4 .3  a n d  4 .4  
m a y  b e  f ro m  th e  c o n ta m in a t io n  w i th  r e s id u a l  s o lv e n t  o r  o th e r  im p u r i t ie s  th a t  h a v e  n o t  
b e e n  r e m o v e d  b y  w a s h in g .
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Figure 4.5 Effect of the number of zeolite on m -lp -CNB ratio of the precipitates at 
61 wt% พ-CNB in the feed.

4.2.3 Effect of FAU Zeolites on the CNB Precipitate Compositions
In addition, to investigate the effects of the zeolites on precipitates 

from the feed above the eutectic composition, experiments were carried out at 65 
wt% พ-CNB in the feed with 5 grains of zeolites. The experiment was done in the 
same procedure as that below the eutectic composition. The precipitates were taken 
from 8 positions in two areas; the 1-4 positions near the zeolites (area (a)) and the 5- 
8 position far from the zeolites (area (b)). The results are shown in Tables 4.10 and 
4.11.
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Table 4.10 Composition of m- and /7-CNB in the precipitates located near and far
from zeolites (Run# 1) with 65 wt% m-CNB in the feed and 5 grains of zeolites

Precipitate near zeolite Precipitate far from zeolite
Zeolite Composition (wt%) Composition (wt%)

m-CNB /?-CNB m-/^?-CNB m -C  NB /7-CNB m -/p -C  NB
4.90 ]1] 95.10 [1] 0.0515 6.36 15] 93.64 ]5] 0.0679
5.62 [2] 94.38 12] 0.0595 7.59 [6] 92.41 16] 0.0821NaX 4.95 ]3] 95.05 [3] 0.0521 7.98 |7] 92.02 ]7] 0.0867
4.65 [4] 95.35 [4] 0.0488 6.97 18] 93.03 [8] 0.0749 .
4.94 [1] 95.06 m 0.0520 5.65 15] 94.35 15] 0.0599
5.25 [2] 94.75 12] 0.0554 5.49 [6] 94.51 ]6] 0.0581CaX 4.69 (3) 95.31 [3] 0.0492 6.28 [7] 93.72 17] 0.0670 .
4.42 [4] 95.58 [4] 0.0462 7.87 [8] 92.13 [8] 0.0854
5.02 ]1] 94.98 [1] 0.0529 8.40 15] 91.60 15] 0.0917
6.31 121 93.69 [2] 0.0673 9.20 [6] 90.80 |6] 0.1013BaX 0.12334.10 [31 95.90 [3] 0.0428 10.98 [7] 89.02 17]
4.92 HI 95.08 [4] 0.0517 8.61 [8] 91.39 18] 0.0942
5.01 (1] 94.99 [1] 0.0527 5.80 15] 94.20 |5] 0.0616

NaY 4.56 [2] 95.44 [2] 0.0478 6.09 [6] 93.91 [6] 0.0648
0.06104.80 13] 95.20 [3] 0.0504 5.75 17] 94.25 |7]

5.26 [4] 94.74 [4] 0.0555 7.39 18] 92.61 18] 0.0798
4.72 [1] 95.28 [1] 0.0495 6.10 15] 93.90 15] 0.0650

CaY 4.65 [2] 95.35 [2] 0.0488 6.71 16] 93.29 [6] 0.0719
4.57 [3] 95.43 [3] 0.0479 7.25 [7] 92.75 [7] 0.0782
4.41 HI 95.59 14] 0.0461 5.74 ]8] 94.26 ]8] 0.0609

* The number in the parenthesis refers to the position where precipitates were 
collected as showm in Figure 4.2.
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Table 4.11 Composition of m- and /7-CNB in the precipitates located near and far
from zeolites (Run#2) with 65 wt% m-CNB in the feed and 5 grains of zeolites

Precipitate near zeolite Precipitate far from zeolite
Zeolite Composition (พt%) Composition (พt%)

m -C  NB P-CNB m-/p-CNB W-CNB /?-CNB m -/p - CNB
4.68 [1] 95.32 11] 0.0491 8.66 15] 91.34 [5] 0.0948
5.12 [21 94.88 [2] 0.0540 6.46 ]6| 93.54 [6] 0.0691NaX 5.09 |3] 94.91 [3] 0.0536 6.84 |7) 93.16 [7] 0.0734
5.24 [4] 94.76 (4] 0.0553 7.13 |8] 92.87 [8] 0.0768
5.60 [1] 94.40 (1] 0.0593 7.31 ]5] 92.69 [5] 0.0789

