
R E S U L T S  A N D  D I S C U S S I O N
CHAPTER IV

4 .1  D i s s o lu t i o n  R a t e  o f  A n a l c i m e

4 .1 .1  B a tc h  E x p e r im e n ta l  R e s u l ts
T h e  r a te  o f  d i s s o lu t io n  o f  a n a lc im e  w a s  s tu d ie d  b y  d ig e s t in g  2  g  o f  

a n a lc im e  in  3 0 0  m l  o f  H C 1 s o lu t io n .  T h e  v a r ia b le s  s tu d ie d  w e r e  t e m p e r a tu r e  (2 5  a n d  
4 5 ° C )  a n d  a c id  c o n c e n t r a t io n  ( 0 .1 -7  M ) . F o r  th e  e x p e r im e n ts  a t  2 5 ° c ,  th e  
c o n c e n t r a t io n  o f  H C 1 s o lu t io n  w a s  v a r ie d  f ro m  0 .1  to  7  M . T h e  d i s s o lu t io n  c u r v e s  o f  
a lu m in u m  a n d  s i l ic o n  f ro m  a n a lc im e  a re  s h o w n  in  F ig u r e s  4 .1  a n d  4 .2 . F o r  th e  
e x p e r im e n ts  a t  4 5 ° c ,  th e  c o n c e n t r a t io n  o f  H C 1 s o lu t io n  w a s  v a r ie d  f ro m  0.1 to  0 .6 5  

M . T h e  d i s s o lu t io n  c u r v e s  o f  a lu m in u m  a n d  s i l ic o n  f ro m  a n a lc im e  a t  4 5 ° c  a re  
s h o w n  in  F ig u r e s  4 .3  a n d  4 .4  ( 1 st, 2 nd a n d  3 rd s h o w n  in  th e  f ig u r e s  d e n o te  th e  f irs t , 
s e c o n d , a n d  th i r d  s e t  o f  e x p e r im e n ts  c a r r ie d  o u t  u n d e r  th e  s a m e  c o n d i t io n s ) .

T h e  r a te s  o f  d i s s o lu t io n  o f  a lu m in u m  a n d  s i l ic o n  w e r e  c a lc u la te d  f ro m  th e  
s lo p e s  o f  l i n e a r  f i t t in g  to  th e  in i t i a l  a lu m in u m  a n d  s i l ic o n  d i s s o lv e d  v e r s u s  t im e  fo r  
v a r io u s  a c id  c o n c e n t r a t io n s .  T a b le  4 .1  s h o w s  th e  d i s s o lu t io n  r a te s  o f  a lu m in u m  a n d  
s i l ic o n  f ro m  a n a lc im e  in  h y d r o c h lo r ic  a c id  a t  2 5 ° c  a n d  a t  4 5 ° c .

T h e  e f f e c t  o f  H C 1 c o n c e n t r a t io n  o n  th e  r a te  o f  a n a lc im e  d i s s o lu t io n  w a s  
s tu d ie d  b y  v a r y in g  H C 1 c o n c e n t r a t io n  f ro m  0 .1  to  7  M . T h e  r a te s  o f  d i s s o lu t io n  o f  
a lu m iu m  a n d  s i l ic o n  f ro m  a n a lc im e  a t  2 5 ° c  a n d  4 5 ° c  a r e  s h o w n  in  F ig u r e s  4 .1 ,  4 .2 ,
4 .3  a n d  4 .4 ,  r e s p e c t iv e ly .  T h e  d i s s o lu t io n  r a te  o f  a lu m in u m  in c r e a s e d  w i th  
in c r e a s in g  th e  H C 1 c o n c e n t r a t io n  a t  2 5 ° c  a n d  a t  4 5 ° c .  T h e  d i s s o lu t io n  r a te  o f  s i l ic o n  
w i th  H C 1 c o n c e n t r a t io n s  in  a  r a n g e  0 .1 - 4  M  in c r e a s e d  w i th  in c r e a s in g  HC1 
c o n c e n t r a t io n .  H o w e v e r ,  th e  d i s s o lu t io n  r a te  o f  s i l ic o n  in  7  M  H C 1 w a s  lo w e r  th a n  
th e  r a te  in  4  M  H C 1 b e c a u s e  th e  m e c h a n is m  o f  a n a lc im e  d i s s o lu t io n  w i th  7  M  HC1 
w a s  f o u n d  to  b e  th e  l e a c h in g  o f  a lu m in u m  f ro m  z e o l i t e  m a tr ix .  T h e r e f o r e ,  s o m e  
s i l ic o n  c o u ld  b e  d i s s o lv e d  in  a c id  s o lu t io n  w h i le  s o m e  s i l i c a  r e m a in e d  a s  r e s id u e .
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In  th e  a n a lc im e  s t r u c tu r e ,  th e  c o v a le n t  b o n d s  b e tw e e n  S i - 0  a n d  A l - 0  
a r e  m u c h  s t r o n g e r  th a n  th e  io n ic  b o n d s  b e tw e e n  c a t io n  ( N a +) a n d  th e  la t t ic e  n e tw o rk . 
A f te r  l e a c h in g  o f  th e  s u r f a c e ,  N a + c a t io n  h a s  b e e n  p r im a r i ly  r e m o v e d ,  s o , th e  n e tw o rk  
in  th e  s u r f a c e  o f  th e  a n a lc im e  w i l l ,  th e n ,  c o n ta in  th e  f o l lo w in g  g r o u p in g s :  S i - O - S i  
a n d  S i - O - A l .  W h e n  th e  n e tw o r k  is  b e in g  d i s s o lv e d  b y  th e  h y d r o c h lo r ic  a c id , th e s e  
b o n d s  m u s t  b e  b r o k e n  f o r  th e  r e le a s e  o f  s i l ic o n  a n d  a lu m in u m  in to  th e  s o lu t io n .

