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2.1 Abstract

Alumatrane and silatrane were successfully used as precursors to produce 
aluminosilicate via the sol-gel process. Due to their ability in retarding hydrolysis 
process, forming meso-porous material was easier. Both NaCl and NaOH can be 
used as hydrolysis agent, however, NaOH had highly influenced in crystalline 
formation. The higher NaOH concentration, the better crystalline formation was 
observed. Gel transformation was an endothermic reaction. The maximum 
transformation occurred at 106°c, as determined by DSC. By using NaOH/H20  as a 
hydrolysis agent and treating amorphous metal oxide gel by microwave technique, 
the crystalline aluminosilicate was formed and narrow particle size distribution was 
obtained. By fixing the ratio of Si02, Al20 3 , Na20  and H20  at 1:0.25:3:410, GIS 
was synthesized at hydrothermal treatment of 3 h at 110°c, while ANA was 
produced at 130°c for 8 h. GIS obtained had 4.55 pm in size while ANA’S size was 
9.96 pm.

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



27

2.2 Introduction

Zeolites or crystalline aluminosilicates are widely used in separation and 
refinery industries as catalysts, adsorbents and ion exchangers due to their meso and 
micro-porous structures1. Most of zeolites used come from either nature or 
synthesis. Synthetic zeolites are obtained via the sol-gel process to firstly produce 
amorphous gel from an interaction between aluminate and silicate or silica sol. To 
obtain any crystalline phase, further hydrothermal treatment is needed. This 
treatment can be conducted by either conventional or microwave heating. 
Microwave heating is a fast and energy efficient technique, which prevents other 
side reactions owing to their exact nature in interaction2. Energy transfer from 
microwave to material occurs either through resonance or relaxation, resulting in 
rapid heating, causing simultaneous, abundant nucléation and fast dissolution of 
gel2'5. These advantages enhance the crystallization rate in very short time, leading 
to small particle size with narrow particle size distribution and high purity5.

Generally, the starting materials used for zeolites synthesis are metal salts 
(metal aluminate and metal silicate or silica sol) or metal alkoxides. In some cases, 
such as high silica zeolites or hexagonal structure type, the association of organic 
templates is necessary. Organic parts incorporate with inorganic parts via the so- 
called self-assembling process to form inorganic-organic micelle. The process 
organizes metal ions to form particle nuclei, flocculating after a more or less lengthy 
growing state6'9. Organic templates generally and successfully used are crownethers 
or tertiary ammonium salts. However, surfactants at around the critical (CMC) point 
are also employed in some works. This technique leads to gels and meso-structure 
materials but does not go forward to meso-porous solid due to the obstruction of the 
remaining organic portions. Moreover, micelle formation also increases flocculating 
stability, reducing film drainage and coalescence10"11. Metal alkoxides are 
sometimes used to increase the self-assembling ability since their organic parts can 
incorporate in micelle and their hydrolytic inertness increases as increasing both the 
size of the organic parts (steric effect) and the number of alcohol groups in the 
ligand (chelate or cage effect).
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Analcium (ANA) and Na-Pl (GIS) are of importance and interest, especially, 
ANA, which has ability in matrix storage for radioactive materials12. ANA is 
produced at 130° - 160°c using Teflon-lined autoclave (conventional heating) and 
aluminum sulfate/sodium metasilicate as precursors, at 165° -185°c using CTAB as 
a template at pH 10 -  12.5 or at 1300°c if started from nanostructured KAlSiCfr 
precursor13"16. GIS can be synthesized from natural clay, such as Kaolinite, Aidoudi, 
by crystallization at 75° -  85°c. The reaction time varies depending on clay types, 
which can be 1 to 60 days17"18. GIS can also be synthesized either from fly ash 
waste from power plants by fusion followed by crystallization at 90°c for 7 days19 
or from nuclear waste solution by crystallization at 45o-90°C20. However, GIS 
obtained from the mentioned methods are mostly used as molecular sieve owing to 
its low purity.

Hence in this work, both synthesized silatranes and alumatranes were chosen 
as precursors for zeolite synthesis due to their ability in constructing inorganic- 
organic micelle. Other organic templates and surfactants have thus no need in the 
system. Moreover, these atranes are thermodynamically stable in an aqueous-base 
system since they can form complexes with metal ion to increase the possibility of 
expanding its coordinated sphere. This phenomenon will moderate the alkoxides 
reactivity towards the nucleophilic attack of water, as a result, it retards the 
precipitation to occur11,21"22. These properties remarkably induce the ability in 
forming meso-porous framework materials.

