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

In  th is  c h a p te r ,  th e  r e s u l t s  a n d  d is c u s s io n  fo r  th e  e x p e r im e n ts  a re  
d iv id e d  in to  fo u r  p a r ts ,  n a m e ly ,  r e s p o n s e - t im e  e x p e r im e n t ,  b a tc h  a d s o r p t io n  
e x p e r im e n t ,  n o  a d s o r p t io n  e x p e r im e n t ,  a n d  f lu id iz e d - b e d  a d s o r p t io n  
e x p e r im e n t .

4 .1  R e s p o n s e  T im e  E x p e r im e n t

F ig u r e  4 .1  s h o w s  th e  c o m p a r is o n  o f  th e  e x p e r im e n ta l  a n d  m o d e le d  
r e s p o n s e  t im e s  b y  m e a s u r in g  th e  h y d r o g e n  c o n c e n t r a t io n  u s in g  a n  in i t ia l  
c o n c e n t r a t io n  o f  0 .4  N  in  a  b a tc h  s y s te m  w i th  a  m ix in g  r a te  o f  7 5 0  rp m . B y  
f i t t in g  E q u a t io n  2 .9  to  th e  d a ta ,  th e  r e s p o n s e  t im e  c o n s ta n t  o f  0 .1 6 3 3  ร '1 w a s  
o b ta in e d .

F ig u r e s  4 .2 ,  4 .3 ,  a n d  4 .4  c o m p a r e  th e  e x p e r im e n ts  a n d  m o d e l  b y  
m e a s u r in g  th e  h y d r o g e n  c o n c e n t r a t io n  w ith  th e  in i t ia l  H C 1 c o n c e n t r a t io n  o f  
0 .4  N  in  th e  f lu id iz e d - b e d  c o lu m n  w ith  f lo w  ra te s  o f  1 .6 7 , 2 .1 7  a n d  2 .5  m l/s ,  
r e s p e c t iv e ly .  T h e  r e s p o n s e - t im e  c o n s ta n ts  a c c o r d in g  to  th is  m o d e l  a re  s h o w n  
in  T a b le  4 .1 .  T h e  r e s u l t s  s h o w  th a t  th e  r e s p o n s e  t im e  c o n s ta n t  d e p e n d s  o n  th e  
f lo w  ra te . T h e  h ig h e r  f lo w  r a te  o f  th e  f e e d  s o lu t io n ,  th e  m o r e  q u ic k ly  th e  
p r o c e s s  r e a c h  in  e q u i l ib r iu m .
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T a b le  4 .1  T h e  e f f e c t  o f  f lo w  r a te  o n  th e  r e s p o n s e  t im e  c o n s ta n t
F lo w  ra te ( m l /s ) R e s p o n s e  t im e  

c o n s ta n t  (ร '1)
1 .67 0 .0 8 5
2 .1 7 0 .1 2 9 1
2 .5 0 0 .1 3 0 3

4 .2  B a tc h  O p e r a t io n

F ig u r e  4 .5  s h o w s  th e  c o n c e n t r a t io n  o f  d e s o r b e d  h y d r o g e n  io n s  fo r  
d i f f e r e n t  c a t io n ic  s a l ts ,  n a m e ly ,  C a 2+, M g 2+ a n d  N a + w i th  th e  to ta l  in i t ia l  
c o n c e n t r a t io n  o f  e a c h  c a t io n ic  s a l t  b e in g  0 .2  N . F r o m  th e  e x p e r im e n ta l  r e s u l ts ,  
th e  r a te  o f  h y d r o g e n  io n  d e s o r b e d  f ro m  th e  r e s in  d e c r e a s e s  f ro m  th e  h ig h e s t  
fo r  C a 2+, th r o u g h  a n  in te r m e d ia te  v a lu e  f o r  M g 2+, to  th e  lo w e s t  f o r  N a +. T h e  
r e s u l t s  s h o w  th a t  th e  e x te n t  o f  th e  e x c h a n g e  in c re a s e s  w ith  in c r e a s in g  va le n c e  
o f  th e  e x c h a n g in g  io n  a n d  w ith  in c r e a s in g  a to m ic  n u m b e r  o f  th e  e x c h a n g in g  
io n  i f  th e  v a le n c e  is c o n s ta n t .

F ig u r e  4 .6  s h o w s  th e  c o n c e n t r a t io n  o f  d e s o r b e d  h y d r o g e n  io n s  fo r  th e  
m ix e d - io n  s o lu t io n  o f  C a 2+ a n d  M g 2+ w ith  th e  to ta l  in i t ia l  c o n c e n t r a t io n  b e in g  
0 .2  N . T h e  r a te  o f  h y d r o g e n  io n s  d e s o r b e d  f ro m  th e  r e s in  is  lo w e r  th a n  th a t  o f  
C a 2+ a n d  M g 2+, in d iv id u a l ly .  T h is  is b e c a u s e  o f  th e  d e c r e a s e  o f  a to m ic  
n u m b e r  o f  th e  e x c h a n g e d  io n . A ls o ,  th e  r e s u l t  s h o w s  th a t  th e  r a te  o f  h y d r o g e n  
io n  e x c h a n g e  w ith  C a 2+ is h ig h e r  th a n  M g 2+ in  th e  m ix e d - io n  s o lu t io n .