F ig u r e s  4 .5  a n d  4 .6  s h o w  th e  r a te  o f  s i l i c o n  d i s s o lu t io n  v e r s u s  th e  ra te  

o f  a lu m in u m  d i s s o lu t io n  a t  v a r io u s  H C 1 c o n c e n t r a t io n s  a t  2 5 ° c  a n d  4 5 ° c ,  

r e s p e c t iv e ly .  T h e  r e s u l t s  s h o w e d  th a t  th e  m o la r  r a t io s  o f  th e  d i s s o lu t io n  r a te s  o f  
s i l ic o n  a n d  a lu m in u m  w e r e  in  th e  r a t io  2 :1  w h e n  c o n c e n t r a t io n  o f  H C 1 w a s  in  th e  
r a n g e  o f  0 .1 - 4  M . T h a t  is , th e  r a te  o f  r e m o v a l  o f  e a c h  o f  th e  e le m e n ts  w i th in  th e  
la t t ic e  p r o c e e d e d  a t  th e  r a te  p r o p o r t io n a l  to  i ts  la t t ic e  c o n c e n t r a t io n .  In  c o n t r a s t ,  th e  
m o la r  r a t io  o f  th e  d i s s o lu t io n  r a te s  o f  s i l ic o n  a n d  a lu m in u m  in  7  M  H C 1 s o lu t io n  a t  
2 5 ° c  w a s  a b o u t  1 :1 . H o w e v e r ,  th e  r a te  w a s  c a lc u la te d  b a s e d  o n  th e  a s s u m p t io n  th a t  
s i l ic o n  d id  n o t  r a p id ly  p r e c ip i ta t e ,  th e r e b y ,  g iv in g  a  f a ls e  r a te  o f  d is s o lu t io n .  T h e s e  
r e s u l t s  c a n  b e  e x p la in e d  b y  Y a n g  a n d  X u ’s r e s e a r c h  w o rk .  Y a n g  a n d  X u  ( 1 9 9 7 )  
s u g g e s te d  th a t  th e  v e r y  h ig h  e le c t r o n  a f f in i ty  o f  th e  H C 1 p r o to n  c o u ld  in d u c e  th e  
d i s to r t io n  o f  t e t r a h e d r a l  a lu m in u m  s i te s ,  w h ic h  w a s  a ls o  c o n f i r m e d  b y  th e  s m a l le r  
A l - O - S i  a n g le  a n d  th e  lo n g e r  A l - 0  b o n d  le n g th  w h e n  H + is  lo c a te d  a t  c a t io n  s ite s . 
In  o th e r  w o r d s ,  th e  f r a m e w o r k  o f  z e o l i te  is  d e f o r m e d  a n d  in f lu e n c e d  b y  th e  n a tu r e  o f  
c o m p e n s a t in g  c a t io n s .  S u c h  a  d i s to r te d  s t r u c tu r e  o f  th e  A I O 4 t e t r a h e d r o n  h a s  a  g re a t  
s t r a in  a n d  is  n o t  s ta b le ;  th e  A l - 0  b o n d  in  th e  f r a m e w o r k  is  e a s i ly  b r o k e n ,  th u s ,  
le a d in g  to  th e  r e m o v a l  o f  a lu m in u m  f ro m  th e  m a tr ix .
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0  5 10 15 2 0  2 5

T im e (m in)

H C 1
c o n c e n tra t io n

♦  0 .1 M , 1 st 
■  0 .1 M , 2 n d

0 .2 5 M , 1st 
0 .6 M , 1st 
1 M , 1 st 

X 1 M , 2 n d  
1 M , 3 rd

-  2 M , 1st 
X 2 M , 2 n d
- 4 M , 1 St 

X 4 M , 2 n d
4 M , 3 rd

•  7 M , 1 st 
+  7 M , 2 n d

D is s o lu t io n  o f  a lu m in u m  f ro m  a n a lc im e  in  0 .1 -  7  M  H C 1 a t  2 5 ° c .