CaX 5.92 [2] 94.08 [2] 0.0629 6.16 [6] 93.84 16] 0.0656
6.36 [3) 93.64 13] 0.0679 8.94 [7] 91.06 ]7] 0.0982
6.09 [4] 93.91 [4] 0.0648 8.53 [8] 91.47 [8] 0.0933
5.58 [1] 94.42 [1] 0.0591 9.13 15] 90.87 [5] 0.1005
5.69 |2| 94.31 [2] 0.0603 8.77 [6] 91.23 16] 0.0961BaX 5.97 [3] 94.03 [3] 0.0635 9.29 |7] 90.71 [7] 0.1024
4.77 [4] 95.23 [4] 0.0501 11.35 ]8] 88.65 ]8] 0.1280
5.68 [1] 94.32 m 0.0602 6.93 15] 93.07 15] 0.0745

NaY 5.23 [2] 94.77 [2] 0.0552 7.76 16] 92.24 [6] 0.0841
4.47 [3] 95.53 [3] 0.0468 6.42 ]7] 93.58 [7] 0.0686
5.92 [4] 94.08 [4] 0.0629 6.06 ]8] 93.94 [8] 0.0645
5.27 [11 94.73 m 0.0556 7.06 ]5] 92.94 [5] 0.0760
6.15 [2| 93.85 [2] 0.0655 6.83 [6] 93.17 [6] 0.0733CaY 5.61 [3] 94.39 [3] 0.0594 6.44 17] 93.56 [7] 0.0688
4.32 [4] 95.68 [4] 0.0452 8.18 [8] 91.82 18] 0.0891

* The number in the parenthesis refers to the position where precipitates were 
collected as shown in Figure 4.2.



44

The results show that the presence of zeolites in the feed above the 
eutectic composition can shift the precipitate composition from being rich in พ-CNB 
to rich in /?-CNB, and the precipitates near the zeolites have purity of /?-CNB higher 
than those far from the zeolites. Furthermore, the precipitate composition from 
Run#2 is about the same as that from Run#l. The precipitates from the feed with a 
zeolite form at 18°c, which is lower than the crystallization temperature in the feed 
without any zeolite. The พ-//?-CNB ratio of the precipitates with 65 wt% พ-CNB in 
the feed and 5 grains of zeolites is shown Figure 4.6. The พ-//?-CNB ratio of 
precipitates near the zeolites is lower than that far from the zeolites. The พ-//?-CNB 
ratio near the zeolites seems to be independent on a type of a zeolite, whereas, far 
from the zeolites, the ratio slightly increases in the presence of BaX and NaX.

I
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Figure 4.6 Comparison of ???-//?-CNB ratio of the precipitates with 65 wt% พ-CNB
in the feed and 5 grains of zeolites (BaX, CaX, NaX, CaY, and NaY).
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The m-//?-CNB ratios of the precipitates with 61 and 65 wt% W-CNB 
in the feed and 5 grains of zeolites collected from all precipitates after Run#2 are 
presented in Figure 4.7. Comparison between the m -lp -CNB ratios of all precipitates 
received from the feed below and above the eutectic composition with 5 grains of 
zeolites shows that, at the feed below the eutectic composition, most ratios from the 
crystallization with the zeolites have the m-/p-CNB ratio higher than that from the 
crystallization without any zeolite. Again, the figure reiterates that for the feed above 
the eutectic composition, the precipitate compositions are shifted from being rich in 
m-CNB to rich in p-CNB. The m -lp -CNB ratio of the precipitates in the feed below 
and above the eutectic composition seem to be independent on a type of the zeolites.

'1

บ ุ

9.00
8.00
7.00
6.00
5.00
0.15
0.12

0.00
61 wt% W-CNB 65 wt% m -CNB

Feed com position (w t% )

F igure 4.7 Comparison of m -เp-CNB ratio of the precipitates with 61 and 65 wt% 
m-CNB in the feed and 5 grains of zeolites (BaX, CaX, NaX, CaY, and NaY).
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From the results, a type of a zeolite affects the CNB precipitate 
compositions obtained from the feed below the eutectic composition with 10 grains 
of the zeolites. It might be because the difference of the crystallization condition or 
the amount of impurity in each experiment. Therefore, crystallization of the CNB 
mixtures below and above the eutectic composition with two grains of each zeolite 
(BaX, CaX, NaX, CaY, and NaY) was carried out, and the precipitates were 
collected above the zeolites in the five positions as shown in Figure 4.8.