F ig u r e  4 .7  s h o w s  th e  a m o u n ts  o f  c a t io n s  a d s o r b e d  o n  th e  r e s in  (iq) a s  a  
fu n c t io n  o f  t im e  fo r  v a r io u s  c a t io n s .  T h e  e x p e r im e n t  s h o w s  th a t  th e  
e q u i l ib r iu m  c o n c e n t r a t io n  o f  C a 2+ in  th e  r e s in  p h a s e  (q e) is h ig h e r  th a n  th a t  o f  
M g 2+, w h ic h ,  in  tu r n ,  is h ig h e r  th a n  th a t  o f  N a +. A ls o  in  th e  m ix e d - io n  
s o lu t io n ,  th e  e q u i l ib r iu m  c o n c e n t r a t io n  o f  C a 2+ in  th e  re s in  p h a s e  (<7 e) is h ig h e r
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th a n  th a t  o f  M g 2+. T h e  r e s u l ts  a ls o  s h o w  th e  r e s in  p r e f e r e n t ia l ly  a d s o r b s  m o re  
C a 2+ th a n  M g 2+.

F ig u r e s  4 .8  to  4 .1 3  c o m p a r e  th e  e x p e r im e n ta l  r a te s  o f  a d s o r p t io n  w ith  
th o s e  p r e d ic te d  b y  th e  th e o ry ,  fo r  th e  b a tc h  o p e r a t io n .  A c c o r d in g  to  th e  
m o d e l ,  th e  p r o p o s e d  e q u a t io n  fo r  th e  r a te  o f  a d s o r p t io n  is  s h o w n  in  E q u a t io n  
2 .1 6 .  F r o m  E q u a t io n  2 .2 1 ,  th e  E x c e l  s o lv e r  a p p l ic a t io n  w a s  e m p lo y e d  to  s o lv e  
fo r  th e  m o d e l  p a r a m e te r s ,  w h ic h  a re  g iv e n  in  T a b le  4 .2 .

T a b le  4 .2  M o d e l  p a r a m e te r s  in  th e  b a tc h  o p e r a t io n  w i th  d i f f e r e n t  s o lu t io n s

S o lu t io n 7t
(m e q /m l)

h
(ร '1)

k 2

N a C l 1 .1 3 0 0 .1 7 0 0 .3 7 7
C a C l2 1 .1 3 0 0 .2 3 7 2 .1 6 1

M g C l2 1 .1 3 0 0 .2 1 7 1 .295

M ix e d - io n  s o lu t io n  o f  C a 2+ a n d  M g 2+ 1 .1 3 0 0 .1 6 5 0 .8 5 0

C a 2+ in  M ix e d - io n  s o lu t io n  o f  C a 2+ a n d  M g 2+ 1 .1 3 0 0 .1 6 3 0 .3 2 0
M g 2+ in  m ix e d - io n  s o lu t io n  o f  C a 2+ a n d  M g 2+ 1 .1 3 0 0 .1 1 9 0 .3 1 3

A c c o r d in g  to  T a b le  4 .2 ,  th e  r a te  c o n s ta n ts  (A: 1) fo r  th e  b a tc h  
e x p e r im e n ts  w i th  C a C l2, M g C l2, N a C l  a n d  th e  m ix e d - io n  s o lu t io n  o f  C a 2+ a n d  
M g 2+ a re  0 .2 3 7 ,  0 .2 1 7 , 0 .1 6 5 , 0 .0 0 6 ,  a n d  0 .0 0 5  ร '1, r e s p e c t iv e ly .  T h e  r e s u l ts  
s h o w  th a t ,  w i th  th e  h ig h e s t  kj, th e  e x c h a n g e  r a te  o f  C a 2+ is  f a s te r  th a n  th a t  o f  
M g 2+, w h ic h ,  in  tu rn ,  is h ig h e r  th a n  th a t  o f  N a 2+. A ls o  in  th e  m ix e d - io n  
s o lu t io n ,  th e  e x c h a n g e  r a te  o f  C a 2+ is  f a s te r  th a n  th a t  fo r  M g 2+. A c c o r d in g ly ,  
th e  r a te  o f  e x c h a n g e  d e p e n d s  o n  th e  p a r t ic u la r  c a t io n  b e in g  a d s o rb e d .  N e x t ,  
th e  e q u i l ib r iu m  c o n s ta n ts  (k 2) o f  th e s e  e x p e r im e n ts  fo r  C a C l2, M g C l2, N a C l  
a n d  th e  m ix e d - io n  s o lu t io n  o f  C a 2+ a n d  M g 2+ w i th  th e  to ta l  in i t ia l  
c o n c e n t r a t io n  0 .2  N . a re  2 .1 6 1 , 1 .2 9 5 , 0 .3 7 7  a n d  0 .8 5 0 ,  r e s p e c t iv e ly .  T h e s e  
v a lu e s  s h o w  th a t  th e  e x c h a n g e r  h a s  th e  s t r o n g e s t  p r e f e r e n c e  fo r  C a 2+. In  th e
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m ix e d - io n  s o lu t io n ,  th e  e q u i l ib r iu m  c o n s ta n t  (k2) f o r  C a 2+ is 0 .3 2 0 ,  w h ic h  is 
a lm o s t  th e  s a m e  a s  th a t  fo r  M g 2+. T h e  r e s u l t  a ls o  im p l ie s  th a t  th e  e x c h a n g e r  is 
e q u a l ly  f a v o r a b le  to  C a 2+ a n d  M g 2+ w ith  a  to ta l  in i t ia l  c o n c e n t r a t io n  o f  0 .2  N . 
L a s t ly ,  th e  b e s t - f i t  p a r a m e te r  s h o w s  th a t  th e  to ta l  e x c h a n g e  c a p a c i ty  (q  1) ( th e  
to ta l  c o n c e n t r a t io n  o f  c a t io n s )  is 1 .13  m e q  /m l.