0  5 10  15 2 0  2 5

T im e (m in)

HC1
c o n c e n tra tio n

♦  0 .1 M , 1 st 
■  0 .1 M , 2 n d
- 0 .2 5 M , 1 st 
A 0 .6 M , 1 st
A 1M , 1st
X 1 M , 2 n d  
X 1 M , 3 rd  
X 2 M , 1 s t
♦  2 M , 2 n d
♦  4 M , 1 st 
+ 4 M , 2 n d  
X 4 m , 3 rd
- 7 M , 1 st

-  7 M , 2 n d

F i g u r e  4 .2  D i s s o lu t io n  o f  s i l ic o n  f ro m  a n a lc im e  in  0 .1 - 7  M  H C 1 a t  2 5 ° c .
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T im e (m in)

H C l
c o n c e n tra t io n

♦  0 .1 M , 1 st

■  0 .1 M , 2 n d  

0 .2 5 M , 1st 

X 0 .2 5 M , 2 n d  

X 0 .6 M , 1st

•  0 .6 M , 2 n d

F i g u r e  4 .3  D i s s o lu t io n  o f  a lu m in u m  f ro m  a n a lc im e  0 .1 -  0 .6  M  H C l a t  45°c.

H C l
c o n c e n tra tio n

♦  0 .1 M , 1st 

■  0 .1 M , 2 n d

0 .2 5 M , 1st 

X 0 .2 5 M , 2 n d  

X 0 .6 M , 1 st

•  0 .6 M , 2 n d

Figure 4.4 Dissolution of silicon from analcime in 0.1-0.6 M HCl at 45°c .
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Table 4.1 Rates of analcime dissolution by HC1 at 2 5 °c  and 4 5 °c

T e m p e r a tu r e

(° C )

H C 1
c o n c e n t r a t io n

(m o l/1 )

-fAl
(m o l  A l /g -m in )

-rsi
( m o l  S i/g -m in )

- rs i/ - rAi
*

2 5 0.1 3 .4 0 x 1 0 '6 6 . 8 0 x l 0 'b 1 .9 7
3 .0 0 x 1  O'6 8 . 1 0 x l 0 '6 2 .2 7

0 .2 5 6 . 6 0 x l 0 ‘6 1 .2 6 x 1  O'5 1.91
0 .6 1 .1 3 x 1 0 '5 2 . 4 8 x l 0 ’5 2 .2 0

1 2 . 7 5 x l 0 '5 6 .2 0 x 1  O '5 2 .2 5
2 . 4 3 x l 0 ‘5 5 .9 6 x 1  O '5 2 .4 5
2 .4 9 x 1 0 '5 5 .9 0 x 1  O’5 2 .3 7

2 5 .4 6 x 1  O'5 1 .0 4 x 1  O'4 1.91
5 . 3 0 x l 0 '5 l . o i x i o -4 1.91

4 8 .6 6 x 1 0 '5 1 .6 6 x 1  O'4 1.91
1 .0 7 x 1  O'4 2 . 0 8 x l 0 ’4 1 .9 4
9 .1 6 x 1 0 '5 1 .8 1 X 1 0 -4 1 .98

7 1 .45X 10-4 1 . 5 7 x l 0 '4 1 .08
1 .4 3 x 1  O'4 1 . 5 2 x l 0 '4 1 .0 7

4 5 0 .1 1 .6 7 x 1 0 '5 3 .1 5 x 1 0 ^ 1 .8 9
1 .6 3 x 1  O'5 3 .4 2 x 1  O '5 2 .1 0

0 .2 5 3 . 4 0 x l 0 ’5 6 . 8 5 x l 0 '5 2 .0 1
3 .6 6 x 1  O '5 7 .7 6 x 1  O '5 2 .1 2

0 .6 8 .4 4 x 1  O'5 1 .7 9 x 1  O'4 2 .1 2
8 .3 9 x l0 " 5 1 .8 3 x 1  O'4 2 .1 8

* S to ic h io m e tr ic  d i s s o lu t io n  =  2 .0
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♦  0 .1 - 4 M H C 1  
■  7 M  HC1

R a te  o f  A lum inum  D isso lu tio n  
(m m o l A l/g m in )

.5  T h e  r a te  o f  s i l ic o n  d i s s o lu t io n  v e r s u s  th e  r a te  o f  a lu m in u m  d i s s o lu t io n  in  
0 .1 - 7  M  H C 1 a t  2 5 ° c  d e te r m in e d  f ro m  b a tc h  r e a c to r  e x p e r im e n t .

R a te  o f  A lum inum  D isso lu tio n  
(m m o l A l/g m in )

