
CHAPTER IV
ZEOLITE SYNTHESIS DIRECTLY FROM ALUMATRANE AND 

SILATRANE BY SOL-GEL PROCESS AND MICROWAVE TECHNIQUE
(Sensors and  A ctuators B. Chem ical, Subm itted)

4.1 Abstract

A lu m a tr a n e  a n d  s i l a t r a n e  s y n th e s iz e d  b y  O x id e - O n e - P o t - s y n th e s i s  (O O P S )  
p r o c e s s  d i r e c t ly  f ro m  s i l ic a  a n d  a lu m in a  a re  u s e d  to  s tu d y  th e  s y n th e s i s  o f  z e o l i te s . ,  
T h e y  w e r e  s u c c e s s f u l ly  u s e d  a s  p r e c u r s o r s  in  th e  z e o l i te  s y n th e s i s  v ia  th e  s o l-g e l 
p r o c e s s  f o l lo w e d  b y  m ic r o w a v e  h e a t in g . H y d r o ly s is  o f  th e  p r e c u r s o r  m ix tu r e  w a s  
s tu d ie d  b y  F T I R  u s in g  a lk a l in e  h y d r o x id e  s o lu t io n s  a s  th e  h y d r o ly t ic  a g e n ts .  W ith  
N a O H  as  th e  h y d r o ly t ic  a g e n t ,  th e  t r a n s f o r m a t io n  f ro m  a m o r p h o u s  m e ta l  o x id e  g e l 
to  c r y s ta l l in e  a lu m in o s i l i c a te  o r  z e o l i te  w a s  a c c o m p l i s h e d  a t  th e  m ic r o w a v e  

te m p e r a tu r e  o f  1 1 0 ° c ,  in  a g r e e m e n t  w i th  th e  D S C  t r a n s i t io n  a t  1 0 6 ° c .  T h e  b ig g e r  
th e  a lk a l in e  a to m  in  a lk a l in e  h y d r o x id e ,  th e  h ig h e r  th e  m ic r o w a v e  te m p e ra tu re  
n e e d e d . A s  a  r e s u l t ,  c h a n g in g  th e  h y d r o ly t ic  a g e n t  to  L iO H  o r  K O H  z e o l i te  p r o d u c t  
w a s  o b ta in e d  a t  9 0 °  o r  1 5 0 ° c ,  r e s p e c t iv e ly .  T h e  m o i s tu r e  a b s o r p t io n  a b i l i ty  o f  
s y n th e s iz e d  N a  A  a n d  K -H  z e o l i te s  a re  h ig h e r  th a n  th e  c o m m e r c ia l  o n e s .

K e y w o rd s :  A lu m a tr a n e ,  S i la t ra n e , M ic r o w a v e  te c h n iq u e ,  S o l -g e l  p r o c e s s ,  a n d

Z e o l i te s
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4.2 Introduction

Z e o l i te s  a re  u s e d  v e r y  w id e ly  in  h o u s e h o ld  p r o d u c t s  in  c h e m ic a l  a n d  
p e t r o c h e m ic a l  in d u s t r y  a n d  e v e n  in  s p a c e  [1 ] . D e p e n d in g  o n  th e  f r a m e w o r k  s tru c tu re  
a n d  n a tu r e  o f  z e o l i te s  o r  c r y s ta l l in e  a lu m in o s i l i c a te s ,  th e y  a re  w id e ly  u s e d  in  g a s  
s e p a r a t io n  a n d  r e f in e r y  in d u s t r i e s  a s  c a ta ly s ts ,  a d s o r b e n ts  a n d  io n  e x c h a n g e r s  [2 ], 
M o s t  s i l i c a  b a s e d  z e o l i te s  s y n th e s iz e d  u s in g  a  te m p la te  to  fo rm  th e  d e s i r e d  p o re  
s t r u c tu r e  u s in g  s e l f  a s s e m b ly  o f  in o r g a n ic - o r g a n ic  m o le c u le s .  I f  o r g a n ic - in o r g a n ic  
s e l f  a s s e m b ly  is  u s e d  th e n  th e  in o r g a n ic  p a r ts  n e e d  to  b e  c o n d e n s e d  a t th e  h e a d  o r  
th e  b o u n d a r y  o f  th e  o r g a n ic  p o t io n  to  fo rm  th e  m e ta l  o x id e  l in k a g e  a n d  g r o w  fu r th e r  
to  p r o d u c e  c r y s ta l l in e  p r o d u c t  a n d  fo rm  p a r t i c le  n u c le i  [3 ]. F o r  s e l f  a s s e m b ly  to  
h a p p e n ,  a  d i lu te  s o lu t io n  o f  th e  p r e c u r s o r  is  n e e d e d .  T h e  r e la t iv e  r a te s  o f  h y d r o ly s is  
a n d  c o n d e n s a t io n  in  th e  g e l fo rm a t io n  s ta te  is  a ls o  o f  h ig h  im p o r t a n c e  in  d i r e c t in g  
th e  f r a m e w o r k  s tr u c tu r e .  M o d e r a te  a c t iv i ty  p r e c u r s o r s  p r o v id e  t im e  fo r  a  b e t te r  
f o rm a t io n  m e s o - s t r u c tu r e .  T h e  id e a l  p r e c u r s o r  w o rk s  w e l l  o v e r  a  w id e  r a n g e  o f  p H , 
e s p e c ia l ly  f ro m  n e u t r a l  to  h ig h ly  b a s ic  s o lu t io n s .  W h e n  d e a l in g  w i th  m o r e  th a n  o n e  
m e ta l  o x id e ,  th e  r e la t iv e  a n d  a b s o lu te  r e a c t iv i ty  o f  e a c h  p r e c u r s o r  is  e x t r e m e ly  
im p o r ta n t  s in c e  fo r  th e  f o rm a t io n  o f  a  h o m o g e n e o u s  p r o d u c t  r e q u i r e s  t im e  fo r  th e  
p r o p e r  in s e r t io n  o f  e a c h  m e ta l  o x id e  in to  th e  f ra m e w o rk .