Figure 4.8 Experimental set up to study effects of two grains of each zeolites (BaX, 
CaX, NaX, CaY, and NaY) in 61 and 65 wt% of พ-CNB in the feed.

The m -/p -CNB ratio of the precipitates at different feed compositions 
are presented in Figure 4.9. In the feed below the eutectic composition or 61 wt% m -  
CNB, the precipitates form at 22°c, which is higher than in the case with 10 grains 
but it is still lower than that without a zeolite. A type of zeolite considerably affects 
the พ-//?-CNB ratio of the precipitates at 61 wt% พ-CNB, while it is hardly so for the 
feed above the eutectic composition or 65 wt% พ-CNB where the precipitates form 
at 18°c. Moreover, NaY provides the lowest พ-//?-CNB ratio of the precipitates for 
both feed compositions. However, as a whole, when precipitate compositions from 
all precipitates were analyzed, the พ-//?-CNB ratio of all precipitates collected from 
61 wt% พ-CNB in the feed with two grains of each zeolite is lower than that without 
a zeolite but higher than that collected from 65 wt% พ-CNB in the feed. It means 
that the feed above the eutectic composition provides higher /?-CNB purity than the
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feed below the eutectic composition. Moreover, the OT-//7-CNB ratios of all
precipitates from 61 wt% W-CNB in this case is lower than that from 61 wt% W-CNB
with 5 and 10 grains of the zeolites in every type of zeolite.

1©+3cs
f 5zน ุ
น ุ่,
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0.00
61 wt% W-CNB 65 wt% m-CNB

Feed com position (w t% )

Figure 4.9 Comparison of ๓-//?-CNB ratio of the precipitates with 61 wt% and 65 
wt% W-CNB in the feed and two grains of each zeolites (BaX, CaX, NaX, CaY, and 
NaY).

The reason why the precipitate composition in the feed above the 
eutectic composition is shifted from being rich in W-CNB to jP-CNB may be related 
to the metastable zone width and interfacial tension. Due to the presence of a zeolite 
in the CNB mixture, the crystallization temperature is lower than that in the system 
without any zeolite. The metastable zone width is explained by the solubility- 
supersolubility diagram (Figure 4.10) as for interfacial tension associates with the 
overall free energy change under heterogeneous conditions AG'crit and the overall 
free energy change under homogeneous nucléation AGcrit.
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The relationship between supersaturation and spontaneous 
crystallization led to a diagrammatic representation of the metastable zone on a 
solubility-supersolubility diagram as shown in Figure 4.10. The lower continuous 
solubility curve can be located with precision. The upper broken supersolubility 
curve, which represents temperatures and concentrations, at which uncontrolled 
spontaneous crystallization occurs, is not as well defined as that of the solubility 
curve. Its position in the diagram is considerably affected by, amongst other things, 
the rate at which supersaturation is generated,, the intensity of agitation, the presence 
of trace impurities and the thermal history of the solution. The diagram is divided 
into three zone (Mullin, 2001):

1. The stable (unsaturated) zone, where crystallization is impossible.
2. The metastable (supersaturated) zone, between the solubility and 

supersolubility curve, where spontaneous crystallization is impossible. 
However, if a crystal seed were placed in such a metastable solution, growth 
would occur on it.

3. The unstable or labile (supersaturated) zone, where spontaneous 
crystallization is possible, but not inevitable.

Figure 4.10 Solubility-supersolubility diagram (Mullin, 2001).
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If a solution represented by point A  in Figure 4.10 is cooled without 
loss of sovent (line A B C ), spontaneous crystallization cannot occur until conditions 
represented by point c  are reached. At this point, crystallization may be spontaneous 
or it may be induced by seeding, agitation or mechanical shock. Further cooling to 
some point D  may be necessary before crystallization can be induced (Mullin, 2001). 
The position in the diagram is considerably effected by the presence of trace 
impurities (Mullin, 2001) so that the presence of zeolite in the CNB mixture may 
change the position in the diagram as well.

