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MICROWAVE PREPARATION OF LI-ZEOLITE DIRECTLY FROM 

ALUMATRANE AND SILATRANE
(Journal o f  European C eram ic Society, Subm itted)

7.1 Abstract

L i- z e o l i te  w a s  s u c c e s s f u l ly  s y n th e s iz e d  in  a  o n e - s te p  s o l -g e l  p r o c e s s  a n d  
m ic r o w a v e  te c h n iq u e  u s in g  s i l a t r a n e  a n d  a lu m a tr a n e  a s  p r e c u r s o r s  a n d  li th iu m  
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 . D u e  to  e x a c t  n a tu r e  o f  m ic r o w a v e  in  in te r a c t io n  
w i th  m a te r ia ls ,  L i - z e o l i te  w a s  p r o d u c e d  a t ~ 7 0  °C  w h ic h  w a s  lo w e r  th a n  th a t 
o b s e rv e d  f ro m  D S C . P e r f e c t  c r y s ta l l in e  z e o l i te ,  E D I  ty p e  z e o l i te ,  w a s  o b ta in e d  a t 9 0  
°C  a f te r  h e a t in g  fo r  6 0  m in  w h i le  A B W  ty p e  z e o l i te  w a s  p r o d u c e d  a f te r  h e a t in g  fo r  
3 0 0  m in u te s  a t 110 °c. S i/A l  r a t io  o f  s y n th e s iz e d  p r o d u c t  in c r e a s e d  w i th  in c re a s in g  
te m p e r a tu r e  a n d  a  h ig h e r  p a c k in g  d e n s i ty  p r o d u c t  w a s  g e n e r a te d .  A t S i /A l  ra t io  o f  
1, L i20 / S i 0 2  r a t io  o f  3 a n d  m ic r o w a v e  h e a t in g  te m p e r a tu r e  o f  110 °c, a  m ix tu r e  o f  
E D I  a n d  A B W  w a s  fo u n d  m o s t  o f  th e  t im e . C h a n g in g  S i /A l  lo a d in g  r a t io  h ig h ly  
in f lu e n c e d  th 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  e v e n  in  th e  s a m e  p ro d u c t  
ty p e . W i th  in c re a s in g  A l - lo a d in g ,  m o r e  i r r e g u la r  m o r p h o lo g y  p r o d u c t s  a n d  s m a l le r  
S i /A l  r a t io  o f  s y n th e s iz e d  p r o d u c t  w e r e  o b ta in e d .  C h a n g in g  L i2 0 / S i 0 2 r a t io ,  le d  to  
c h a n g e s  in  th e  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 .  L o w e r in g  th e  L i20 / S i 0 2 

ra t io  to  o n e , p r o d u c e d  F A U  ty p e  z e o l i te .  T h e  th e rm a l  s ta b i l i ty  o f  E D I  a n d  A B W  
w e r e  v e r y  lo w  w h ile  th a t  o f  F A U  w a s  h ig h e r  w h ic h  m ig h t  c o m e  f ro m  th e  e f fe c t  o f  
lo w  r in g  s t r a in  c o n s t r u c t io n  o f  F A U .

Keywords: Alumatrane, Silatrane, Microwave technique, Sol-gel process, and
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7.2 Introduction

M ic r o w a v e  h e a t in g  te c h n iq u e s  a re  n o w  w id e ly  u s e d  in  m a n y  a p p l ic a t io n s  in  
c h e m ic a l  r e s e a r c h  in c lu d in g  o r g a n ic / in o r g a n ic  s y n th e s i s  d u e  to  th e i r  f a s t  a n d  e n e rg y -  
e f f ic ie n t  t e c h n iq u e s  a n d  a v o id in g  c o m p e t i t iv e  r e a c t io n s  in  k n o w n  p r o c e s s e s 1. B y  
c o m b in in g  h y d r o th e r m a l  c r y s ta l l iz a t io n  w i th  m ic r o w a v e  h e a t in g  te c h n iq u e ,  a  n e w  
s y n th e s i s  m e th o d  h a s  b e e n  d e v e lo p e d ,  g iv in g  s m a l le r  a n d  m o r e  u n i f o r m  p a r t i c le s  in  
a  s h o r te r  t im e 2' 3. H e n c e , it h a s  b e e n  u s e d  in  c o n v e r t in g  s i l ic a te  o r  a lu m in o s i l i c a te  
g e ls  to  c r y s ta l l in e  p ro d u c ts .