Figure 4.6 The rate of silicon dissolution versus the rate of aluminum dissolution in
0.1-7 M HC1 at 45°c determined from batch reactor experiment.
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F o r  th e  d i s s o lu t io n  o f  a n a lc im e  in  h ig h ly  c o n c e n t r a t e d  H C 1 (7  M ) , th e  
a n a lc im e  h a d  lo w  a c id  r e s i s ta n c e .  T h e  m e c h a n is m  o f  a c id  a t t a c k  o n  a n a lc im e  
a p p e a r e d  to  b e  l e a c h in g  o f  a lu m in u m  f ro m  th e  z e o l i te  m a t r ix  in to  th e  s o lu t io n ,  so  th e  
f r a m e w o r k  o f  a n a lc im e  w a s  d e s t ro y e d .  T h e r e f o r e ,  s o m e  s i l i c o n  c o u ld  b e  d i s s o lv e d  in  
th e  a c id  s o lu t io n .  In  a d d i t io n ,  w h e n  th e  z e o l i te  m a tr ix  w a s  d e s t r o y e d ,  a  s ig n i f ic a n t  
a m o u n t  o f  a m o r p h o u s  r e s id u e  r e m a in e d .  T h u s ,  th e  m o la r  r a t io  o f  d i s s o lu t io n  r a te s  
w i th  r e s p e c t  to  s i l ic o n  a n d  a lu m in u m  w a s  n o t  2 :1 .  I t  w a s  c o n c lu d e d  th a t  c o m p le te  
d e c o m p o s i t io n  a n d  d i s s o lu t io n  o f  th e  a n a lc im e  m a t r ix  b y  0 .1 - 4  M  H C 1 w a s  o b s e rv e d ,  
r a th e r  th a n  p r e f e r e n t ia l  d i s s o lu t io n  o f  a lu m in u m . H o w e v e r ,  th e  a t t a c k  o f  a n a lc im e  b y  
7 M  h y d r o c h lo r ic  a c id  s u g g e s te d  a  le a c h in g  r e a c t io n ,  w h e r e b y  a lu m in u m  w a s  
p r e f e r e n t ia l ly  le a c h e d .

4 .1 .2  D i f f e r e n t ia l  E x p e r im e n ta l  R e s u l ts
T h e  d i s s o lu t io n  o f  a n a lc im e  in  7  M  H C 1 s tu d ie d  in  a  b a tc h  r e a c to r  w a s  

f u r th e r  c a r r ie d  o u t  in  a  d i f f e r e n t ia l  r e a c to r .  T h e  r a te  o f  d i s s o lu t io n  w a s  s tu d ie d  u s in g  
7  M  H C 1 s o lu t io n  a n d  0 .2  g  o f  a n a lc im e  a t  v o lu m e  m e tr ic  f lo w  ra te  o f  H C 1 s o lu t io n  
o f  10 m l/m in .  T h e  e x p e r im e n t  w a s  c a r r ie d  o u t  f o r  9  m in  a t  2 5 ° c .

T h e  d i s s o lu t io n  r a te s  o f  a lu m in u m  a n d  s i l i c o n  a t  v a r io u s  t im e s  u n d e r  
th e  h ig h e s t  H C 1 c o n c e n t r a t io n  o f  7 M  a re  s h o w n  in  T a b le  4 .2 .  T h e  r e s u l t s  in d ic a te d  
th a t  th e  m o la r  r a t io  o f  d i s s o lu t io n  r a te s  w i th  r e s p e c t  to  s i l i c o n  a n d  a lu m in u m  w a s  n o t  
p r o p o r t io n a l  to  th e i r  c o n c e n t r a t io n s  in  th e  z e o l i t e  m a t r ix  (2 :1 ) .  T h e  a t t a c k  o f  
a n a lc im e  b y  H C 1 is  e s s e n t ia l ly  a  l e a c h in g  p r o c e s s ,  in  w h ic h  a lu m in u m  is  
p r e f e r e n t ia l ly  le a c h e d .

T h e  p a r t i c le s  r e m a in e d  in  th e  d i f f e r e n t ia l  r e a c to r  w e r e  a n a ly z e d  b y  
E D X  to  d e te r m in e  th e  c o m p o s i t io n  o f  e le m e n ts  o n  th e  s u r f a c e s .  T h e  E D X  s p e c t ru m  
is  s h o w n  in  A p p e n d ix .  T h is  s p e c t r u m  in d ic a te d  th a t  th e r e  w e r e  o n ly  s i l ic o n  a n d  
o x y g e n  o n  th e  s u r f a c e  o f  m a tr ix .  I t  c a n  b e  c o n c lu d e d  th a t  d i s s o lu t io n  o f  th e  a n a lc im e  
m a tr ix  b y  7  M  H C 1 r e s u l t s  in  th e  f o r m a t io n  o f  a m o r p h o u s  s i l i c a  r e s id u e .  T h e s e  
r e s u l t s  a r e  c o n s i s te n t  w i th  th e  b a tc h  e x p e r im e n t  u s in g  7  M  H C 1 th a t  a lu m in u m  w a s  
r e m o v e d  m o r e  r a p id ly  f r o m  th e  m a tr ix .
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Table 4.2 Rates of dissolution of aluminum and silicon from analcime using the
differential reactor using 7 M HC1 solution with a flow rate of 10 ml/min
at 25°c

T im e
(m in )

-I'M

(m o l  A l /g -m in )
“Isi

( m o l  S i/g -m in )
-rJ-TM

0 .5 1 .4 9 x 1  O'4 1 .5 2 x 1  O'4 1 .0 2
1 1 .4 7 x 1  O'4 1 .9 0 x 1  O'4 1 .3 0

1.5 1 .4 7 x 1  O'4 2 .0 2 x 1  O’4 1 .3 7
2 1 .4 2 x 1  O'4 2 .0 2 x 1  O'4 1 .43