2.3 Experimental

2.3.1 Materials
Fumed silica (Si02, surface area 473.5 m2/g, average particle size of 

0.007 pm) and aluminum hydroxide hydrate (Al(OH)3, surface area 50.77 m2/g), 
were purchased from Sigma Chemical Co. and used as received. Triethanolamine 
(TEA, N(CH2CH2OH)3), and triisopropanolamine (TIS, N(CH2CHCH3OH)3) were 
supplied by Carlo Erba Reagenti and Fluka Chemical AG., respectively. Both were 
used as received. Ethylene glycol (EG, HOCH2CH2OH) was obtained from J.T.
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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 i c a t io n  
m e th o d .

2 .3 .2  I n s t r u m e n ta ls
F T IR  s p e c t ro 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  B r u k e r  I n s t r u m e n t  

( E Q U I N 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 %  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 t  w i th  V G  d a ta  s y s te m , u s in g  th e  p o s i t i v e  f a 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 i l e  a  c e s iu m  g u n  w a s  u s e d  a s  a n  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  3 ,0 0 0 . T h e r m a l  p r o p e r t ie 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 r y  ( 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  P e r k in  E lm e r  in s t r u m e n t :  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 -  10  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 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 ,  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 . 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  u s in g  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 ,  C u K a  a s  a  s o u r c e  a n d  C u K p  as  a  
f ilte r . 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  p e r f o r m 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 ro n  
P ro 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  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  a n a ly s is  o f  e le m e n t ,  u s in g  X - R a y  m o d e  d e te c to r  
( S E M /E D S ) .  P a r t ic le  s iz e  w a s  d e te r m in e d  u s in g  M a s te r s iz e  X  V e r .2 .1 5 ,  M a lv e r n  
In s t r u m e n ts .  W a te r  w a s  u s e d  a s  a  m o b i le  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  M S P  1 0 0 0 , C M E  C o rp 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  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 ra m .
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2 .3 .3  P re c u r s o r s  S y n th e s is
2 .3 .3 .1  S i la t r a n e  S y n th e s is  ( S i -T E A )

W o n g k a s e m j i t ’s s y n th e t ic  m e th o d 23 w a s  u s e d  b y  m ix in g  
s i l ic o n  d io x id e ,  0 .1 0  m o l ,  a n d  t r ie th a n o la m in e ,  0 .1 2 5  m o l , in  a  s im p le  d is t i l la t io n  se 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 lv e n t .  T h e  r e a c t io n  w a s  d o n e  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  w a te r  a s  a  b y - p ro 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 . T h e  r e a c t io n  w a s  s e t  fo r  10 h  a n d  th e  r e s t  o f  
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  ( 1 0 ~2 to r r )  a t  1 1 0 ° 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 . T h e  w h i te  p o w d e r  
p r o d u c t  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 .

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 ) ,  785 a n d  729 (ร, ÔSi- 

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 2C H 2) 3N ) 2H 2. D S C : 349°c ( e n d o th e rm ic )  

a n d  373°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 i3( ( O C H 2 C H 2) 3N ) 4H + a n d  100% in te n s i ty  a t  323 o f  S i ( ( O C H 2 C H 2) 3N ) 2F l3+.
2 .3 .3 .2  A lu m a tr a n e  S y n th e s i s  ( A l- T IS )

T h e  s y n th e t ic  m e th o d  f o l lo w e d  W o n g k a s e m j i t ’s w o r k 24 b y  
m ix in g  a lu m in u m  h y d r o x id e ,  0 .1 0  m o l ,  a n d  t r i i s o p r o p a n o la m in e ,  0 .1 2 5  m o l ,  in  a 
s im p le  d i s t i l l a t io n  s e t, u s in g  e th y le n e  g ly c o l  a s  s o lv e n t .  T h e  r e a c t io n  m ix tu r e  w a s  
h e a te d  to  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  fo r  1 0  h  to  
r e m o v e  w a te r  a s  a  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 . T h e  r e s t  o f  

e th y le n e  g ly c o l  w a s  r e m o v e d  b y  h e a t in g  a t  110°c u n d e r  v a c u u m  ( 1 0 "2 to r r ) .  T h e  
c ru d e  p r o d u c t  w a s  w a s h e d  w ith  d r ie d  a c e to n i t r i le  f o r  th r e e  t im e s  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 S .

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 )  
2860-2986 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 3 C H 2)N . D S C : 196°c ( e n d o th e rm ic )  a n d  380°c ( e x o th e r m ic ) .  F A B +-
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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  1 2 9 2  o f  ( A l ( O C H C H 3C H 2) N ) 6H + a n d  
1 0 0 %  in te n s i ty  a t  2 1 6  o f  A l ( O C H C H 3 C H 2) N H +.