N o rm a l ly ,  f in a l p r o d u c t  s t r u c tu r e s  a n d  ty p e s  d e p e n d  o n  th e  g e l c o m p o s i t io n s .  
T h e  ty p e  o f  a lk a l i  c a t io n s  is  o n e  o f  th e  m a jo r  p a r a m e te r s .  T h e y  a p p e a r  to  r e g u la te  
th e  t r a n s f o r m a t io n  o f  th e  a m o r p h o u s  g e l in to  e i th e r  c r y s ta l l in e  z e o l i te  o r  o th e r  
s i l ic a te  p h a s e  b y  c h a n g in g  th e  a lu m in o s i l i c a te  d i s s o lu t io n  r a te ,  w h ic h  a f f e c t  th e  
d e g re e  o f  p o ly m e r iz a t io n  o f  s i l ic a te  o r  a lu m in o s i l i c a te  a n io n  in  s o lu t io n 4. M o re o v e r ,  
c h a n g in g  th e  a lk a l i  c a t io n s  a ls o  a f fe c ts  th e  s t r u c tu r e  o f  th e  a m o r p h o u s  g e l a n d  
c h a n g e s  th e  s ta b i l i ty  o f  s o m e  o f  th e  s y n th e s iz e d  p r o d u c t s  u n d e r  h y d r o th e r m a l  
c o n d i t io n s 5. H o w e v e r ,  th e re  a r e  s o m e  p a p e r s  r e p o r te d  th a t  c a t io n s  d o  n o t  h a v e  a  
s t r u c tu r e - d i r e c t in g  ro le ,  s t a b i l i z in g  s o lu b le  s i l ic a te  o r  a lu m in o s i l i c a te  a n io n  a n d  v o id  
f i l l in g  d u r in g  c r y s ta l l iz a t io n 4’5. A lk a l in i t ie s  a ls o  in f lu e n c e  th e  g e l f o r m a t io n 6 a n d  
r e m a r k a b ly  c o n t r ib u te  to  th e  d i s s o lu t io n  s te p  o f  s i l ic a te  a n d  a lu m in a te  a n io n  in  th e  
g e l7. B e c a u s e  o f  e f f e c t in g  o n  th e  p H , th e y  c a n  a ls o  c h a n g e  th e  s i l ic a te  c h e m is t ry  
th e r e b y  p la y in g  a  c r i t ic a l  ro le  in  d e te r m in in g  w h a t  p r o d u c t  is  f o r m e d 8. A t h ig h  p H  
v a lu e s ,  a lu m in a te  is  le s s  s o lu b le  a n d  th e r e f o r e  c r y s ta l l iz a t io n  o f  a lu m in o s i l i c a te  is 
f a v o re d .

B a s e d  o n  o u r  p r e v io u s  r e s u l t s ,  s i l a t r a n e  a n d  a lu m a t r a n e  c a n  b 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  fo r  th e  s o l -g e l  p r o c e s s  b y  u s in g  s o d iu m  h y d r o x id e  o r  s o d iu m  
c h lo r id e  a s  h y d r o ly t ic  a g e n t9. T h e  h y d r o ly s is  r a te  o f  s o d iu m  h y d r o x id e  s y s te m  is 
tw o  t im e s  f a s te r  th a n  th a t  o f  s o d iu m  c h lo r id e  s y s te m . H o w e v e r ,  in  m a k in g  z e o l i te s  
b y  h y d r o th e r m a l  t r e a tm e n t ,  a  z e o l i te  p r o d u c t  is  o b ta in e d  o n ly  f ro m  th e  g e l m a d e  
f ro m  s o d iu m  h y d r o x id e  s y s te m  o n ly  d u e  to  th e  r o le  o f  h y d r o x y l  g ro u p  in  d i s s o lv in g  
th e  g e l a t th e  c r y s ta l l iz a t io n  s te p . B y  u s in g  th e s e  a t r a n e s ,  p u re  A N A  a n d  G IS  ty p e  
z e o l i te s  w e r e  o b ta in e d  a t lo w e r  t e m p e r a tu r e  a n d  s h o r te r  t im e . P e r f e c t  c ry s ta l  o f  L T A
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ty p e  o r  N a  A  z e o l i te  is  o b ta in e d  a t  d i f f e r e n t  S i :A l  lo a d in g  r a t io  f ro m  G IS  a n d  
A N A 10. M o r e o v e r ,  N a 2 0 :S i0 2  lo a d in g  r a t io  a f f e c ts  th e  m o r p h o lo g y  o f  s y n th e s iz e d  
p r o d u c t9"10. A s  p r e v io u s ly  s ta te d , th e  ty p e  o f  a lk a l i  s t r o n g ly  in f lu e n c e s  th e  g e l 
fo rm a t io n  a n d  a f fe c t  th e  t r a n s f o r m a t io n  to  c r y s ta l l in e  a lu m in o s i l i c a te .  In  th is  
m a n u s c r ip t  w e  r e p o r t  th e  r e s u l t s  o f  o u r  s tu d ie s  u s in g  l i th iu m  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  to  s y n th e s iz e  L i- z e o l i te s  a n d  s tu d y  th e  e f f e c t  o f  l i th iu m  h y d r o x id e  
r a t io  o n  ty p e  a n d  m o r p h o lo g y  o f  th e  p r o d u c ts .