I n  th is  w o rk ,  o u r  s y n th e s iz e d  a t r a n e s ,  s i l a t r a n e s  a n d  a lu m a tr a n e s ,  w e re  
c h o s e n  a s  p r e c u r s o r s  fo r  z e o l i te  s y n th e s is  d u e  to  th e  c o m m o n  t r ia lk o x y a m in e  l ig a n d  
th a t  is  a b le  to  c o o r d in a te  w i th  th e  m e ta l  a to m s  to  fo rm  in o r g a n ic - o r g a n ic  m ic e l le s  
a n d  to  g iv e  m o d e r a t e ly  in e r t  c o m p le x e s  in  a q u e o u s  o r  b a s ic  s o lu t io n  [3 -4 ] , C o m p le x  
f o r m a t io n  is  th e r m o d y n a m ic a l ly  s ta b le  in  a n  a q u e o u s - b a s e  s y s te m  d u e  to  th e  
p o s s ib i l i t y  o f  e x p a n d in g  its  c o o rd in a t io n  s p h e re .  T h is  p h e n o m e n o n  m o d e r a te s  th e  
a lk o x id e  r e a c t iv i ty  to w a r d s  th e  n u c le o p h i l i c  a t ta c k  o f  w a te r ,  a s  a  r e s u l t ,  it r e ta rd s  
p r e c ip i ta t io n  [3 -5 ] , T h e s e  p r o p e r t ie s  m a k e  a t r a n e s  a t t r a c t iv e  f o r  f o r m in g  m e s o -  
p o ro u s  f r a m e w o r k  m a te r ia ls .

W e  h a v e  p r e v io u s ly  r e p o r te d  s u c c e s s f u l  s y n th e s i s  o f  A N A  a n d  G IS  ty p e d  
z e o l i te s  d i r e c t ly  f ro m  a lu m a tra n e  a n d  s i l a t r a n e  [6 ], T h e  s a m e  m e th o d  w a s  a d a p te d  
a n d  a p p l ie d  to  p r o d u c e  o th e r  ty p e s  o f  z e o l i te s  b y  u s in g  d i f f e r e n t  ty p e s  o f  m e ta l 
h y d r o x id e  a s  th e  h y d r o ly t ic  a g e n t  in  s o l -g e l  s ta te . In  th is  w o rk ,  th e  s e r ie s  o f  a lk a l in e
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m e ta l  h y d r o x id e s :  L iO H , N a O H  a n d  K O H , w e r e  s e le c te d  a n d  u s e d  in  p r o d u c in g  
L T A , Z e o l i t e  K -H  a n d  F A U  ty p e  z e o l i te s .  B o th  L T A  a n d  z e o l i te  K -H  a re  w id e ly  
u s e d  a s  m o le c u la r  s ie v e s ,  a d s o rb e n ts ,  io n  e x c h a n g e  a n d  g a s  s e p a r a t io n  [7 -1 1 ]  w h ile  
F A U  ty p e  is  u s e d  in  c a ta ly t ic  c r a c k in g  in d u s t r y  d u e  to  i ts  ~ 7  Â  p o r e  s iz e  a n d  h ig h  
a lu m in a  c o n te n t  [1 2 -1 4 ] ,

4.3 Experimental

4 .3 .1  M a te r ia ls
F u m e d  s i l ic a  ( S i 0 2, s u r f a c e  a r e a  4 7 3 .5  m 2/g , a v e r a g e  p a r t i c le  s iz e  o f  

0 .0 0 7  p m )  a n d  a lu m in u m  h y d r o x id e  h y d r a te  ( A l( O H ) 3 , s u r f a c e  a r e a  5 0 .7 7  m 2/g ) , 

w e r e  p u r c h a s e d  f ro m  S ig m a  C h e m ic a l  C o . a n d  u s e d  a s  r e c e iv e d . T r ie th a n o la m in e  
(T E A , N ( C H 2C H 2O H ) 3), a n d  t r i i s o p r o p a n o la m in e  (T IS , N ( C H 2C H C H 3O H ) 3) w e re  
s u p p l ie d  b y  C a r lo  E rb a  R e a g e n t i  a n d  F lu k a  C h e m ic a l  A G ., r e s p e c t iv e ly .  B o th  w e re  
u s e d  a s  r e c e iv e d .  E th y le n e  g ly c o l  (E G , F 1 0 C H 2C H 20 H )  w a s  o b ta in e d  f ro m  J .T . 
B a k e r  In c . a n d  d i s t i l le d  u s in g  f ra c t io n a l  d i s t i l la t io n  p r io r  to  u s e . S o d iu m  h y d r o x id e  
(N a O H )  a n d  s o d iu m  c h lo r id e  ( N a C l)  w e r e  p u r c h a s e d  f ro m  E K A  C h e m ic a ls  a n d  
A J A X  C h e m ic a ls ,  r e s p e c t iv e ly .  B o th  w e r e  u s e d  a s  r e c e iv e d .  A c e to n i t r i l e  ( C H 3C N ) 
w a s  o b ta in e d  f ro m  L a b - S c a n  C o ., L td . a n d  d i s t i l le d  u s in g  s ta n d a r d  p u r i f ic a t io n  
m e th o d .