2 .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  o r  N a C l  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 iO 2:0 .2 5 A l2O 3:x N a 20 : y H 20  ( w h e r e  0  <  X <  10 a n d  6 3  <  y  

<  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  o v e r n ig h t  a n d  th e n  t r a n s f e r r e d  to  T e f lo n  
v e s s e l  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  o f  S iO 2:0 .2 5 A l2O 3 :x N a 2 0 : y 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  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 r n ig h t  a t  75°c. A c c o rd in g  to  th e  r e s u l t s  o f  th is  w o rk  th e  g e l s t a 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  a n d  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 i z in g  A N A  
a n d  G IS  w a s  r a n g e d  f ro m  1 :2  to  1 :3. T o  o b ta in  h o m o g e n e o u s  d i s 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 i 0 2 :H 2o  r a t io  fo r  s y n th e s iz in g  A N A  a n d  G IS  w a s  1 :4 1 0 .

2 .3 .5  C h a ra c te r iz a t io n
T h e  fu n c t io n a l  g ro u p s  o f  th e  p r e c u r s o r  a n d  t r a n s f o r m e d  g e l w e re  

m e a s u r e d  b y  F T IR  w h i le  th e  th e rm a l  s ta b i l i ty  a n d  p r o p e r t i e s  w e r e  o b ta in e d  f ro m  
T G A  a n d  D S C . T h e  c r y s ta l l in i ty  o f  a lu m in o s i l i c a te  p r o d u c t s  w a s  c h a r a c te r iz e d  u s in g  
X R D . T h e  m o r p h o lo g y  o f  th e  a lu m in o s i l i c a te  p r o d u c t s  w a s  o b s e r v e d  u s in g  S E M  
w h e re a s  th e  c o m p o s i t io n s  o f  th e s e  p r o d u c ts  w e r e  te s te d  b y  E D S - S E M , u s in g  X - R a y  
m o d e  d e te c to r .  T h e  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  o f  s y n th e s iz e d  
p r o d u c ts  w e r e  m e a s u r e d  u s in g  p a r t i c le  s iz e  a n a ly z e r  c o n ta in in g  w a te r  a s  a  m o b i le  
p h a s e .
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2.4 Results and Discussion

2 .4 .1  P r e c u r s o r  S y n th e s i s
S i la t r a n e  a n d  a lu m a tra n e  w e r e  s u c c e s s f u l ly  s y n th e s i z e d  b y  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  d i r e c t ly  f ro m  s i l ic a  a n d  a lu m in a .  T h e  r e a c t io n s  
a re  th e  c o n d e n s a t io n  r e a c t io n ,  g e n e ra t in g  w a te r  a s  a  b y - p r o d u c t .  T h u s ,  r e m o v a l  o f  
w a te r  f ro m  th e  s y s te m  d r iv e s  th e  r e a c t io n s  fo rw a rd . T h e  p r o d u c t s  w e r e  c r y s ta l l iz e d  
o u t  w h e n  m o s t  o f  e th y le n e  g ly c o l  w e r e  r e m o v e d  u n d e r  v a c u u m  a n d  p u r i f i e d  b y  
w a s h in g  w i th  d r ie d  a c e to n i t r i le  to  r e m o v e  th e  o th e r  o r g a n ic  r e s id u a ls .  T h e  p r o d u c ts  
c a n  a b s o rb  m o i s tu r e  a n d  th e n  u n d e r g o  h y d r o ly s is  p r o c e s s ,  th u s  n e e d  to  b e  k e p t  u n d e r  
v a c u u m .

2 .4 .2  S o l -G e l  P ro c e s s
C a b r e r a 11 s y n th e s iz e d  a lu m in o s i l i c a te  h a v in g  u n i f o r m  p o re  f ro m  

s i l a t r a n e  a n d  a lu m a tra n e  in  C T A B /T E A /H 20  s y s te m  v ia  th e  s o l -g e l  p r o c e s s .  T h e  
m a jo r  d r a w b a c k  o f  h is  w o r k  is  th a t  h e  w a s  u n a b le  to  o b ta in  a lu m in o s i l i c a te  w i th  
f r a m e w o rk  s t r u c tu r e .  T h e  r e a s o n  c o m e s  f ro m  th e  o r g a n ic  c o n te n t  in  th e  s y s te m  
o b s t r u c t in g  th e  f r a m e w o rk  f o rm a t io n . In  th is  w o rk , e i th e r  N a O H  o r  N a C l /H 20  
s o lu t io n  w a s  th u s  c h o s e n  to  b e  u s e d  in  th e  s o l -g e l  p r o c e s s  to  a v o id  th e  e x t r a  o r g a n ic  
c o n te n t  in  th e  s y s te m . 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  h a s  o c c u r r e d  b y  
j o in in g  te t r a c o o r d in a te d  ( S i0 4 )4" w i th  t e t r a c o o r d in a te d  (A IO 4 ) 5' c a u s in g  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 te d  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 25. 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 r k  a re  s ta b i l i z e d  b y  th e  
N a  c a t io n  in  th e  s y s te m .