7.3 Experimental

7 .3 .1  M a te r ia ls
F u m e d  s i l ic a  (SiC>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 re  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 ,  a n d  u s e d  as 
r e c e iv e d . E th y le n e  g ly c o l  (E G , F IO C F frC L h O F l)  w a s  o b ta in é d  f ro m  J .T . B a k e r  Inc . 
a n d  d i s t i l le d  u s in g  f r a c t io n a l  d i s t i l la t io n  p r io r  to  u s e . L i th iu m  h y d r o x id e  ( L iO H )  w a s  
o r d e r e d  f ro m  F is h e r  C h e m ic a ls  a n d  w a s  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 i c a t io n  m e th o d s  
p r io r  to  u se .

7 .3 .2  C h a r a c te r iz a t io n
F o u r ie r  t r a n s f o r m  in f r a re d  (F T I R )  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 I N O X 5 5 )  s p e c r o m e te r  w i th  a  r e s o lu t io n  
o f  4  c m "1 to  m e a s u r e  th e  a b s o r b a n c e  b y  th e  f u n c t io n a l  g ro u p s . 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%  o f  s a m p le  w i th  d r ie d  K B r , w h i l e  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 . In  m e a s u r in g  m o la r  m a s s  o f  p r e c u r s o r s ,  
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  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 r o 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 ile  a  
c e s iu m  g u n  w a s  u s e d  a s  an  in i t 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
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3 ,0 0 0 . T h e r m a l  p r o p e r t ie s  a n d  s ta b i l i ty  w e r e  a n a ly z e d  b y  th e r m o g r a v im e t r 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 r y  ( D S C ) . T G A  w a s  p e r f o r m e d  u s in g  a  
P e rk in  E lm e r  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  a  N e tz s c h  in s t ru 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 le 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 .  A lu m in u m  p a n s  w e r e  u s e d  in  th e  D S C  a n a ly s is  w i th  s a m p le  
s iz e s  o f  5 -  10 m g , w h i le  a  p la t in u m  p a n  w a s  u s e d  in  th e  T G A  w i th  s a m p le  s iz e  o f  
1 0 - 2 0  m g . 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 l l  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  T h e r m 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 rm 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 i z 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 
w i th  a  N e tz s c h  in s t ru m e n t :  S T A 4 0 9  E P . T h e  s a m p le  s iz e  fo r  th is  m e a s u r e m e n t  w a s  
in  th e  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 ll .  C r y s ta l l in i ty  
o f  p r o d u c ts  w e r e  c h a r a c te r iz e d  b y  R ig a k u  X - R a y  D i f f r a c to m e te r  a t  a  s c a n n in g  s p e e d  

o f  5 d e g r e e s / s e c  u s in g  C u K a .  T h e  w o r k in g  r a n g e  w a s  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  w i th  a  J E O L  5 2 0 0 - 2 A E  s c a n n in g  e le c t ro n  m ic r o s c o p e . 
E le c t ro 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  in  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  a n a ly s is  w i th  th e  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 is p e r s iv e  S p e c t r o s c o p y )  to  o b ta in  p r o d u c t  
c o m p o s i t io n s .  P a r t ic le  s iz e s  a n d  p a r t i c le  s iz e  d i s t r ib u t io n s  w e r e  d e te r m in e d  u s in g  a  
M a lv e r n  I n s t r u m e n ts  M a s te r s iz e  X  V e r .2 .1 5  a n a ly z e r .  W a te r  w a s  u s e d  a s  a  m o b ile  
p h a s e . H y d r o th e r m 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  a  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 )  o v e n . 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  s e a le d  w i th  a  T e f lo n  c a p  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 ra m .