4 .3 .2  I n s t r u m e n ta ls
F o u r ie r  t r a n s f o r m  in f r a r e d  ( F T IR )  s p e c t r o s c o p ic  a n a ly s is  w a s  

c o n d u c te d  u s in g  a  B r u k e r  I n s t r u m e n ts  E Q U IN O X 5 5  w i th  a  r e s o lu t io n  o f  4  c m '1. T h e  
s o l id  s a m p le s  w e r e  p r e p a r e d  b y  m ix in g  1 w t %  o f  s a m p le  w i th  d r ie d  K B r , w h i le  th e  
l iq u id  s a m p le s  w e r e  a n a ly z e d  u s in g  Z n - S e  w in d o w  c e ll . M a s s  s p e c t r a  w e r e  o b ta in e d  
u s in g  a  V G  A u to s p e c  m o d e l  7 0 7 0 E  f ro m  F is o n  I n s t r u m e n ts  w i th  th e  V G  d a ta  
s y s te m , u s in g  th e  p o s i t iv e  fa s t  a to m ic  b o m b a r d m e n t  ( F A B +- M S )  m o d e  a n d  g ly c e ro l  
a s  a  m a tr ix .  C s l  w a s  u s e d  a s  a  r e f e r e n c e ,  w h i le  a  c e s iu m  g u n  w a s  u s e d  a s  a n  in it ia to r . 
T h e  m a s s  r a n g e  u s e d  w a s  f ro m  m /e  =  2 0  to  3 ,0 0 0 . T h e r m a l  p r o p e r t i e s  w e r e  a n a ly z e d  
u s in g  th e r m o g r a v im e tr ic  a n a ly s is  (T G A )  a n d  d i f f e r e n t ia l  s c a n n in g  c a lo r im e t ry
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( D S C )  m o d e . T G A  w a s  p e r f o r m e d  w i th  s a m p le  s iz e  o f  10  -  2 0  m g  u s in g  a  P e rk in  
E lm e r  in s t r u m e n ts :  T G A 7  a n a ly z e r  w h i le  D S C  w a s  c o n d u c te d  w i th  s a m p le  s iz e  o f
5 - 1 0  m g  o n  N e tz s c h  in s t r u m e n t :  D S C 2 0 0  C e l l  a n d  T A S C  4 1 4 /3  c o n t r o l l e r  a t a  
h e a t in g  r a te  o f  1 0 ° c /m in  u n d e r  n i t r o g e n  a tm o s p h e r e .  F o r  l iq u id  a n d  g e l  s a m p le s ,  a  
h ig h - p r e s s u r e  g o ld  c e ll  w a s  u s e d  w i th  th e  s a m p le  s iz e  o f  1 0 -2 0  m g . S im u l ta n e o u s  
th e rm a l  a n a ly z e r  ( S T A )  w a s  a ls o  e m p lo y e d  fo r  m e a s u r in g  th e  th e r m a l  s ta b i l i ty  a n d  

p h a s e  t r a n s f o r m a t io n  o f  s y n th e s iz e d  z e o l i te  a t  a  h e a t in g  r a te  o f  2 0 ° c / m i n  u n d e r  
n i t r o g e n  a tm o s p h e r e .  T h e  te s t in g  w a s  c a r r ie d  o u t  o n  N e t z s c h  i n s t r u m e n t s  S T A 4 0 9  
E P , fo r  w h ic h  th e  s a m p le  s iz e  w a s  in  r a n g e  o f  10  - 5 0  m g  u s in g  a n  a lu m in a - c r u c ib le  
a s  th e  s a m p le  c e l l .  C r y s ta l l in i ty  o f  p r o d u c ts  w a s  c h a r a c te r iz e d  w i th  a  R ig a k u  X -R a y  
D i f f r a c to m e te r  a t s c a n n in g  s p e e d  o f  5 d e g r e e / s e c ,  u s in g  th e  C u  K a ,  A = 1 .5 4  Â  
e m is s io n . T h e  w o r k in g  r a n g e s  w e r e  5 - 9 0  a n d  5 - 5 0  th e ta /2  th e ta .  S E M  
m ic r o g r a p h s  w e r e  o b ta in e d  u s in g  a  J E O L  5 2 0 0 - 2 A E  s c a n n in g  e le c t r o n  m ic r o s c o p e .  
E le c t r o n  P r o b e  M ic r o a n a ly s is  ( E P M A )  w a s  u s e d  to  a n a ly z e  th e  s a m p le  a t  th e  m ic r o ­
s c a le  fo r  b o th  q u a l i ta t iv e  a n d  q u a n t i ta t iv e  e le m e n ta l ,  u s in g  X - R a y  m o d e  d e te c to r  
( S E M /E D S ;  E n e r g y  d i s p e r s iv e  s p e c t ro s c o p y ) .  P a r t ic le  s iz e  w a s  d e te r m in e d  u s in g  a 
M a lv e r n  in s t r u m e n t s  M a s te r s iz e  X  V e r .2 .1 5 , .  W a te r  w a s  u s e d  a s  th e  m o b i le  p h a s e . 
E ly d ro th e rm a l t r e a tm e n t  b y  m ic r o w a v e  h e a t in g  te c h n iq u e ' w a s  c o n d u c te d  u s in g  
M S P  1 0 0 0 , C M E  C o r p o r a t io n  (S p e c . 1 ,0 0 0 W  a n d  2 ,4 5 0  M H z ) .  S a m p le s  w e r e  h e a te d  
in  a  T e f lo n - l in e d  d ig e s t io n  v e s s e l  u s in g  in o r g a n ic  d ig e s t io n  m o d e  w i th  t im e - to -  
t e m p e r a tu r e  p r o g r a m . \