2 .5 1 . 3 8 x l 0 '4 2 .0 2 x 1  O'4 1 .4 6

3 1 .3 8 x l 0 '4 2 .0 2 x 1 0 '4 1 .4 6
3 .5 1 .3 8 x l 0 '4 1 .96X 10-4 1 .3 8

4 1 .38X 10-4 1 .9 0 x 1  O'4 1 .3 8
4 .5 1.3 8x 1  O'4 1 .8 1 x 1 0 ‘4 1.31

5 1 .3 8 x l 0 ‘4 1 .7 2 x 1 0 ‘4 1 .25
5 .5 1 .3 8 x 1 0 ^ 1 .6 0 x 1 0 ‘4 1 .1 6

6 1.3 lx lO " 4 1 .5 2 x 1  O'4 1 .1 6

6 .5 1 .28X 10-4 1.3 l x l  0"4 1 .03
7 1 .2 8 X 1 0 -4 1 .2 8 x 1  O'4 1 .0 0

7 .5 1 .2 4 x 1 0 ‘4 1 .2 2 x 1  O’4 0 .9 8
8 1 .1 9 x 1  O'4 1 .0 7 x 1  O'4 0 .9 0

8 .5 1 .1 9 x  1 O'4 l .O l x l O '4 0 .8 5
9 1 .19X 10-4 8 . 9 1 x l 0 ‘5 0 .7 5
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4 .2  E f f e c t s  o f  H C I  C o n c e n t r a t i o n  a n d  T e m p e r a t u r e  o n  A n a l c i m e  D i s s o lu t io n

4 .2 .1  H C 1 C o n c e n t r a t io n  E f f e c t
F ig u r e s  4 .7  a n d  4 .8  s h o w  th e  p lo t s  o f  th e  d i s s o lu t io n  r a te  o f  a lu m in u m  

f ro m  a n a lc im e  a s  a  f u n c t io n  o f  H C 1 c o n c e n t r a t io n  a t  25°c a n d  45°c, r e s p e c t iv e ly .  
T h e s e  r a te s  w e r e  d e te r m in e d  f ro m  b a tc h  e x p e r im e n ts .  F ig u r e s  4 .9  a n d  4 .1 0  s h o w  th e  

d i s s o lu t io n  r a te  o f  s i l i c o n  f ro m  a n a lc im e  a s  a  f u n c t io n  o f  H C 1 c o n c e n t r a t io n  a t  25°c 
a n d  45 °c, r e s p e c t iv e ly .  I t  is  o b s e r v e d  th a t  w i th  a  lo g - lo g  p lo t  b e tw e e n  th e  
d i s s o lu t io n  r a te  a n d  a c id  c o n c e n t r a t io n ,  th e  r e la t io n s h ip  y ie ld s  a  s t r a ig h t  l in e . I t c a n  
b e  c o n c lu d e d  th a t  th e  le a c h in g  o f  a lu m in u m  f ro m  a n a lc im e  ta k e s  p la c e  u n i f o r m ly  
th r o u g h o u t  th e  e n t i r e  la t t ic e .

B a s e d  o n  th e  e x p e r im e n ta l  r e s u l t s ,  th e  r a te s  o f  a n a lc im e  d i s s o lu t io n  
c a n  b e  e x p r e s s e d  a s  f o l lo w in g :

At 25°c -rAi = 2.540x1 O'5 Chci (4.1)
At 45°c -rAi = 1.306xl0~4 Chc! (4.2)
At 25°c -rsi = 5.200x1 O’5 Chci (4.3)
At 45°c -rsi = 2.283x1 O'4 (4.4)

T h e  u n i t  o f  H C 1 c o n c e n t r a t io n  is  m o l/1  a n d  th e  d i s s o lu t io n  r a te  is  e x p r e s s e d  in  m o l 

A l/g -m in . F ro m  th e  c a lc u la te d  v a lu e s  o f  th e  r e a c t io n  o r d e r  a n d  th e  k in e t ic  c o n s ta n t ,  
th e  d i s s o lu t io n  r a te  o f  a lu m in u m  f ro m  a n a lc im e  in  H C 1 is  a d e q u a te ly  d e s c r ib e d  b y  
th i s  f o rm  o f  th e  r a te  la w :

- r Ai =  k C n c i (4 .5 )

The specific rate constants for the dissolution of aluminum from analcime in HC1 at
25°c and 45°c were found to be 2.54 xlO’5 and 1.306xl0‘4 mol Al/(g-min-HCl
molarity), respectively.
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C h c i  (mo)/])

F i g u r e  4 .7  D i s s o lu t io n  r a te  o f  a lu m in u m  f ro m  a n a lc im e  a s  a  f u n c t io n  o f  th e  

c o n c e n t r a t io n  o f  H C 1 a t  2 5 ° c .