F T IR  w a s  e m p lo y e d  to  f o l lo w  th e  h y d r o ly t i c  r e a c t io n  o f  b o th  
s i l a t r a n e  a n d  a lu m a tra n e  in  N a O H  o r  N a C l /H 20  s o lu t io n ,  a s  s h o w n  in  F ig u r e  1. A s  
c a n  b e  s e e n  in  th e  N a O H  s y s te m , th e  S i-O -C  a n d  A l -O -C  r e g io n s ,  1 0 0 0 -1 1 7 0  c m " 1 

w e r e  c h a n g e d  s ig n if ic a n t ly .  T h e  p e a k  a t  1 0 4 9  c m "1 r e f e r r in g  to  S i- O - S i  w a s  h ig h e r  
a n d  b r o a d e r ,  w h i le  th e  p e a k  a t  1 1 0 2  c m "1 c o r r e s p o n d in g  to  A l - O - A l  w a s  s l ig h t ly  
s h i f te d  to  h ig h e r  f r e q u e n c y  a n d  b e c a m e  b r o a d e r .  T h e  C - O - M  ( M  =  S i o r  A l)  p e a k  a t 
1021  c m "1 w a s  a ls o  r e d u c e d  d u e  to  th e  o r g a n ic  l ig a n d , T E A , c le a v e d  f ro m  th e  
s y s te m . T h is  w a s  c o n f i rm e d  b y  th e  r e d u c t io n  o f  C - N  p e a k  a t  1 2 7 5  c m "1. B y  c u rv e
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f i t t in g  th e  a r e a  u n d e r  th e  p e a k  a t  1 2 7 5  c m ' 1 ( C - N  p e a k ,  r e p r e s e n t in g  o r g a n ic  l ig a n d  
c o n c e n t r a t io n ) ,  th e  a p p r o x im a te  r a te  o f  h y d r o ly s is  d u r in g  th e  s o l -g e l  p r o c e s s  w a s  
d e te r m in e d  a n d  is  s h o w n  in  F ig u r e  2 . T h e  r a te  o f  h y d r o ly s i s  w a s  f a s te r  w i th  
h y d r o x y l  a n io n  ( O H ') .  T h e  h y d r o x y l  io n  a t t a c k e d  S i-  o r  A l - a to m  f a s te r  a n d  e a s ie r  to  
fo rm  h y d r o x id e  in  th e  h y d r o ly s is  s te p . T h e  h y d r o x y l  g r o u p  o f  m e ta l  h y d r o x id e  p a r t  
r e a c te d  w i th  S i-  o r  A l -a to m  o f  o th e r  g ro u p  to  f o rm  m e ta l - o x y g e n - m e ta l  b r id g e  a n d  
r e le a s e  o r g a n ic  p a r t  in  th e  c o n d e n s a t io n  s te p . W ith  b o th  a n io n s ,  th e  r a te  o f  
h y d r o ly s is  s h o w s  tw o  d i s t in c t  r e g im e s ;  d u r in g  th e  f ir s t  h o u r  th e  r a te  o f  h y d r o ly s is  is 
r a p id  f o l lo w e d  b y  a  m u c h  s lo w e r  ra te .

In  c a s e  o f  N a C l /H 2 0  s y s te m , c h lo r id e  io n  a t t a c k e d  S i-  o r  A l-a to m  in  
th e  s a m e  m a n n e r .  H o w e v e r ,  th e  a t ta c k  r a te  o f  c h lo r id e  io n  is  a s s u m e d  to  b e  s lo w e r  
d u e  to  th e  lo w e r  e le c t r o n e g a t iv i ty  o f  M - C l  b o n d  a n d  la r g e r  io n ic  r a d i i  o f  c r  26. 
H e n c e , th e  h y d r o ly s is  r a te  o f  N a C l /w a te r  s y s te m  w a s  s lo w e r  th a n  th a t  o f  N a O H /H 2 Û  
s y s te m .

2 .4 .3  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  fo 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 r e  3 ) to  
in v e s t ig a t e  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 . I t 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  c e r ta in ly  e n d o th e r m ic  r e a c t io n ,  in  a g r e e m e n t  w i th  Y a n g  w o r k 27 

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 28"29. T h e  t r a n s i t io n  s ta r te d  a t 1 0 3 ° c  a n d  th e  m a x im u m  

t r a n s f o r m a t io n  o c c u r r e d  a t  1 0 6 ° c .  T h e  o v e ra l l  e n e r g y  c o n s u m p t io n  w a s  3 5 .9 3  J /g . 
A f te r  th e  s e c o n d  ru n , th e re  w a s  n o  p e a k  s h o w n  u p , in d ic a t in g  th a t  th e  g e l h a d  
a l r e a d y  t r a n s f o r m e d  in to  a  c r y s ta l l in e  a lu m in o s i l i c a te .