The maximum allowable supersaturation, Acmax, may be expressed in 
terms of the maximum allowable undercooling, A#max:

As the presence of a suitable foreign body or ‘sympathie’ surface can 
induce nucléation at degree of supercooling lower than those required for 
spontaneous nucléation (Mullin, 2001). This sentence conforms with crystallization 
temperature in the presence of zeolite, which is lower than in the absence of a zeolite. 
When the degree of supercooling decreases, À6 max and Acmax increase according to 
the relationship between A#max and Acmax in Equation (4.1). Increasing A6 max and 
Acmax results in a broader metastable zone width.

The overall free energy change associated with the formation of a 
critical nucleus under heterogeneous conditions, AG'crit, must be less than the 
corresponding free energy change, AGcrit, associated with homogeneous nucléation,
i.e. (Mullin, 2001).

(4.1)

A G  crit — ^  A G crjt (4.2)

where the factor (j) is less than unity.
The interfacial tension, y, is one of the important factors controlling 

the nucléation process. Figure 4.11 shows an interfacial energy diagram for three
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phases in contact; in this case, however, the three phases are not the more familiar 
solid, liquid, and gas, but two solids and a liquid. The three interfacial tensions are 
denoted by Ycl (between the solid crystalline phase, c, and the liquid 1), Ysi (between 
another foreign solid surface, ร, and the liquid) and Yes (between the solid crystalline 
phase and foreign solid surface) (Mullin, 2001). Resolving these forces in a 
horizontal direction

Ysi =  Y cs+ Ycl cosO (4.3)
or

cos 9 = Ysl ~ Y cs (4.4)

The angle, 6 , of contact between the crystalline deposit and foreign solid surface, 
corresponds to the angle of wetting in liquid-solid system (Mullin, 2001).

Figure 4.11 Interfacial tension at the boundaries between three phases (two solids, 
one liquid) (Mullin, 2001).

The factor (j) in Equation 4.2 can be express as

</> = (2 + cos^X1 -  cos#)2
4 (4.5)
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Thus, when 9 =  180°, cos 6  =  -1 and ̂ = 1, Equation 4.2 becomes

AG'crit= AGcrit (4.6)

When 9  lines between 0 and 180°, <f> <  1 ; therefore,

AG'crit < AGcrit (4.7)

When 9 - 0 ,  (f> =0, and

AG'crit = 0 (4.8)

This is illustrated in Figure 4.12, which shows a foreign particle in a 
supersaturated solution (Mersmann, 2001).

S o lu tio n  —  ~  ท0 —  ^  "Ô_ -  e - 0  — , 0  =  9 0 -
- •  C ry s ta lC ry s ta l

p a r t ic le 1

— 0  =  1 8 0

Figure 4.12 Nucléation on a foreign particle for different wetting angles (Mersmann, 
2001).

For the cases of complete non-affinity between the crystalline solid 
and the foreign solid surface (corresponding to that of complete non-wetting in 
liquid-solid system), 0=180°, and Equation (4.6) applies, i.e. the overall free energy 
of nucléation is the same as that required for homogeneous or spontaneous 
nucléation. For the case partial affinity (cf. the partial wetting of a solid with a
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liquid), 0<#<180°, and Equation (4.7) applies, which indicates that nucléation is 
easier to achieve because the overall excess free energy required is less than that for 
homogeneous nucléation. For the case of complete affinity (cf. complete wetting) 
6 =  0, and the free energy of nucléation of zero. This case corresponds to the seeding 
of a supersaturation solution with crystals of the required crystalline product, i.e. no 
nuclei have to be formed in the solution (Mullin, 2001).

The presence of a zeolite may be in the case of the partial wetting of a 
solid with a liquid which is described by Equation (4.7), and AGcrit relate to (A T )'2 as 
indicated in Equation (4.9).

AGcnt a (AT)'2 (4.9)

where A T  =  T* - T  is the supercooling, T* is the solid-liquid equilibrium 
temperature, and T  is degree of supersaturation (Mullin, 2001).