4 .3 .3  P re c u r s o r  S y n th e s i s  :
S i la t r a n e  w a s  s y n th e s iz e d  b y  m ix in g  s i l ic o n  d io x id e ,  0.10 m o l , a n d  

t r i e th a n o la m in e ,  0.125 m o l ,  in  a  s im p le  d i s t i l la t io n  s e t  u s in g  100 m L  e th y le n e  
g ly c o l ,  a s  s o lv e n t  [15-16]. T h e  tw o  c o m p o n e n ts  w e r e  r e a c te d  f o r  t e n  h o u r s  a t th e  
b o i l in g  p o in t  o f  e th y le n e  g ly c o l  u n d e r  n i t r o g e n  a tm o s p h e r e  to  r e m o v e  th e  b y p r o d u c t  
w a te r  a n d  e th y le n e  g ly c o l  f ro m  th e  s y s te m . A f te r  s to p p in g  th ç  r e a c t io n  th e  r e s t  o f  th e  
e th y le n e  g ly c o l  w a s  r e m o v e d  u n d e r  v a c u u m  a t 110°c. T h e  p r o d u c t ,  a  b r o w n is h  
w h i te  p o w d e r ,  w a s  w a s h e d  w i th  d r ie d  a c e to n i t r i le  fo r  th r e e  t im e s . A p p r o x im a te ly  
9 5 %  y ie ld  o f  w h i te  p o w d e r  p r o d u c t  w a s  o b ta in e d  a n d  th e  p r o d u c t  w a s  c h a r a c te r iz e d
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u s in g  F T IR , T G A , D S C  a n d  F A B +- M ร . T h e  s y n th e s iz e d  p r o d u c t  w a s  n a m e d  as 
S iT E A ; F T IR : 3000-3700 c m "1 (พ , in te r m o le c u la r  h y d r o g e n  b o n d in g )  2860-2986 
c m "1 (ร, v C - H ) ,  1244-1275 c m '1 (m , v C -N ) ,  1170-1117 (b s , v S i - O ) ,  1093 (ร, v S i -O -  

C ) , 1073 (ร, v C - O ) ,  1049 (ร, v S i -O ) ,  1021 (ร, v C -O ) ,  915-940 (m , v S i - O - C ) ,  785 a n d  

729 (ร, ô S i -O -C )  a n d  579 c m "1 (พ , S i< — N ). T G A : o n e  m a s s  lo s s  t r a n s i t io n  a t  390°c 
a n d  18.47 % c e r a m ic  y ie ld  c o r r e s p o n d in g  to  S i ( ( O C H 2 C H 2) 3N ) 2H 2 . D S C : 349°c 
( e n d o th e r m ic )  a n d  380°c ( e x o th e r m ic ) .  F A B +-M S : a p p r o x im a te ly  3 %  o f  th e  h ig h e s t  
m /e  a t  669 o f  S i 3( ( O C H 2C H 2) 3N ) 4H + a n d  100% in te n s i ty  a t 323 o f  S i ( ( O C H 2C H 2) 
3N ) 2H 3+.

A  s im i la r  p r o c e s s  w a s  u s e d  to  s y n th e s iz e  a lu m a tr a n e  f ro m  a lu m in u m  
h y d r o x id e  (0.1 m o l)  a n d  t r i i s o p r o p a n o la m in e  (0.125 m o l)  [17], T h e  c r u d e  p r o d u c t  
w a s  w a s h e d  w i th  d r ie d  a c e to n i t r i le  fo r  th r e e  t im e s  g iv in g  -90% y ie ld  o f  p r o d u c t  
w h ic h  w a s  c h a r a c te r iz e d  u s in g  F T IR , T G A , D S C  a n d  F A B +- M ร . T h e  s y n th e s iz e d  
p r o d u c t  w a s  n a m e d  a s  A 1 T IS ; F T IR : 3000-3700 c m " 1 (ร, in te r m o le c u la r  h y d r o g e n  

b o n d in g )  2 8 6 0 - 2 9 8 6  c m '1 (m , v C - H ) ,  1649 ( พ ,  O -H  o v e r to n e ) ,  1244-1275 c m  1 ( พ ,  V  

C -N ) , 1130 (m , v C -O ) ,  1102 (ร, v A l- O - C ) ,  1037 (m , v C - O ) ,  a n d  649 (ร, Ô A l-O ). 

T G A : tw o  m a s s  lo s s  t r a n s i t io n s  a t  139° a n d  393°c a n d  23.97 % c e r a m ic  y ie ld  

c o r r e s p o n d in g  to  A l ( O C H C H 3C H 2)N . D S C : 145° a n d  196°c ( e n d o th e r m ic )  a n d  

380°c ( e x o th e r m ic ) .  F A B +-M S : a p p r o x im a te ly  4 %  o f  th e  h ig h e s t  m /e  a t 1292 o f  
( A l( O C H C H 3C H 2) 3N ) 6H + a n d  100% in te n s i ty  a t  216 o f  A l ( O C H C H 3C H 2) 3N H +.

4 .3 .4  S o l -G e l  P r o c e s s  a n d  M ic r o w a v e  T e c h n iq u e
S iT E A  a n d  A 1T IS  w e r e  m ix e d  w i th  N a O H  s o lu t io n  a t  ro o m  

te m p e r a tu r e  a t  a  r a t io  o f  S i0 2 :x A l2 0 3 :y N a 20 :z H 2 0  ( w h e r e  0  <  X <  1 0 0 , 0  <  y  <  10 