T ra 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 t s  d e p e n d e d  o n  m a n y  
f a c to r s ,  a n d  s o d iu m  h y d r o x id e  c o n c e n t r a t io n  w a s  o n e  o f  th e m . T h e  h ig h e r  th e  
s o d iu m  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  c r y s ta l l in i ty  w a s  o b ta in e d .  T h is  is 
d u e  to  th e  n e g a t iv e  c h a r g e s  c o n ta in e d  in  th e  f r a m e w o r k  s t r u c tu r e .  T h e s e  c h a r g e s  
n e e d  to  b e  s ta b i l i z e d  b y  s o d iu m  c a t io n s 30. A s  w e  fo u n d  f ro m  th e  X R D  s h o w n  in  
F ig u r e  4 ,  o n c e  th e  s o d iu m  h y d r o x id e  c o n c e n t r a t io n  w a s  h ig h  e n o u g h ,  in c re a s in g
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s o d iu m  h y d r o x id e  c o n c e n t r a t io n  w o u ld  n o t  h a v e  f u r th e r  e f fe c t .  A l th o u g h  th e  
lo a d in g  o f  S i :A l  r a t io  w a s  c h a n g e d  f ro m  2:1 to  8 7 :1 , th e  s a m e  p r o d u c t  w a s  o b ta in e d , 
a s  i l lu s t r a te d  in  F ig u r e  5. C o m p a r in g  w i th  th e  l i te r a tu r e  d a t a  r e s u l t ,  th is  p r o d u c t  w a s  
e x a c t ly  A N A  z e o l i te s  c o n s is t in g  o f  d i s to r te d  T 6 - r in g  c h a in s ,  w h ic h  h a v e  d i s to r te d  4 - 
r in g s  in  b e tw e e n ,  a s  c a n  b e  s e e n  in  F ig u r e  6 . T h e  c r y s ta l  d a t a  a r e  l i s te d  in  ta b le  1.

A n o th e r  f a c to r  a f f e c t in g  th e  f in a l p r o d u c t  s t r u c tu r e  w a s  m ic r o w a v e ­
h e a t in g  te m p e ra tu re s .  A s  s h o w n  in  F ig u r e  7 , lo w e r in g  th e  h e a t in g  te m p e ra tu re  
r e s u l te d  in  d i f f e r e n t  p h a s e  f o rm a t io n . B e lo w  1 1 0 ° c ,  o n ly  a m o r p h o u s  w a s  o b s e rv e d . 

A t 1 1 0 ° c ,  G IS  s t r u c tu r e  ty p e  w a s  o b s e rv e d .  S e c o n d a r y  b u i ld in g  u n i t  ( S B U )  w a s  
f o rm e d  f ro m  T 1 6  u n i t s ,  tw o  8 - r in g s  c o n n e c te d  a s  a  c r a n k s h a f t  c h a in . P e r io d ic  
b u i ld in g  u n i t  ( P B U )  w a s  f o rm e d  w h e n  tw o  c r a n k s h a f t  c h a in s  a n d  T 4 - r in g s  w e re  
c o n n e c te d  in  s u c h  a  w a y  th a t  th e  c y l in d e r  w i th  a  T 8 - r in g  p o r e  w a s  fo rm e d . E a c h  
P B U ’s w a s  c o n n e c te d  th ro u g h  T 4 - r in g s  s e e  F ig u r e  8 . B y  c o m p a r in g  th e s e  tw o  
s t r u c tu r e s ,  it  m ig h t  b e  s a id  th a t  h ig h e r  e n e r g y  g iv e n  m a d e  th e  f r a m e w o rk  b e  
d i s to r te d  a n d  a r r a n g e d  i t s e l f  in  a  m o r e  p e r f e c t  te t r a h e d r a l  fo rm .