7 .3 .3  P r e c u r s o r  S y n th e s i s
B y  f o l lo w in g  O x id e - O n e - P o t- S y n th e s is  ( O O P s )  p r o c e s s ,  S i la tra n e  

w a s  s y n th e s iz e d  b y  m ix in g  0 .1 0  m o l  s i l ic o n  d io x id e  a n d  0 .1 2 5  m o l t r ie th a n o la m in e  
in  a  s im p le  d i s t i l la t io n  s e t  u s in g  1 0 0  m L . e th y le n e  g ly c o l  a s  s o l v e n t11. T h e  r e a c t io n  
w a s  c a r r ie d  o u t  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  se t 
fo r  10 h  to  r e m o v e  w a te r  a s  b y - p r o d u c t  a n d  e th y le n e  g ly c o l  f ro m  th e  s y s te m . E x c e s s
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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  (10’2 to r r )  a t  110°c. T h e  b r o w n is h  
w h i te  s o l id  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 t e  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  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  p r o d u c t  w a s  n a m e d  a s  S iT E A .

A lu m a tr a n e  s y n th e s i s  w a s  a ls o  f o l lo w e d  th e  O O P s  p r o c e s s ,  w h ic h  th e  
p r o c e d u r e  is  s im i la r  to  s i la t r a n e  s y n th e s is .  It w a s  s y n th e s i z e d  f ro m  0 .1  m o l 
a lu m in u m  h y d r o x id e  a n d  0 .1 2 5  m o l t r i i s o p r o p a n o la m in e 12. 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 re e  t im e s  w h ic h  ~ 9 0 %  y ie ld  p r o d u c t  w a s  
o b ta in e d  a n d  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  p r o d u c t  w a s  
n a m e d  a s  A 1T IS A

7 .3 .4  S o l -G e l  P ro 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  l i th iu m  h y d r o x id e  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 L i2 0 :z H 2 0  ( w h e r e  0 .0 1 1 5  <  X <  6 ,  0  < 

y  <  10 a n d  6 3  <  z  <  1 0 0 0 ). T h e  s o lu t io n  m ix tu r e  w a s  a g e d  fo r  a t  le a s t  2 4  h  to  o b ta in  
fu ll g e l f o r m a t io n  a n d  th e n  t r a n s f e r r e d  in to  a  T e f lo n  v e s s e l ,  s e a le d  w i th  T e f lo n  c a p , 
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  h e a t in g  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  d i f f e r e n t  r a t io s  o f  S i0 2 :x A l2 0 3 :y L i2 0 :‘z H 20  w e r e  t r e a te d  fo r  
v a r io u s  t im e s  a n d  te m p e r a tu r e s  a n d  th e n  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 re  
w a s h e d  th r e e  t im e s  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 t s  w e r e  f in a l ly  d r ie d  a t 75°c fo r  
15 h . T h e  s y n th e s iz e d  p r o d u c ts  d i d n ’t h a v e  a n y  c a r b o n  c o m p o n e n t  in  th e  p o re s  o r  
th e  f r a m e w o rk  a s  c o n f i r m e d  b y  E D S /S E M  a n d  S T A .

7.4 Results and Discussion

G e ls  s ta r te d  to  fo rm  a t th e  S i 0 2 :L i2 0  o f  1 :0 .01  a n d  th e  S iC friF E O  r a t io  h a d  to  
b e  a t  le a s t  1 :6 3  to  o b ta in  a  b e t te r  h e a t  t r a n s f e r  a n d  h o m o g e n e o u s  d is p e r s io n  o f  
p a r t i c le  in  s o lu t io n .  H o w e v e r ,  a  b e t te r  c o n d i t io n  fo r  m ic r o w a v e  h e a t in g  te c h n iq u e  
w a s  a t S i C r i ^ O  r a t io s  o f  1 : 4 10. S i0 2 :L i2 0  r a t io s  w e r e  v a r y in g  f ro m  1 :0 .7  to  1 : 1 0 . 
W h e n  w i th  a t  S iO :L i2 0  r a t io  w a s  g r a te r  th a n  1 :4 , b a s e  o n  X R D ’s r e s u lt ,  o n ly  S il ic o n  
N i t r id e  w a s  o b ta in e d  a f te r  p a s s in g  h y d r o th e r m a l  t r e a tm e n t .  T h e  g e l  f o rm a t io n
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s ta r te d  f ro m  a  c lo u d y  s o lu t io n  c a u s e d  b y  lo w  d i s s o lu t io n  o f  a t r a n e s  d u e  to  th e  w e a k  
b a s e  o f  L iO H . T h u s  th e  a g in g  t im e  o f  th e  m ix tu r e  h a d  to  b e  a t le a s t  2 4  h.