C h c i  ( m o l / I )

F i g u r e  4 .8  D i s s o lu t io n  r a te  o f  a lu m in u m  f ro m  a n a lc im e  a s  a  f u n c t io n  o f  th e  
c o n c e n t r a t io n  o f  H C 1 a t  4 5 ° c .
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0.1 1 10

C hci (ทาol/I)

.9  D i s s o lu t io n  r a te  o f  s i l ic o n  f ro m  a n a lc im e  a s  a  f u n c t io n  o f  th e  
c o n c e n t r a t io n  o f  H C 1 a t  2 5 ° c .  ( e x c lu d in g  th e  d a ta  a t  7 M  H C 1)

C hci (m ol/I)

F i g u r e  4 .1 0  D i s s o lu t io n  r a te  o f  s i l ic o n  f ro m  a n a lc im e  a s  a  f u n c t io n  o f  th e  
c o n c e n t r a t io n  o f  H C 1 a t  45°c.
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4 .2 .2  T e m p e r a tu r e  E f f e c t
T h e  e f f e c t  o f  te m p e r a tu r e  o n  th e  r a te  o f  a n a lc im e  d i s s o lu t io n  w a s  

in v e s t ig a te d  b y  p e r f o r m in g  th e  e x p e r im e n ts  a t  tw o  te m p e r a tu r e s .  T h e  e x p e r im e n ts  

w e r e  c o n d u c te d  a t  25°c a n d  45°c. T h e  r a te s  o f  d i s s o lu t io n  o f  a lu m in u m  a n d  s i l ic o n  

f ro m  a n a lc im e  a t  25°c a n d  45°c a re  s h o w n  in  T a b le  4 .1 . T h e  r e s u l t s  in d ic a te d  th a t  

th e  d i s s o lu t io n  r a te s  o f  b o th  a lu m in u m  a n d  s i l ic o n  a t  45°c w e r e  m u c h  f a s te r  th a n  th e  

r a te s  a t  25°c. I t  w a s  f o u n d  th a t  th e  d i s s o lu t io n  r a te  o f  a n a lc im e  in  H C 1 in c re a s e d  
s ig n i f ic a n t ly  b y  in c r e a s in g  th e  t e m p e r a tu r e  o f  H C 1 s o lu t io n .

T h e  s p e c i f i c  r a te  c o n s ta n ts  a t  tw o  d i f f e r e n t  te m p e r a tu r e s  w e r e  u s e d  in  
d e t e r m in a t io n  o f  th e  a c t iv a t io n  e n e r g y  o f  th e  d i s s o lu t io n .  T h e  q u a n t i ta t iv e  
r e la t io n s h ip  f o r  th e  a c t iv a t io n  e n e r g y  is  g iv e n  b y  th e  A r r e n iu s  e q u a t io n .

k  =  A  e x p ( - E /R T )  (4 .6 )

w h e r e  k  =  s p e c i f i c  r a te  c o n s ta n t  ( m o l  A l /(g -m in -H C l m o la r i ty ) )
A  =  f r e q u e n c y  f a c to r  o r  p r e - e x p o n e n t ia l  f a c to r  ( a  c o n s ta n t )
E  =  a c t iv a t io n  e n e r g y  ( C a l /m o l)
R  =  g a s  c o n s ta n t  =  1 .9 8 7  C a l /m o l- K  
T  =  a b s o lu te  te m p e r a tu r e  (K )

O n e  c a n  s o lv e  e q u a t io n  ( 4 .6 )  fo r  th e  a c t iv a t io n  e n e r g y  p r o v in g  k  a t  
tw o  te m p e r a tu r e s  T i  a n d  T 2 .

E  =  R . „ ( ^ X ^ )  ( 4 -7 )

The activation energy for dissolution of aluminum from analcime in
hydrochloric acid is approximately 15.43 Cal/mol.
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4 .3  P r e c i p i t a t i o n  o f  S i l i c o n

F ig u r e s  4 .1 1  a n d  4 .1 2  s h o w  th e  c o n c e n t r a t io n  p r o f i l e s  o f  a lu m in u m  a n d  
s i l ic o n  in  th e  s o lu t io n  a s  a  f u n c t io n  o f  t im e  f ro m  a n a lc im e  d i s s o lu t io n  in  7  M  a n d  4  
M  H C 1 s o lu t io n ,  r e s p e c t iv e ly .  T h e  c u r v e  o f  s i l ic o n  in  F ig u r e  4 .1 1  s h o w s  th a t  th e  
c o n c e n t r a t io n  o f  s i l ic o n  in  th e  s o lu t io n  r a p id ly  in c r e a s e d  u n t i l  i t  r e a c h e d  th e  
m a x im u m  v a lu e  a b o u t  l x l O ’2 m o  1/1, a t  10 m in . A f te r  th a t ,  i t  s lo w ly  d e c r e a s e d  to  
2 . 5 x l 0 '3 m o l/1  a n d  th e n  i t  r e m a in e d  c o n s ta n t .  T h e  r e s u l t s  in d ic a te d  th a t  s o m e  s i l ic o n  
d i s s o lv e d  in  H C 1 s o lu t io n  p r e c ip i ta t e d  o u t .  A s  d i s s o lu t io n  p r o g r e s s e d ,  th e  s o lu t io n  
b e c o m e s  s a tu r a t e d  w i th  s i l ic a .  S u b s e q u e n t  s i l ic a  d i s s o lv e d  f r o m  th e  z e o l i te  m a tr ix  
th e n  p r e c ip i ta t e s  im m e d ia te ly  f ro m  s o lu t io n  a s  a m o r p h o u s  s i l i c a  in  th e  f o rm  o f  a  
w h i te  p a s ty  g e l  a s  o b s e r v e d  in  th e  e x p e r im e n ts .  T h is  g e l  w a s  c h a r a c te r iz e d  b y  e n e r g y  
d i s p e r s iv e  X - r a y  s p e c t r o s c o p y  ( E D X )  a n d  f o u r ie r  t r a n s f o r m  in f r a r e d  s p e c t ro s c o p y  
( F T I R )  a s  d i s c u s s e d  in  th e  n e x t  s e c t io n . A s  c a n  b e  s e e n  f ro m  F ig u r e  4 .1 2 ,  th e  
c o n c e n t r a t io n  o f  s i l ic o n  in i t i a l ly  in c r e a s e s  r a p id ly ,  th e n  s lo w ly  u n t i l  i t  r e a c h e d  th e  
m a x im u m  c o n c e n t r a t io n  o f  4 1 x 1  O'3 m o l/1  a t  3 0 0  m in  a n d , th e n ,  s lo w ly  d e c r e a s e s  w ith  
in c r e a s in g  th e  r e a c t io n  t im e . A f te r  2 4 .5  h , th e  c o n c e n t r a t io n  o f  s i l ic o n  in  s o lu t io n  
d e c r e a s e d  to  19 x 1  O'3 m ol/1 .