2 .4 .4  E f f e c t  o f  C r y s ta l l iz a t io n  C o n d i t io n s
C r y s ta l l iz a t io n  c o n d i t io n s  o f  b o th  p r o d u c ts ,  A N A  a n d  G IS , w e re  

s tu d ie d  a t tw o  d i f f e r e n t  te m p e r a tu r e s ,  1 1 0 ° c  a n d  1 3 0 ° c  a n d  a t  th e  S i :A l :N a  r a t io  o f  

2 :1 :6  a s  a  f u n c t io n  o f  m ic r o w a v e  h e a t in g  t im e . A t 1 3 0 ° c ,  b o th  p h a s e s  w e re  
o b ta in e d  a t  d i f f e r e n t  t im e s  (F ig u re  9 ). G IS  w a s  c o m p le te ly  b u i l t  f i r s t  a t  8 0  m in . 
A f te r  2 4 0  m in ,  A N A  w a s  o b s e r v e d  a n d  th e  p u re  p h a s e  w a s  fo rm e d  a f te r  4 8 0  m in  ( o r  
8  h )  o f  th e r m a l  t r e a tm e n t .  T h e  a to m ic  r a t io  o f  S i :A l :N a  w a s  a ls o  v a r ie d  w i th  t im e . A t 
th e  S i:A 1 r a t io  lo a d in g  a t 2 :1 ,  th e  a m o r p h o u s  p r o d u c t  o b ta in e d  w a s  a t  1 .8 6 :1  w h ic h  
w a s  c lo s e r  to  th e  lo a d in g  ra t io . A f te r  G IS  w a s  fo rm e d , th e  r a t io  d r o p p e d  to  - 1 .7 1 :1  
w h ic h  w a s  c lo s e ly  m a tc h e d  w i th  X R D  P D F # 3 9 - 0 2 1 9  h a v in g  N a 6 A l 6 S iio 0 3 2 . 1 2 H 20  

-  S i :A l :N a =  1 .6 7 :1 :1 . It is  n o t  a  p e r f e c t  m a tc h in g  d u e  to  th e  p r e s e n c e  o f  v e r y  s m a ll  
f r a c t io n  o f  A N A  f o rm e d  a f te r  1 0 0  m in  ( F ig u re s  1 0 -1 1 ) . A l th o u g h  a m o u n t  o f  A N A  
w a s  h ig h e r  a s  th e  t im e  w e n t  lo n g e r ,  th e  S i:A l r a t io  w a s  s t i l l  th e  s a m e  u n t i l  it r e a c h e d  
3 0 0  m in . T h e  S i :A l  r a t io  w a s  in c re a s e d  to  2 :1  a t 4 8 0  m in  th a t  w a s  th e  s a m e  a s  X R D  
P D F # 1 9 - 1 1 8 0  c o n ta in in g  N a ( S i 2A l ) 0 6 .H 20  ~  S i :A l :N a  =  2 :1 :1 .  S E M  c o in c id e n ta l ly

I  2 ก 0
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in d ic a te d  th e  s a m e  p h e n o m e n a  a s  X R D . G IS  p r o d u c t  w a s  f o r m e d  in  a  c u b ic  s h a p e , 
a n d  p a r t i c le  s iz e s  in c re a s e d  a s  in c re a s in g  t im e . H o w e v e r ,  v e r y  s m a l l  r o u n d  p a r t ic le s  
o f  A N A - C  w e r e  o b s e rv e d  a f te r  10 0  m in  in  c u b ic  fo rm  w h i le  a t 2 0 0  m in  A N A - 0  w a s  
c le a r ly  o b s e r v e d  in  a n  o c ta g o n a l  fo rm . T h e  p a r t i c le  s iz e  w a s  a ls o  b ig g e r  a n d  n u m b e r  
o f  p a r t i c le  s iz e  w a s  in c r e a s e d  w i th  t im e  w h i le  G IS  p a r t i c le  s iz e  w a s  r e d u c e d . T h e  
fu l ly  p o p u la t io n  o f  A N A  p a r t i c le s  w a s  p r o d u c e d  a t  4 8 0  m in .

A t h e a t in g  te m p e r a tu r e  o f  1 10°c, o n ly  G IS  p r o d u c t  w a s  o b s e rv e d  in  
b o th  X R D  (F ig u re  12 ) a n d  S E M  (F ig u re  13). T h e  S i :A l  r a t io  w a s  r e d u c e d  f ro m  
-1 .9 0 :1  to  - 1 .6 5 :1 .  A ll th e s e  r e s u l t s  in d ic a te d  th a t  th e  f u l ly  G IS  w a s  p r o d u c e d  a t  180

m in  a n d  o n ly  G IS  w a s  o b ta in e d  e v e n  it  w a s  h e a te d  fo r  15 h.
B y  c o m p a r in g  th e s e  tw o  h e a t in g  te m p e r a tu r e s ,  p u r e  G IS  c o u ld  b e  