7 .4 .1  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 ic a te  a n d  E f f e c t  o f  M ic ro w a v e  
h e a t in g  te m p e r a tu r 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  w a s  s tu d ie d  u s in g  h ig h  p r e s s u r e  
D S C  c e l l  a t  a  h e a t in g  r a te  o f  10  ° c /m in  a s  i l lu s t r a te d  in  f ig u re  1. T h e  g e l 
t r a n s f o r m a t io n  s ta r te d  a t 1 0 3 .6  °c a n d  th e  m a x im u m  tr a n s f o r m a t io n  r a te  w a s  a t 107  0 

c. T h 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 ,  c o n s u m in g  2 1 .2 0 5  J /g . H o w e v e r ,  t r e a t in g  
th e  s a m e  g e l u n d e r  h y d r o th e r m a l  c o n d i t io n s  b y  u s in g  m ic r o w a v e - h e a t in g  te c h n iq u e ,  
th e  fu l ly  c r y s ta l l in e  a lu m in o s i l i c a te  s ta r te d  to  fo rm  a t 7 0  °c a s  o b s e r v e d  in  f ig u re  2. 
T h e s e  d i f f e r e n c e s  a re  m o s t  l ik e ly  d u e  to  th e  s p e c i f ic  in te r a c t io n  b e tw e e n  th e  
m ic r o w a v e  r a d ia t io n  a n d  th e  p o la r  f u n c t io n a l  g r o u p s  o f  th e  p r e c u r s o r s ,  r e s u l t in g  in  a 
fa s te r , s im p le r ,  c le a n e r  a n d  v e r y  e n e r g y  e f f ic ie n t  s y n th e s i s 1. M o r e o v e r ,  a t  d i f f e r e n t  
m ic r o w a v e  h e a t in g  te m p e r a tu r e s ,  d i f f e r e n t  ty p e s  o f  p r o d u c ts  w e r e  o b ta in e d  a s  s h o w n  
in  f ig u re  2 . B y  X R D  m a tc h in g  s h o w e d  th a t  a t  lo w  te m p e r a tu r e  ( in  r a n g e  o f  7 0  -  9 0  0 

C ), th e  E D I  ty p e  z e o l i te  ( P D F # 3 0 - 0 7 4 2 ,  L i .A l .S iO 4 .H 2 O , 1 6 .6 T /Â 3) w a s  o b ta in e d  
w h i le  a t h ig h  te m p e r a tu r e  ( g r e a te r  th a n  9 0  °C ), th e  A B W  p r o d u c t  ( P D F # 4 1 -0 5 5 4 ,  
L i4 A l 4 S i4 0 i6 .4 H 2 0 , 1 9 T /Â 3) w a s  p r o d u c e d . T h e  h ig h e r  th e  t e m p e r a tu r e ,  th e  h ig h e r  
p a c k in g  d e n s i ty ,  d u e  to  th e  c o l la p s e  o f  th e  z e o l i te  n e tw o r k s  a t  h ig h  te m p e r a tu r e .  T h e  
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  E D I  p r o d u c t  w e r e  in  c u b ic  fo rm  as 
fo u n d  in  f ig u re  3 (a ) , w h i le  th o s e  o f  A B W  w e r e  n e e d le  l ik e  s in c e  th e  g r o w th  in  y- 
d i r e c t io n  w a s  le s s e r  th a n  th a t  in  x - z  d i r e c t io n  ( f ig u r e  3 (b ) ) .  T h e  S i:A 1 r a t io  o f  
s y n th e s iz e d  p r o d u c t  w a s  a t 1 .2 0 :1  fo r  E D I  a n d  1 .3 3 :1  fo r  A B W . T h e  S i:A 1 r a t io  o f  
b o th  p r o d u c ts  w a s  h ig h e r  th a n  th e  in f o r m a t io n  o b ta in e d  f ro m  th e  X R D  l ib r a ry  (S i:A 1 
=  1:1 fo r  b o th ) .  E D I  w a s  th e r m a l ly  s ta b le  u p  to  - 2 7 0  °c a t th is  te m p e r a tu r e  it 
c h a n g e d  to  a n  a m o r p h o u s  s o l id  f ir s t  a n d  th e n  t r a n s f o r m e d  to  L i th u m  A lu m in u m  
S i l i c a te  ( P D F # 2 6 - 0 8 3 9 ,  L i A l S i 0 4) a t 4 0 0  °c, a s  i l lu s t r a te d  in  f ig u re  4 (a ) . W h ile  
A B W  w a s  th e r m a l ly  s ta b le  u p  to  - 3 0 0  °c a f te r  w h ic h  i t  c h a n g e d  to  L ith iu m  
A lu m in u m  S i l i c a te ,  L i2A l 2 S i 2 0 8  P D F # 4 0 - 0 0 6 3 )  f ir s t  a n d  th e n  to  L i A l S i 0 4 (P D F # 2 6 -  
0 8 3 9 )  fo rm  a t 6 4 0  °c ( f ig u r e  4 ( b ) ) .  A B W  h a d  h ig h e r  th e r m a l  s ta b i l i ty  th a n  E D I  d u e  
to  th e  h ig h e r  S i - c o n te n t13.
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B a s e d  o n  th e  S E M  r e s u l t  ( f ig u r e  5 ) , th e  n i c e s t  lo o k in g  c r y s ta l s  w e re  
o b ta in e d  a t  9 0  °c fo r  E D I  a n d  a t  1 1 0  ๐c  fo r  A B W . A t te m p e r a tu r e  h ig h e r  th a n  1 1 0 °  
c, A B W  c r y s ta l s  w e r e  s m a l le r  a n d  m o r e  i r r e g u la r  ( f ig u r e  5 (d ) )  m o s t  l ik e ly  d u e  to  
h ig h  r a te  o f  n u c lé a t io n  v e r s u s  g r o w th  o f  e x i s t in g  c r y s ta ls .  T h e  S i:A 1 r a t io s  o f  th e  
s y n th e s iz e d  p r o d u c ts  in c r e a s e d  in  th e  r a n g e  o f  1 -  1 .5  w i th  in c r e a s in g  m ic r o w a v e  
h e a t in g  te m p e r a tu r e .  A t ~ 5 0  °c, th e  S i:A 1 r a t io  w a s  a p p r o x im a te ly  o n e  w h ic h  
c lo s e ly  m a tc h e d  w i th  th e  l i te r a tu r e  X R D  d a ta .