a n d  63  <  z  <  1 0 0 0 ). T h e  s o lu t io n  m ix tu r e s  w e r e  a g e d  fo r  12 h  a n d  th e n  t r a n s f e r r e d  to  
te f lo n  c o n ta in e r s  fo r  f u r th e r  h y d r o th e r m a l  t r e a tm e n t  u s in g  m ic r o w a v e  te c h n iq u e . 
T h e  s o lu t io n  m ix tu r e s  c o n ta in in g  v a r io u s  r a t io s  o f  S i 0 2:x A l20 3:y N a 20 : z H 20  w e re  
h y d r o th e r m a l ly  t r e a te d  fo r  v a r io u s  t im e s  a n d  th e  r e s u l t in g  w h i te  p o w d e r  p r o d u c ts  
w e r e  w a s h e d  th r e e  t im e  u s in g  d i s t i l le d  w a te r .  T h e  p r o d u c ts  w e r e  f in a l ly  d r ie d  
o v e rn ig h t  a t  75°c. T h e  g e l s ta r te d  to  fo rm  a t S i 0 2:N a 20  r a t io  o f  1 :0 .0 0 6 9 , h o w e v e r ,  
th e  b e s t  r a t io  o f  S i 0 2:N a 20  fo r  s y n th e s iz in g  z e o l i te s  w a s  r a n g e d  f ro m  1:1 to  1 :3. T o
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o b ta in  h o m o g e n e o u s  d is p e r s io n  o f  p o w d e r  p r o d u c t  in  th e  s o lu t io n  m ix tu r e ,  w a te r  
n e e d e d  to  b e  s ta r te d  a t  y  =  6 3 , a n d  th e  s u i ta b le  S iÛ 2 :H 2 0  r a t io  fo r  s y n th e s iz in g  
z e o l i te s  w a s  1 :4 1 0 . S in c e , th e re  w a s  n o  c a r b o n  c o m p o n e n t  le f t  in  th e  p o re s  o r  th e  
f r a m e w o rk  o f  s y n th e s iz e d  p r o d u c ts ,  ( v e r i f ie d  b y  S E M /E D S  a n d  T G A )  c a lc in a t io n  o f  
th e  p r o d u c ts  w a s  n o t  n e c e s s a r y .

4 .3 .5  M o is tu r e  A b s o r p t io n
C r u c ib le s  w e r e  h e a te d  a t 350°c fo r  10 h. a n d  c o o le d  to  120°c in  a 

h o t - a i r  o v e n . T h e y  w e r e  th e n  m o v e d  a n d  k e p t  in  a  d e s s i c a to r  u n t i l  u s e . T h e  s a m p le s  
a n d  th e  d r ie d  c r u c ib le s  w e r e  w e ig h e d  a n d  th e n  h e a te d  a t 350°c fo r  10 h. T h e y  w e re  

c o o le d  to  120°c in  o v e n  a n d  th e n  k e p t  in  d e s s i c a to r  u n t i l  th e y  c o o le d  to  ro o m  
te m p e ra tu re .  T h e  d r ie d  s a m p le s  w e r e  w e ig h e d  a n d  d r ie d  w e ig h t  o f  s a m p le  ( พ ! )  w a s  
c a lc u la te d .  T h e  d r ie d  s a m p le s  w e r e  th e n  p la c e d  in  a  c lo s e d  h u m id i f i c a t io n  c h a m b e r  
fo r  15 h . to  o v e r n ig h t  a t 40°c a n d  th e n  w e ig h e d  to  d e t e r m in e  th e  m a s s  o f  w a te r  
a d s o rb e d  ( พ 2 ). T h e  m o is tu r e  a b s o r p t io n  a b i l i t y  w a s  c a lc u la t e d  p e r  u n i t  m a s s  o f  th e  

s a m p le  ( พ 2 / W 1).

4.4 Results and Discussion

4 .4 .1  S o l -G e l  P ro c e s s
In  th is  w o rk ,  M O H  s o lu t io n  ( w h e r e  M  =  L i, N a ,  K )  w a s  u s e d  in  th e  

s o l -g e l  p r o c e s s  [1 5 ] . T h e  f r a m e w o rk  s t r u c tu r e  o f  a lu m in o s i l i c a te  is  fo rm e d  b y  
jo in in g  te t r a c o o r d in a te d  (S iC C )4- w i th  t e t r a c o o r d in a te d  (AIO4)5' r e s u l t in g  in  a  m y r ia d  
o f  la t t ic e  a r c h i te c tu r e s  w h ic h  c o n s is t  o f  c h a n n e ls  a n d  c a g e s  w i th  d i f f e r e n t  ty p e s  o f  
c o n n e c t iv i ty  [1 8 ] . N e g a t iv e  c h a r g e s  o n  A l -a to m s  in  th e  f r a m e w o rk  a re  s ta b i l i z e d  b y  
th e  L i, N a  o r  K  c a t io n  in  th e  s y s te m .

4 .4 .2  T r a n s f o r m a t io n  to  A lu m in o s i l ic a te
A f te r  th e  g e l w a s  f o rm e d , th e  g e l t r a n s f o r m a t io n  to  a lu m in o s i l i c a te  b y  

h y d r o th e r m a l  t r e a tm e n t  w a s  f ir s t  s tu d ie d  u s in g  D S C  h ig h - p r e s s u r e  c e l l  ( F ig u re  1) to  
in v e s t ig a te  w h e r e  th e  m a x im u m  t r a n s f o r m a t io n  s h o u ld  b e . B a s e d  o n  th e  g e l
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f o rm a t io n  s tu d y  it  w a s  fo u n d  th a t  th e  t r a n s f o r m a t io n  w a s  e n d o th e r m ic ,  in  a g r e e m e n t  
w i th  Y a n g  [1 9 ]  d u e  to  th e  d i s s o lu t io n  o f  a m o r p h o u s  m e ta l - o x id e  n e tw o r k  a n d  
c r y s ta l l i z a t io n  o f  a lu m in o s i l i c a te  [2 0 -2 1 ] , T h e  t r a n s i t io n s  f o r  a ll  h y d r o ly t ic  a g e n ts  

s ta r te d  a t  ~103°c a n d  th e  m a x im u m  tr a n s f o r m a t io n  o c c u r r e d  a t  ~106°c. 
I n te r e s t in g ly ,  th e  o v e ra l l  e n e r g y  c o n s u m p t io n  in c r e a s e d  w i th  th e  s iz e  o f  th e  a lk a l i ­
lo a d in g  c a t io n  ( s te r ic  e f fe c t) .