m a d e  a t  1 1 0 ° c  f o r  1 8 0  m in , w h i le  a t  1 3 0 ° c ,  th e  p u r i ty  o f  G IS  is  d e c r e a s e d  d u e  to  
th e  fo rm a t io n  o f  A N A . T h e  h ig h e r  e n e r g y  in i t i a te d  A N A  n u c le i  m a d e  f ro m  6 ,4  S B S s  
w h ic h  is  m o r e  s ta b le  th a n  8 ,4  S B U s  o f  G IS . M o r e o v e r ,  b y  h e a t in g  a t  1 1 0 ° c ,  G IS  h a d  

o n ly  o n e  p a r t i c le  s iz e  d i s t r ib u t io n  w h ic h  fa lls  in - b e tw e e n  1 .3 2  to  1 4 .0 8  p m  w i th  th e  

m e a n  d ia m e te r  o f  4 .5 5  p m , w h i le  a t  1 3 0 ° c  A N A  p r o d u c t  h a d  3 p a r t i c le  s iz e  

d is t r ib u t io n s .  1 1 .4 2 %  o f  A N A  p a r t i c le s  h a d  le s s  th a n  3 p m . T h e  m a jo r  p r o d u c t  s iz e  

w a s  in  r a n g e  o f  3 -  3 7 .7 9  p m  (8 8 .0 4 % ) . T h e  m e a n  a v e r a g e  p a r t i c le  s iz e  w a s  6 .0 2  p  

m  w h i le  th e  m a x im u m  p o p u la t io n  w a s  a t  9 .9 6  p m . B a s e d  o n  S E M , th e  s m a l le s t  
g r o u p  m ig h t  b e  A N A - C  w h i le  th e  b ig g e s t  p o p u la t io n  w a s  A N A - O . T h e  h ig h e s t  
p a r t i c le  s iz e s  c a m e  f ro m  th e  a g g lo m e r a t io n  o f  th e  p a r t i c le .  A s  c o m p a r e d  w i th  d a ta  

o b ta in e d  f ro m  S E M  m a g n if ie d  a t x 5 ,0 0 0 ,  th e  a v e r a g e  p a r t i c le  s iz e  o f  G IS  w a s  3 .6 7  p  
m  a n d  A N A  8 .8 5  p m . T h e y  w e r e  s l ig h t ly  lo w e r  th a n  th o s e  o b ta in e d  f ro m  p a r t i c le  
s iz e  a n a ly z e r .

2.5 Conclusions

S i la t r a n e  a n d  a lu m a tra n e  c a n  u n d e r g o  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  N a O H  to  p r o v id e  G IS  a n d  A N A  z e o l i te s  
w i th  u n if o r m  p a r t i c le  s iz e  a n d  n a r r o w  p a r t i c le  s iz e  d i s t r ib u t io n ,  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 .  A p p r o p r ia te  N a O H  c o n c e n t r a t io n  is  a d d e d  to  a l lo w  th e
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c r y s ta l l in e  a lu m in o s i l i c a te  to  b e  f o rm e d  d u e  to  th e  r o le  o f  s ta b i l i z a t io n .  B y  f ix in g  th e  

r a t io  o f S i 0 2 :N a 20  a t  1 :3 , h e a t in g  te m p e r a tu r e  a t  1 3 0 ° c ,  a n d  v a r y in g  th e  S i:A 1 ra tio  
o f  2 :1  to  8 7 :1 , o n ly  A N A  p r o d u c ts  a r e  o b ta in e d . L o w e r in g  th e  m ic r o w a v e  h e a t in g  
te m p e r a tu r e  p r o v id e s  th e  p h a s e  t r a n s f o r m a t io n  f ro m  A N A  to  G IS , w h ic h  h a s  le s s  
p a c k in g  s t r u c tu r e  ( f r a m e w o r k  d e n s i ty  =  1 5 .3  T /1 0 0 0 Â 3 fo r  G IS  w h i le  1 8 .5  T /1 0 0 0 Â 3 

fo r  A N A ) . A t th e  r a t io  o f  S iO 2:0 .2 5 A l2O 3 :3 N a 2O : 4 1 0 H 2O , G IS  c a n  b e  c o m p le te ly  

f o rm e d  in  1 8 0  m in  a t  h e a t in g  te m p e r a tu r e  o f  1 10°c w i th  th e  p a r t i c le  s iz e  o f  4 .5 5  p m  

w h i le  A N A  is  p e r f e c t ly  fo u n d  in  4 8 0  m in  a t  h e a t in g  t e m p e r a tu r e  o f  130°c w ith  th e  

p a r t i c le  s iz e  o f  9 .9 6  p m .
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Table 2.1 Results o f Crystal Analysis