7 .4 .2  E f f e c t  o f  S i: A1 r a t io  in  th e  p r e c u r s o r s :
A f te r  f ix in g  th e  f e e d  r a t io s  a t S i0 2 :3 L i20 : 4 1 0 H 20  a n d  m ic r o w a v e  

h e a t in g  te m p e r a tu r e  a t  1 1 0  ° C /3 0 0  m in , th e  S i/A l r a t io  w a s  v a r ie d  f ro m  0 .1 6 7  to  87 . 
C h a n g in g  S i :A l  lo a d in g  r a t io  le d  to  th e  f o rm a t io n  o f  d i f f e r e n t  ty p e s  o f  p r o d u c ts  as 
s h o w n  in  f ig u re  6. A t  S i /A l lo a d in g  r a t io s  o f  m o r e  th a n  1, o n ly  l i th iu m  s i l ic a te  
( P D F # 2 9 - 0 8 2 9 ,  L riS iC E ) w a s  fo u n d . F o r  S i /A l lo a d in g  r a t io  o f  1, o n ly  A B W  
p r o d u c t  w a s  p r o d u c e d  a n d  fo r  S i /A l lo a d in g  r a t io  o f  0 .2 5  -  0 .5 , o n ly  E D I  p r o d u c t  
w a s  o b ta in e d .  A t S i/A l lo a d in g  r a t io  o f  0 .2 , a  m ix tu r e  o f  A B W  a n d  a lu m in u m  
h y d r o x id e  w e r e  p r o d u c e d  w h i le  a t S i /A l lo a d in g  r a t io s  le s s  th a n  0 .1 6 7 , o n ly  
a lu m in u m  h y d r o x id e  p r o d u c t  w a s  o b ta in e d .  T h e  m o r p h o lo g ie s  o f  th e  s y n th e s iz e d  
p r o d u c ts  c h a n g e d  w i th  th e  c h a n g in g  th e  S i/A l lo a d in g  r a t io ,  e v e n  th o u g h  in  s o m e  
c a s e s  th e  X R D  r e s u l t s  w e r e  th e  s a m e  ( f ig u r e  7 ). T h e  h ig h e r  th e  A1 c o m p o u n d  
lo a d in g , th e  m o r e  i r r e g u la r  c r y s ta ls  w e r e  p r o d u c e d  d u e  to  th e  h e x a g o n a l -  
c o o r d in a t io n  f a v o r e d  b y  A l 13. T h e  S i /A l  r a t io  o f  s y n th e s iz e d  p r o d u c t  in c r e a s e d  w ith  
th e  S i/A l lo a d in g  ra tio .