A s  e x p e c te d ,  t r a n s f o r m a t io n  o f  th e  g e l in to  c r y s ta l l in e  p r o d u c ts  
in d e e d  d e p e n d s  o n  th e  m e ta l  h y d r o x id e  [2 2 ] , T h e  h ig h e r  th e  m e ta l  h y d r o x id e  
c o n c e n t r a t io n  u s e d ,  th e  h ig h e r  th e  c r y s ta l l in i ty .  T h is  is  d u e  to  th e  n e g a t iv e  c h a r g e s  in  
th e  f r a m e w o r k  s t r u c tu r e  th a t  n e e d  to  b e  s ta b i l i z e d  b y  a lk a l in e  c a t io n s  [2 3 ] . 
M o re o v e r ,  th e  n u c lé a t io n  r a te  a ls o  d e p e n d s  o n  th e  ty p e  a n d  m e ta l  h y d r o x id e  
c o n c e n t r a t io n .  T h o u g h , th e  g e l t r a n s f o r m a t io n  te m p e r a tu r e  o f  e a c h  h y d r o ly t ic  a g e n t  
o b ta in e d  f ro m  D S C  o c c u r r e d  in  th e  s a m e  te m p e r a tu r e  r a n g e ,  d i f f e r e n t  e n e r g y  
c o n s u m p t io n  o f  e a c h  h y d r o ly t ic  a g e n t  p r a c t i c a l ly  c a u s e d  th e  f o r m a t io n  o f  c r y s ta l l in e  
a lu m in o s i l i c a te  p r o d u c ts  a t  d i f f e r e n t  te m p e ra tu re s .  C o in c id e n ta l ly ,  th e  te m p e r a tu r e  
o f  z e o l i te  p r o d u c t  f o rm a t io n  a ls o  in c r e a s e d  w i th  th e  c a t io n  s iz e . K - z e o l i te  w a s  
o b ta in e d  a t  th e  h ig h e s t  te m p e ra tu re ,  150 °c, w h ile  N a - z e o l i t e  a n d  L i - z e o l i te  w e re  

p r o d u c e d  a t  110° a n d  90°c, r e s p e c t iv e ly .  H o w e v e r ,  a  s u i ta b le  te m p e r a tu r e  fo r  

m a k in g  p e r f e c t  L i- z e o l i te  c r y s ta ls  w a s  fo u n d  to  b e  105°-110°c.
N a  A  o r  L T A  ty p e d  z e o l i te ,  h a v in g  c e l l  s t r u c tu r e  a n d  c ry s ta l  

m o r p h o lo g y  u n it ,  a s  i l lu s t r a te d  in  F ig u r e  2 , w a s  o b ta in e d  a t  th e  lo a d in g  r a t io  o f  
S iO 2 :A l2 O 3 :3 N a 2O :4 1 0 H 2O , a f te r  h e a t in g  fo r  18 0  m in  a t  1 1 0  ๐c .  T h e  r e a c t io n  
s ta r te d  f ro m  a lm o s t  a  c le a r  s o lu t io n  a n d  th e  w h i te  p r e c ip i ta t e d  p r o d u c t  w a s  fo rm e d  
a f te r  th e  h y d r o th e r m a l  t r e a tm e n t ,  th e  g e l f o r m a t io n  a n d  t r a n s f o r m a t io n  to  
a lu m in o s i l i c a te  th u s  o c c u r r e d  d u r in g  h y d r o th e r m a l  t r e a tm e n t  [ 2 4 - 2 5 ] ,  T h e  S i :A l:N a  
r a t io  o f  th e  s y n th e s iz e d  p r o d u c t  o b ta in e d  f ro m  E D S - S E M  w a s  a t  - 1 : 1 : 1 .2 5  a n d  its  
X R D  m a tc h e d  th e  s p e c t ru m  o f  S i:A l X R D , P D F # 3 9 - 0 2 2 2 ,  w h ic h  h a d  r a t io s  o f  
S i :A l :N a  =  1 :1 :1 . T h e  h ig h e r  N a /S i  r a t io  m u s t  c o m e  f ro m  h ig h  N a O H  c o n c e n t r a t io n  
u s e d . T h e  O H " a n io n s  in  s o lu t io n  m ig h t  in te r a c t  w i th  z e o l i t e  f r a m e w o r k  to  fo rm  th e  
s i lo x y  g r o u p s  ( s S i O  ) th e  c h a r g e s  o f  w h ic h  m u s t  b e  b a la n c e d  b y  th e  e x t r a  N a + 
c a t io n s  [2 6 ] , T h e  s y n th e s iz e d  p r o d u c t  d id  n o t  h a v e  a n y  c a r b o n  c o m p o n e n t  le f t,
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( c o n f i r m e d  b y  E D S - S E M  a n d  S T A  (n o  c a r b o n  o r  c a r b o n  o x id a t io n  p e a k  o b s e rv e d ) ) .  
S T A  a ls o  in d ic a te d  th a t  th e  th e rm a l  s ta b i l i ty  o f  th e  s y n th e s i z e d  p r o d u c t  w a s  a ro u n d  
600 °c, a t w h ic h  te m p e r a tu r e  a  s lo w  p h a s e  t r a n s f o r m a t io n  f ro m  L T A  to  S o d iu m  
A lu m in u m  S i l i c a te  ( P D F # 1 1 -0 2 2 0 , N a S iA 1 0 4) o c c u r r e d ,  F ig u r e  3 , d u e  to  th e  
c o l la p s e  o f  L T A .