N a m e A n a lc im e N a - P l
T y p e A N A G IS
C r y s ta l  S y s te m c u b ic  fo r  A N A - C  

o c ta g o n a l  fo r  A N A - 0
te t r a g o n a l

S p a c e  G r o u p  (S G ) Ia -3 d 1-4 3 d
a  (A ) 1 3 .7 4 9 .9 9 7
b(A) 1 3 .7 4 9 .9 9 7
c ( A ) 1 3 .7 4 9 .9 9 7
U n i t  c e l l  v o lu m e  (A 3) 2 5 9 3 .9 4 9 9 9 .0 4

X ( C u - K a )  (A ) 1 .5 4 0 5 6 1 .5 4 0 5 6
F il t e r C u -K p C u - K p
D a ta  c o l le c t io n  r a n g e  ( 2 0 , d e g .) 5 -5 0 5 -5 0

D a ta  c o l le c t io n  in s t r u m e n t R ig o k u  X - r a y  
D i f f r a c to m e te r

R ig o k u  X - r a y  
D i f f r a c to m e te r

M a tc h e d  P D F # 4 1 -1 4 7 8  f o r  A N A - C  
1 9 -1 1 8 0  fo r  A N A - 0

3 9 -2 1 9
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(a) (b )

Figure 2.1 H y d r o ly s is  b e h a v io r  o f  a lu m a tra n e  a n d  s i l a t r a n e  m ix tu r e  a t  th e  ra t io  
o f  l S i 0 2 :0 .5 A l 2 0 3 :0 .0 9 6 N a 20 : 6 3 H 20  in  (a )  N a C l /H 20  S y s te m  a n d  (b )  N a O H /H 20  
S y s te m
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Figure 2.2 R e d u c t io n  r a te  o f  v C - N  p e a k  a t  1 2 7 5  c m ' 1 o f  th e  m ix tu r e  c o n ta in in g  
l S i 0 2 :0 .5 A l 2 0 3 :0 .0 9 6 N a 20 : 6 3 H 20  in  (a )  N a C l /H 20  a n d  (b )  N a O H / H 20  s y s te m s
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Figure 2.3 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 i s 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 O 2 :0 .5 A l 2 O 3 : 0 .7 N a 2 O : 
4 1 0 H 2O
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6000

Figure 2.4 E f f e c t  o f  N a O H  c o n c e n t r a t io n  o n  m ic r o w a v e  h e a te d  a lu m in o s i l i c a te  
s y n th e s iz e d  f ro m  l S i O 2 :0 .01  15A1203:x N a 2O :4 1 0 H 2O  ( S i :A l  =  8 7 :1 , X =  1 -  3 )  a t
150°c/15h
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Figure 2.5 E f f e c t  o f  S i:A 1 r a t io  (2:1 -  8 7 :1 )  o n  m ic r o w a v e  h e a te d
a lu m in o s i l i c a te  s y n th e s i z e d  f ro m  l S i 0 2:x A l2 O 3 :3 N a 2O :4 1 0 H 2O  (x  =  0 .0 1 1 4 9  - 

0.25) a t 150°c/15h
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Figure 2 .6  S E M  m ic r o g r a p h s  o f  (a )  A n a lc im e  z e o l i te  ( A N A )  a n d  (b )  th e  u n i t  c e l l  
s t r u c tu r e
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Figure 2.7 E f f e c t  o f  m ic r o w a v e  h e a t in g  te m p e r a tu r e  o n  a lu m in o s i l i c a te  
s y n th e s iz e d  f ro m  lS i0 2 :0 .0 9 1 A l2 0 3 :3 N a 2 0 :4 1 0 H 2 0  a t X ๐c  / 1 5 h  (x  =  9 0 °  -  1 5 0 °C )



48

Figure 2.8 SEM micrographs of (a) Na-Pl zeolite (GIS) and (b) the unit cell 
structure
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F ig u re  2 .9  Effect of microwave heating time on aluminosilicate synthesized 
from lSi0 2 :0 .2 5 Al2 0 3 :3 Na2 0 :4 1 0 H2 0  at 130°c/x h (x = 1 -  9h)
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MH Time (h)

F ig u re  2 .1 0  Fraction of GIS and ANA calculated from XRD area under the peak 
at 25.93 (20) for ANA and 28.27 (20) for GIS
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2 2 0  min 480 min

F ig u re  2.11 SEM micrographs of aluminosilicate synthesized from lSiC>2 : 
0.25Al203:3Na20:410H20 at 130°c/x h (x = 1 -  9h)
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F ig u re  2 .12  Effect of microwave heating time on aluminosilicate synthesized at 
lS i02: 0.25Al203:3Na20:410H20and 110°c/x h (x = 1.5 -  4h)
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160 min 180 min

F ig u re  2 .1 3  SEM micrographs of aluminosilicate synthesized form 
1SiO2:0.25A12O3: 3Na2O:410H2O at 110°c/x h (x = 1.5 -  4h)
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