7 .4 .3  E f fe c t  o f  L E O  C o n c e n t r a t io n
T h e  e f fe c t  o f  L i20  c o n c e n t r a t io n  w a s  s tu d ie d  a f te r  f ix in g  th e  lo a d in g  

r a t io s  o f  th e  o th e r  c o m p o n e n ts  a t: S i 0 2:0 .5 A l20 3 :4 1 0 H 20  w i th  th e  s y n th e s is  
t e m p e r a tu r e  a n d  t im e  f ix e d  a t 11 0  °c a n d  3 0 0  m in . T h e  L i20 / S i 0 2 r a t io  w a s  v a r ie d  
f ro m  0 .7  to  5. S u r p r is in g ly  a t  L i20 / S i 0 2 r a t io  o f  1, th e  F A U  ty p e  z e o l i te  ( P D F # 3 9 -  
1 3 8 0 , L i2A l 2 S i4 0 i 2 .8 H 2 0 , 1 2 .7  T /Â 3) w a s  o b ta in e d  m ix e d  w i th  L Z -2 0 0  ( P D F # 4 7 -  
0 7 1 6 , L i2 . i2A l 2 S i2O 8 0 6 )- T h e  X R D  s p e c t r a  o f  th e  p r o d u c ts  a r e  g iv e n  in  f ig u re  8 a n d  
th e  c r y s ta l  m o r p h o lo g y  a n d  u n i t  c e ll  s t r u c tu r e  o f  F A U  is  i l lu s t r a te d  in  f ig u re  9 . T h e
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Si : Al ratio of synthesized product was -1.70:1 which was lower than the FAU and 
higher than LZ-200 data obtained from XRD library (Si:Al = 2 for FAU and 1:1 for 
LZ-200). Based on the average Si/Al ratio and crystal morphology, the major 
product was FAU type zeolite. The product was thremmally stable until -650 °c as 
observed by STA and XRD (figure 10). Upon further heating the product became 
amorphous first and then transformed to lithium alumino- silicate (LiAlSiCfr) at 
1000 °c. At Li20/SiÛ2 ratio of 2, the mixture of EDI and FAU were found. For 
Li20/Si02 ratio equal to 3, only the ABW type was found. At LiCh/SiCb ratio of 4, 
a mixture of EDI and silicon nitride (PDF#33-1160, Si3N4) were produced and at 
Li20/Si02 more than 4, only silicon nitride was obtained. Moreover, the 
morphologies of synthesized products were different. The XRD spectra of the 
products at Li20/Si02 ratios of 2 and 3 indicated the major product was EDI, the 
morphology of those conditions was not the same, which at higher Al-content, more 
irregular product was obtained as illustrated by SEM (figure 11). These figure 
shows that the Li2Û concentration was had a strong influence on the product type 
due to the changing of hydroxyl concentration, which affected the rate of dissolution 
of aluminosilicate gel in the crystallization step. The Si/Al ratio of synthesized 
product was changed via the changing of product types.

7.4.4 Effect of Microwave Heating Time
By fixing the precursor ratios at Si02:0.5Al203:3Li20:410H20  and 

the temperature 110 °c, we studied the effect of microwave heating time. Figure 12 
shows that the morphologies of synthesized products were changed with heating 
time. A mixture of EDI and ABW type morphologies were mostly observed except 
at 60 and 300 min when pure EDI and ABW were found respectively. Most 
products tended to form in EDI structure type only at 300 min, pure ABW was 
found. ABW structure is unstable resulting from higher packing density and higher 
ring strain as illustrated in the unit cell structure (figure 3). However the possibility 
in having both structures might come from the small radius of Li ion, which can 
move and diffuse very easily and had very low transformation energy to 
aluminosilicate as observed by DSC. Moreover, the secondary building unit of EDI 
and ABW are mostly the same. By lowering the microwave heating temperature to
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90 °c, only EDI product was found and the fully crystalline product was obtained at 
60 min. Based on SEM’s results (figure 13), most particles have size in range of ~1 
to 1.5 pm. However, there also have some small particles (~0.5 pm) indicating the 
formation of new nuclei right after some product sediment. Even when the reaction 
time was set for 10 h at 90 °c, only EDI product was formed. These findings 
confirm that in synthesizing zeolites, higher energy supplied by microwave heating 
caused changes in morphology and structure type. In changing the Li20/Si20 ratio 
from 3 to 1, with increasing aging and synthesis time only FAU type zeolite was 
produced with the fully crystalline product forming at 120 min (figure 14).