U s in g  K O H  a s  th e  h y d r o ly t ic  a g e n t ,  z e o l i te  K - H  w a s  p r o d u c e d  a t th e  

lo a d in g  r a t io  o f  S i0 2 :0 .1 A l2 0 3 :3 K 20 : 4 1 0 H 2 0  a n d  h e a t in g  fo r  2 4 0  m in u te s  a t  15 0  0 
c. D u e  to  a  b e t te r  a t r a n e - K  c o m p le x  f o rm a t io n  c a u s in g  g o o d  d i s s o lu t io n  o f  a tra n e  
[1 3 ] , th e  r e a c t io n  s o lu t io n  s ta r te d  f ro m  a lm o s t  c le a r  s o lu t io n  a n d  th e n  tu rn e d  to  w h i te  
p r e c ip i ta t e d  p r o d u c t  a f te r  h y d r o th e r m a l  t r e a tm e n t .  M a tc h e d  X R D  d a ta  in d ic a te d  th a t 
th e  s y n th e s iz e d  p r o d u c t  w a s  o f  th e  u n k n o w n  s t r u c tu r e  ty p e  ( P D F # 1 6 - 0 6 9 2 ,  S i :A l:K  
=  2 :1 :1 ) .  T h e  c r y s ta l  m o r p h o lo g y  w a s  n e e d le - l ik e .  T h e  n e e d le s  a p p e a r e d  to  
a g g re g a te  in to  a s s e m b lie s  s im i la r  to  f lo w e r  p e ta ls ,  w e  n a m e d  th is  z e o l i te  P P C -Z M -1  
( s ta n d in g  fo r  “ th e  f ir s t  d is c o v e r y  n e w  z e o l i te  a t th e  P e t r o le u m  a n d  P e tr o c h e m ic a l  
C o l le g e ” ) a s  s h o w n  in  F ig u r e  4 . S i :A l :K  r a t io  o f  th e  s y n th e s i z e d  p r o d u c t ,  o b ta in e d  
f ro m  E D S - S E M  w a s  1 .9 8 :1 :0 .8 2 . In  g e n e ra l ,  th e  c a t io n s  a r e  n o t  th e  p a r t  o f  
f r a m e w o rk  a n d  in s te a d  s it  n e a r  th e  o x y g e n  r in g s  a t  th e  c o m e r  o f  r in g  o r  th e  w in d o w  
o f  u n itc e l l  [2 7 ] , A l l  o f  th e  a lu m in u m  a n d  s i l ic o n  a to m s  a re  b u r ie d  in  te t r a h e d r a  o f  
o x y g e n  a to m s  a n d  a re  n o t  e x p o s e d  to  th e  s u r f a c e  h e n c e  th e  s u r f a c e  is  c o m p o s e d  o f  
o x y g e n  a to m s  a n d  th e  c a t io n s .  O w in g  to  th e  la r g e r  s iz e  o f  K +, s o m e  p la c e s  o f  tw o  
a d ja c e n t  A l - p o s i t io n s  m ig h t  o c c u p y  b y  o n e  K + le a v in g  o n e  e x t r a  f re e  a lu m in u m  
a n io n . T h u s ,  th is  z e o l i te  p r o d u c t  a d s o rb e d  w a te r  f a s te r  th a n  N a  A  z e o l i te ,  a s  s e e n  in  

T a b le  1. T h e  th e rm a l  s ta b i l i ty  o f  th e  s y n th e s iz e d  p r o d u c t  w a s  a b o u t  6 0 0  °c, a b o v e  
w h ic h  te m p e r a tu r e  th e  p h a s e  t r a n s f o r m a t io n  to  a m o r p h o u s  a lu m in o s i l i c a te  o c c u r r e d  
v e r y  s lo w ly  ( F ig u r e  5 ).

H y d r o ly t ic  a g e n t  L iO H  s ta r te d  to  fo rm  a  c r y s ta l l in e  p r o d u c t  a t  90 °c 
a n d  lo a d in g  r a t io  o f  S i0 2 :0 .5 A l2 0 3 :3 L i20 : 4 1 0 H 20 .  H o w e v e r ,  to  s y n th e s iz e  F A U  
ty p e d  z e o l i te  u s in g  L i20 / S i 0 2  r a t io  e q u a l  to  o n e  th e  m ix tu r e  m u s t  b e  h e a te d  a t  1 10°c 
fo r  12 0  m in . M a tc h e d  X R D  d a ta  in d ic a te d  th e  m ix tu r e  o f  F A U  (P D F # : S i :A l :L i  =  
2 :1 :1 )  a n d  L Z -2 0 0  (P D F # : S i:A l =  1 :1 :1 .0 6 ) , w h i le  th e  E D S - S E M  r e s u l t  g a v e  th e  
S i:A l r a t io  a t  - 1 .7 : 1 .  T h e  m o r p h o lo g y  o f  th e  s y n th e s iz e d  p r o d u c t  p o w d e r  w a s  d i s k ­
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l ik e  m ix e d  w i th  a  v e r y  s m a l l  p o r t io n  o f  r o u n d  b a l ls  w h ic h  m ig h t  b e  L Z -2 0 0  (F ig u re
6). T h e  s y n th e s i z e d  p r o d u c t  w a s  th e r m a l ly  s ta b le  u p  to  - 6 8 0  °c a b o v e  w h ic h  it 

c h a n g e d  to  l i th iu m  a lu m in a te  s i l ic a te  ( P S F # 2 6 - 0 8 3 9 :  L iA lS iC U ), a s  i l lu s t r a te d  in  
F ig u r e  7.

A g g lo m e r a te d  p a r t i c le  s iz e  a n d  p a r t i c le  s iz e  d i s t r ib u t io n s  o f  b o th  N a  
A  a n d  K - H  z e o l i te s  h a v e  s im i la r  p r o f i l e ,  b u t  d i f f e r e n t  f ro m  F A U  ( F ig u re  8 ). N a  A  o r  
K -H  h a v e  b im o d a l  p a r t i c le  s iz e  d i s t r ib u t io n s ,  - 1 1 . 3  %  h a v in g  d i a m e te r s  le s s  th a n  
2 .9 0  p m  a n d  a n  a v e r a g e  a g g lo m e r a te d  p a r t i c le  s iz e  o f  - 8 .2 1  p m  ( o n e  s in g le  p a r t i c le  

s iz e  o b ta in e d  f ro m  S E M  w a s  a t - 5  p m  ( F ig u r e  2 )) . F o r  z e o l i te  K - H , 1 4 .8 %  w a s  le s s  

th a n  3 .2 7  p m  a n d  th e  m a x im u m  p o p u la t io n  w a s  a t - 1 0 . 8 4  p m  w h ic h  is  a lm o s t  th e  
s a m e  s iz e  a s  o b s e r v e d  f ro m  S E M  ( F ig u re  4 ) . F A U  a ls o  h a s  a  b im o d a l  s iz e  
d i s t r ib u t io n ,  b u t  th e  d is t r ib u t io n  p r o f i l e  w a s  to ta l ly  d i f f e re n t .