♦  A f  1st
* A f  2 n d  
A Si, 1st
•  S i, 2 n d

F i g u r e  4 .1 1  C o n c e n t r a t io n  p r o f i l e s  o f  a lu m in u m  a n d  s i l ic o n  f r o m  a n a lc im e  
d i s s o lu t io n  in  7  M  H C 1 a t  25°c.
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T im e (m in)

F i g u r e  4 .1 2  C o n c e n t r a t io n  p r o f i l e s  o f  a lu m in u m  a n d  s i l i c o n  f ro m  a n a lc im e  
d i s s o lu t io n  in  4  M  H C 1 a t  25°c.

4 .4  C o n f i r m a t i o n  o f  S i l i c a  G e l  F o r m a t i o n

T h e  p r e c ip i ta t e s  in  f o rm  o f  w h i te  g e l o b ta in e d  f ro m  th e  e x p e r im e n ts  u s in g  4  

a n d  7 M HC1 s o lu t io n s  w e r e  d r ie d  in  th e  o v e n  a t  100°c. A f te r  d r y in g ,  th e  d r ie d  
p r e c ip i ta te s  w e r e  th e n  c h a r a c te r iz e d  b y  a to m ic  a b s o r p t io n  s p e c t r o s c o p y  ( A A S )  a n d  
e n e r g y  d i s p e r s iv e  X - r a y  a n a ly z e r  (E D X ) . T h e  A A S  a n a ly s i s  r e s u l t s  s h o w e d  th a t  o n ly  
s i l ic o n  w a s  f o u n d  in  th e  g e l  s a m p le s .  T h e  E D X  s p e c t r a  s h o w e d  o n ly  s i l ic o n  a n d  
o x y g e n  p e a k s .  T h e  a n a ly t ic a l  r e s u l t s  c le a r ly  in d ic a te  th a t  th e  g e l  p r e c ip i ta te s  
o b ta in e d  f r o m  th e  d i s s o lu t io n  e x p e r im e n t  w e r e  s i l ic a  g e l.

F o u r i e r  t r a n s f o r m  in f r a r e d  s p e c t r o s c o p y  ( F T I R )  w a s  e m p lo y e d  to  id e n t i fy  
th e  f u n c t io n a l  g r o u p s  o f  s i l ic a  g e l  p r e c ip i ta t e s  o b ta in e d  f r o m  th e  e x p e r im e n ts  u s in g  
s o lu t io n s  4  M  a n d  7  M  H C 1. T h e  s i l ic a  g e l p r e c ip i ta t e s  w e r e  d r ie d  in  a n  o v e n  f o r  2 4  
h  a t  100°c a f te r  w h ic h  th e y  f o r m e d  a  w h i te  p o w d e r .  N e x t ,  th e s e  s a m p le s  w e r e  m ix e d  
w i th  K B r  ( I R  g r a d e )  in  a  w e ig h t  r a t io  o f  1 to  4 5 . T h e  F T IR  s p e c t r a  o f  th e  w h i te  s i l ic a  
p r e c ip i ta te s  in  f o rm  o f  p o w d e r  a r e  s h o w n  in  F ig u r e s  4 .1 3  a n d  4 .1 4 ,  r e s p e c t iv e ly .
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4 .1 3  F T I R  s p e c t r a  o f  s i l i c a  g e l p r e c ip i ta t e s  f ro m  th e  e x p e r im e n t  u s in g  4 M  

H C 1 a t  25°c.

Figure 4.14 FTIR spectra of silica gel precipitates from the experiment using 7M
H C 1 a t  25°c.