7.5 Conclusions

Lithium aluminosilicates can be one step synthesized directly from 
alumatrane and silatane by the sol-gel process and microwave heating technique 
using lithium hydroxide as hydrolytic agent. By using microwaves as the energy 
source for hydrothermal treatment, transformation temperatures to aluminosilicate 
lower than that seen in the DSC are obtained due to the exact nature of between the 
microwave radiation and the functional groups of molecules. This results in a faster, 
simpler, higher purity and very energy efficient method. Moreover, the radius of 
Li+-ion was small (compared to K+ and Na+ ion) resulting iq lower steric hindrance 
in aluminosilicate formation. By fixing the Si/Al ratio at 1, Li20/Si02 at 3 and 
microwave heating time of 300 min, two structure types were produced at different 
temperatures. High temperature provided a higher packing density product (ABW) 
due to the collapse of framework. The Si/Al ratio of the synthesized product 
increased as increasing temperature. Both EDI and ABW were not thermally stable. 
They changed to lithium aluminate silicate (denser materials) at temperatures higher 
than 500 °c, because the unit cell structure of both products is mostly composed of 
high ring strain (T4-rings). Changing the Si/Al loading ratio strongly influenced the 
morphologies and/or the type of synthesized products. Higher Al-content led to 
higher amounts of irregular products, due to favoring of octahedral structure by the 
A1 atom/ion. Li20/S i02 starting ratio strongly affected the types structures obtained 
in the products. With increasing Li20 /S i02 ratio, the structure type changed to
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higher packing density product. Lowering the Li20/Si02 ratio to 1, FAU type 
zeolite was produced. Fixing the precursor ratios at Si02:0.5Al203:3Li20:410H20 
and microwave heating temperature at 110 °c, a mixture of EDI and ABW was 
observed most of the time due to the low energy requirement of aluminosilicate 
transformation. Moreover, Li ion radius was small causing less steric effect in 
aluminosilicate formation. Lowering the microwave heating temperature to 90 °c, 
only EDI product having lower packing density than ABW was produced 
confirming that at 110 °c, the energy provided was too high.
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Temperature (°C)

Figure 7.1 DSC trace of gel transformation to aluminosilicate using a high 
pressure DSC cell at a heating rate of 10 °c/min and gel composition of lS i02: 
0.5Al203:0.7Li20:410H20
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Figure 7.2 Effect of microwave heating temperature on aluminosilicate 
crystallinity synthesized from lSi02:0.5Al203:3Li20:410H20  and X °C/300 min
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(a)

(b)

Figure 7.3 Unit cell structures and crystal morphologies of (a) EDI and (b) 
ABW product
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Figure 7.4 XRD spectra of EDI (a) and ABW (b) products synthesized from 
lSiO2:0.5Al2O3:3Li2O:410HiO and 90 °C/300 min as a function of temperature.
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Figure 7.5 Crystal morphology of aluminosilicate synthesized from lS i02: 
0.5Al203:3Li20:410H20 and X °C/300 min; (a) 70, (b) 90, (c)l 10, (d) 150 °c
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Figure 7.6 Effect of starting Si/Al ratio on aluminosilicate synthesized from 
1Si0 2:X Al2O3:3Li2O:410H2O (X = 0.25 -  3) and 110 °C/300 min
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Figure 7.7 Crystal morphology of aluminosilicate synthesized from lSiÛ2 :X 
Al2O3:3Li2O:410H2O (X = 0.25 -  3) and 110 °C/300 min; Si:Al = (a) 1:1, (b) 1:2, 
(c) 1:3 and (d) 1:4 respectively
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Figure 7.8 Effect of Li20 concentration on morphology of aluminosilicate 
synthesized from lSiO2:0.5Al2O3: X Li2O:410H2O (X = 0.7 -  5) and 110 °C/300 
min
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Figure 7.9 The unit cell structure, crystal morphology and Si/Al ratio of FAU 
synthesized from lSi02:0.5Al203:lLi20:410H20  and 110°c/300min
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Figure 7.10 XRD spectra as function of temperature for the FAU product 
synthesized from 1 Si02ะ 0.5Al203:lLi20:410H20  and 110°C/300 min
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Figure 7.11 Crystal morphology of aluminosilicate synthesized from lS i02: 
0.5Al2O3:X Li2O:410H2O (X = 0.7 -  5) and 110 °C/300 min
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Figure 7.12 Transformation to aluminosilicate as a function of time, starting with 
lSiO2:0.5Al2O3: 3Li2O:410H2O and 110 HC/X min; (a) 40, ‘(b) 60, (c) 120 and (d)
300 min
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Figure 7.13 Transformation to aluminosilicate synthesized from lSiO2:0.5Al2O3: 
3Li2O:410H2O and 90 °c/x  min; (a) 20, (b) 40, (c) 60 and (d) 120 min
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Figure 7.14 Transformation to aluminosilicate synthesized from lSiO2:0.5Al2O3: 
lLi2O:410H2O and 110 °c/x  min; (a) 80, (b) 100, (c) 120 and (d) 180 min
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