From Equation (4.2), (4.7) and (4.9), the value of AG'crit will be less 
than AGcrit when the value of A T  is high that means the value of T  or degree of 
supersaturation must be low. This relates to “The presence of a suitable foreign body 
or ‘sympathie’ surface can induce nucléation at degree of supercooling lower than 
those require for spontaneous nucléation (Mullin, 2001).” The metastable zone width 
may become broader. Thus, the crystallization temperature of the feed with a zeolites 
decreases from the crystallization temperature of the feed without any zeolite. From 
this hypothesis, the binary phase diagram of m - and p-CNB may be changed with the 
presence of a zeolite. The reason why the precipitate composition in the feed above 
the eutectic composition is shifted from being rich in m-CNB to /7-CNB might come 
from the change of the phase diagram, which has to be further studied.
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4.3 Influences of Seeds on the Crystallization

To study influence of seeds on the crystallization, experiments were 
conducted by using the starting liquid mixtures at 61.0 and 65.0 wt% /«-CNB. The 
mixture was cooled by the cooling water from 30°C to 24°c with a l°c/hr cooling 
rate. Seeds were added in the crystallizer as shown in Figure 3.3. Two types of 
crystal were used as the seed, m - and //-CNB. After a given time, all precipitates in 
the crystallizer were collected, washed, and dissolved with hexane. The dissolved 
precipitates were measured for the CNB compositions by using the GC.
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Figure 4.13 Effects of the seeds on the rท-//?-CNB ratio of the precipitates at 61 wt% 
and 65 wt% /«-CNB in the feed.

Figure 4.13 shows the «/-///-CNB ratio of all precipitates obtained with 
different seed types. น was found that the presence of seeds of the material to be 
crystallized can induce the crystallization of precipitates following the phase diagram 
at that feed composition. At the feed below the eutectic composition, the precipitates
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from the feed without any zeolite have the m-/p-CNB ratio lower than one. In other 
words, the precipitates are rich in /?-CNB. With a /7-CNB seed, /?-CNB precipitates 
form. However, m-CNB precipitates form with a m-CNB seed. At the feed above the 
eutectic composition, the precipitates in the feed without any zeolite have m -tp -CNB 
ratio higher than one or rich in m-CNB. Moreover, crystallization without any seed 
provides the highest m -/p -CNB ratio of the precipitates or the highest purity of m- 
CNB. When both of m- and p-CNB seeds are present in the CNB mixture, the results 
show that the /7-CNB seeds induce crystallization of p-CNB precipitates at the feed 
below the eutectic composition and the ไท-CNB seeds induce the m-CNB precipitates 
at the feed above the eutectic composition. The precipitate purity decreases with the 
increase in the number of seed crystals for both feed compositions.

. The reason why the precipitates can occur and grow at 24°c can be 
explained by the general phenomenon of nucléation in the bulk and on the surface of 
seed crystals in a batch crystallization processes as shown Figure 4.14. In the 
supersaturated solutions, there are three periods in relation to elapsed time: (1) 
seeding period, (2) surface nucléation period, and (3) growth period (agglomeration 
and crystal growth). Homogeneous/heterogeneous nuclei occur in the time period (1) 
within the metastable zone width (MZW). Secondary nucléation in the bulk can take 
place in time period (2) due to presence of the seeds. This means that the width of 
metastable zone becomes narrower. At the same time, surface nucléation takes place 
on the surface of the seed crystals. However, the number of surface nuclei is lower 
than those in the supersaturated bulk. After the secondary nucléation and surface 
nucléation, these nuclei start to agglomerate and grow in the time period (3) on the 
surface of seed particles simultaneously (Kim and Ulrich, 2003). With the presence 
of seed crystal at 24°c, the precipitates can occur and grow at this temperature, 
which is higher than crystallization temperature of that feed composition, because the 
width of metastable zone is narrower.



5 5

Figure 4.14 Typical phenomenon of nucléation in bulk and surface of seeds (Kim 
and Ulrich, 2003).

Based on the phenomenon of nucléation in bulk and surface of seeds, if the 
number of nuclei in the primary nucléation is larger, the number of nuclei in the 
secondary nucléation will be larger leading to agglomeration. When the number of 
seed particles is larger, primary nuclei are larger. Thus, the product purity decreases 
with the increase in the number of the particles. Agglomeration in the bulk takes 
place at a higher pace seed particle area because of higher number of nuclei, which, 
in turn, increases the chance in the nuclei collision. When two particles collide, they 
can entrain mother liquor during the agglomeration leading to low product purity. 
This result of the seed particles may be a cause of lower purity of precipitates near 
the zeolites than those far from the zeolites.
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