33

T a b le  4 .3  s h o w s  a b s o r p t io n  p e a k s  o f  s o m e  f u n c t io n a l  g r o u p s ,  w h ic h  a re  u s e d  a s  
r e f e r e n c e s .  T h e  IR  s p e c t r a  in d ic a te  th a t  th e r e  is  a  s h a r p  a b s o r p t io n  p e a k  a r o u n d  1 0 8 0  
c m '1, w h ic h  is  th e  s t r e tc h in g  v ib r a t io n  o f  th e  S i - O -  S i b o n d s  w i th o u t  n o n - b r id g in g  

o x y g e n . T h e  a b s o r p t io n  a t  9 6 0  a n d  8 0 0 c m '1 in d ic a te  th e  S i - O H  a n d  O - S i - O  

s t r e tc h in g ,  r e s p e c t iv e ly .  I n  O H - s t r e t c h in g  r e g io n  b e tw e e n  3 2 0 0  a n d  3 8 0 0  c m " 1, tw o  
p e a k s  a r e  d e te c te d .  T h e  f i r s t  p e a k  a t  3 2 6 5 -3 6 4 5  c m '1 is  d u e  to  a b s o r p t io n  o f  w a te r  o n  
th e  g e l . T h e  s e c o n d  p e a k  a t  ~  3 6 5 0  c m '1 is  d u e  to  v e r y  f e w  w e a k ly  h y d r o g e n  b o n d e d  
v ic in a l  s i la n o l .  T h e  r e s u l t s  in d ic a te d  th a t  th e  s i l ic a  g e l  p r e c ip i ta t e s  f ro m  th e  
d i s s o lu t io n  o f  a n a lc im e  in  s o lu t io n s  o f  4  M  a n d  7  M  H C 1 a t  25°c a re  s im ila r ,  a n d  th e  
g e l p r e c ip i ta t e s  a r e  e s s e n t ia l ly  p u r e  s i l ic a  g e l.

T a b l e  4 .3  I R  b a n d  a s s ig n m e n t s  ( P o u c h e r t ,  1 9 8 5 )

W a v e  n u m b e r  ( c m '1) A s s ig n m e n t
6 0 0 A l - O - A l  S tr e tc h in g
8 0 0 O - S i - O  S tr e tc h in g
9 6 0 S i - O H  S tr e tc h in g

1 0 8 0 S i - O - S i  S tr e tc h in g
3 2 6 5 -3 6 4 5

3 6 5 0
H - O - H  S tr e tc h in g  

V ic in a l  S i - O H  S tr e tc h in g
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4 .5  D e t e r m i n a t i o n  o f  t h e  R a t e - L i m i t i n g  S te p

T h e  r a te - l im i t in g  s te p  o f  th e  d i s s o lu t io n  r e a c t io n  o f  a n a lc im e  w i th  1 M  HC1 
s o lu t io n  a t  2 5 °c  w a s  in v e s t ig a te d  u s in g  th e  d i f f e r e n t ia l  r e a c to r .  F lo w  r a te s  r a n g in g  
f ro m  10 to  25 m l/m in  w e r e  s tu d ie d . T a b le  4 .4  s h o w s  th e  d i s s o lu t io n  r a te s  o f  
a lu m in u m  f r o m  a n a lc im e  u s in g  I M  H C 1 a t  d i f f e r e n t  f lo w  ra te s .  T h e  r a te - l im i t in g  
s te p  o f  th e  d i s s o lu t io n  c a n  b e  d e te r m in e d  b y  p lo t t in g  th e  d i s s o lu t io n  r a te  o f  a lu m in u m  
v e r s u s  s q u a re  r o o t  o f  H C 1 f lo w  r a te  a s  s h o w n  in  F ig u r e  4 .1 5 .  T h e  r e s u l t s  in d ic a te d  
th a t  th e  r e a c t io n  r a te  o f  a lu m in u m  d i s s o lu t io n  w a s  c o n s ta n t  w i th  th e  f lo w  r a te s  o f  
H C 1 s o lu t io n  in  th e  r a n g e  o f  15 to  25 m l/m in .  U n d e r  h ig h  f lo w  r a te  o f  H C 1 s o lu t io n , 
th e  a lu m in u m  d i s s o lu t io n  r a te  b e c a m e  r e a c t io n - l im i t in g .  T h e  s u r f a c e  r e a c t io n  r a te  o f  

a lu m in u m  d i s s o lu t io n  u s in g  I M  H C 1 w a s  3 .9 3 5 x 1  O '5 m o l  A l /g -m in ,  w h ic h  w a s  h ig h e r  
th a n  r a te  o f  a lu m in u m  d i s s o lu t io n  in  th e  b a tc h  e x p e r im e n t .

T a b l e  4 .4  D i s s o lu t io n  r a te s  o f  a lu m in u m  f ro m  a n a lc im e  u s in g  1 M  H C 1 a t  d i f f e r e n t  
f lo w  ra te s .

F lo w  r a te  ( m l /m in ) -rAi ( m o l  A l/g -m in )
10 2 .4 6 x 1  O'5

2 . 9 6 x l 0 ‘5
15 3 .9 2 x 1  O’5

3 .8 2 x 1  O'5
2 0 4 .2 0 x 1 0 ‘5

3 .9 4 x 1  O'5
2 5 3 .8 6 x 1  O'5

3 . 8 8 x l 0 '5
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F i g u r e  4 .1 5  P lo t  o f  d i s s o lu t io n  r a te  o f  a lu m in u m  f ro m  a n a lc im e  v e r s u s  s q u a re  r o o t  
o f  th e  f lo w  r a te  o f  I M  H C 1.

^  <LOVPvl°) พ )
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