4 .4 .3  M o is tu r e  A b s o r p t io n  T e s t in g
C o m p a ra t iv e ly ,  th e  a b s o rp t io n  a b i l i ty  o f  Z e o l i te  K - H  w a s  h ig h e r  th a n  

th e  o th e r s  w h i le  th a t  o f  L T A  a n d  F A U  w e r e  a lm o s t  th e  s a m e . Z e o l i t e  K -H  c a n  
a d s o rb  - 2 5 %  o f  s a m p le  w e ig h t  w h i le  L T A  a n d  F A U  c a n  a d s o rb  - 1 6 % ,  s e e  ta b le  1.

4.5 Conclusions

S i la t r a n e  a n d  a lu m a tra n e  c a n  g o  th r o u g h  th e  s o l - g e l  p r o c e s s  f o l lo w e d  b y  
h y d r o th e r m a l  t r e a tm e n t  in  th e  p r e s e n c e  o f  m e ta l  h y d r o x id e  to  p r o v id e  z e o l i te s  
n a r r o w  p a r t i c le  s iz e  d is t r ib u t io n s ,  a s  o b s e r v e d  b y  S E M  a n d  p a r t i c le  s iz e  a n a ly z e r .  
T h e  t r a n s f o r m a t io n  s e e n  b y  th e  D S C  o c c u r r e d  a t  th e  s a m e  te m p e r a tu r e  r a n g e  fo r  a ll 
h y d r o ly t ic  a g e n ts ,  b u t  th e  e n e r g y  r e q u i r e m e n t  fo r  th e  K O H  s y s te m  w a s  h ig h e r  th a n  
th a t  o f  N a O H  a n d  L iO H  s y s te m s . T h e  e n e r g y  r e q u i r e d  to  fo rm  z e o l i te s  is  in  th e  
f o l lo w in g  o r d e r ;  K -H  >  N a  A  >  F A U . F A U  h a s  th e  s m a l le s t  p a r t i c le  s iz e  w h i le  th e  
m o is tu r e  a d s o rp t io n  a b i l i ty  o f  z e o l i te  K -H  is  th e  h ig h e s t .  D i f f e r e n t  ty p e s  o f  
h y d r o ly t ic  a g e n ts  p r o v id e d  d i f f e r e n t  ty p e  o f  p r o d u c ts .
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T a b l e  4 .1  M o is tu r e  a d s o rp t io n  o f  s y n th e s i z e d  z e o l i te s

S y n th e s iz e d  Z e o l i te L T A Z e o l i t e  K -H F A U

M o is tu r e  A b s o r p t io n  ( g H 20 / g ) 0 .1 5 9 8 0 .2 4 6 3 0 .1 5 7 4

R a t io 1 .02 1 .5 6 1 .0 0
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Figure 4.1 T h e r m a l  p r o p e r ty  o f  g e l t r a n s f o r m a t io n  to  a lu m in o s is l i c a te  u s in g  h ig h  
p r e s s u r e  D S C  c e l l  a t  h e a t in g  r a te  o f  1 0 ° c /m in  a n d  l S i 0 2 :0 .5 A l 2 0 3 :0 .7 N a 20 : 

4 1 0 H 2O
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Figure 4.2 U n it  c e l l  s t r u c tu r e  a n d  c r y s ta l  m o r p h o lo g y  o f  N a  A  z e o l i te  
s y n th e s iz e d  f ro m  S iO 2 :A l2 O 3 :3 N a 2 O :4 1 0 H 2 O  a n d  110°c fo r  180 m in  in  N a O H /h h O  

s y s te m
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Figure 4.3 XRD spectra of calcinated Na A zeolite at various temperatures
(room temperature to 1000 °C)
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Figure 4.4 U n it  c e ll  s tr u c tu r e  a n d  c r y s ta l  m o r p h o lo g y  o f  Z e o l i te  K -H  
s y n th e s iz e d  f ro m  S iO 2 :0 .1  A l2O 3 :3 K 2O :4 1 0 H 2 O  a n d  150°c fo r  2 4 0  m in  in  
N a O H /H 20  s y s te m
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Figure 4.5 X R D  s p e c t r a  o f  c a lc in a te d  Z e o l i te  K - H  a t v a r io u s  t e m p e r a tu r e  ( ro o m  

te m p e r a tu r e  to  1 0 0 0  ๐C )
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Figure 4.6 U n it  c e ll  s t r u c tu r e  a n d  c r y s ta l  m o r p h o lo g y  o f  F A U  ty p e  z e o l i te  
s y n th e s iz e d  f ro m  S i0 2 i0 .5 A l2 0 3 : lL i2 0 :4 1 0 H 2 0  a n d  110°c fo r  120 m in  in  

N a O H /H 20  s y s te m
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Figure 4 .7  X R D  s p e c t r a  o f  c a lc in a te d  F A U  ty p e  z e o l i te  a t  v a r io u s  te m p e r a tu r e

( ro o m  te m p e r a tu r e  to  1 0 0 0  °C )
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Figure 4.8 A g g lo m e r a te d  p a r t i c le  s iz e  d is t r ib u t io n  o f  s y n th e s i z e d  z e o l i te s
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