4 .3  N o  A d s o r p t io n  in  F ln id iz e d - B e d  I o n - E x c h a n g e  C o lu m n

F r o m  th e  m o d e l ,  th e  a n a ly t ic a l  s o lu t io n  o f  E q u a t io n s  2 .1 8  to  2 .2 0  
g iv e s  th e  h y d r o g e n  io n  c o n c e n t r a t io n  le a v in g  th e  C S T R  a n d  P F R . M o r e o v e r ,  

th e  r e s p o n s e  t im e  c o n s ta n t  ( a e) o b ta in e d  f ro m  th e  p r e v io u s  e x p e r im e n t  w a s  
in s e r te d  in to  E q u a t io n  2 .2 2  in  o r d e r  to  f in d  th e  h y d r o g e n  c o n c e n t r a t io n  (hp) 
le a v in g  th e  P F R . A ls o ,  th e  v o id  f r a c t io n ,  w h e n  th e  b e d  is  f lu id iz e d ,  w a s  u s e d  
in  E q u a t io n  2 .7 .  T h e  e x p e r im e n ta l  c o n d i t io n s  in  th e  n o  a d s o r p t io n  e x p e r im e n t  
w e r e  V  =  1 .6 7  m l/s ,  V L =  7 8 .6 9  m l, V R =  4 8 .9 5  m l a n d  h 0 -  0 .4 0  m e q /m l.

F o r  th e  c a s e  o f  n o  a d s o r p t io n ,  th e  e x p e r im e n ta l  r e s u l ts  a re  c o m p a r e d  
w ith  th o s e  p r e d ic te d  b y  th r e e  d i f f e r e n t  m o d e ls ,  as  fo l lo w s :

1. F ig u r e  4 .1 4 :  o n e  C S T R  a n d  o n e  P F R  in  s e r ie s .
2 . F ig u r e  4 .1 5 :  tw o  C S T R s  a n d  o n e  P F R  in  s e r ie s .
3 . F ig u r e  4 .1 6 :  th r e e  C S T R s  a n d  o n e  P F R  in  s e r ie s .
T h e  r e s u l t s  s h o w  th a t  th e  b e s t  f it b e tw e e n  th e  th e o r y  a n d  e x p e r im e n t  is 

o b ta in e d  w h e n  th e  m o d e l  a c c o u n ts  fo r  j u s t  o n e  C S T R  in  s e r ie s  w i th  o n e  P F R . 
B y  f i t t in g  m o d e l  w i th  th e  e x p e r im e n ta l  d a ta , th e  s u m  s q u a r e d  o f  th e  
e x p e r im e n ta l  d a ta  a n d  m o d e l  b y  m e a s u r e d  th e  h y d r o g e n  io n  c o n c e n t r a t io n  
ร บ M ( h  111 ( e x p ) - h m( m o d e l ) ) 2 is 0 .0 2 6 7 ,  0 .0 3 2 7  a n d  0 .0 4 9 9  c o m p a r e d  to  o n e  
C S T R  a n d  o n e  P F R  in  s e r ie s ,  tw o  C S T R s  a n d  o n e  P F R  in  s e r ie s  a n d  th re e  
C S T R s  a n d  o n e  P F R  in  s e r ie s ,  r e s p e c t iv e ly .  T h e r e f o r e ,  s u c h  a  m o d e l  w ill  b e  
u s e d  in  th e  s u b s e q u e n t  in v e s t ig a t io n  o f  a d s o rp t io n .
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4 .4  A d s o r p t io n  in  F lu id iz e d - B e d  E x c h a n g e  C o lu m n

F ig u r e s  4 .1 7 -  4 .2 2  c o m p a r e  th e  e x p e r im e n ta l  a n d  th e o r e t ic a l  v a lu e s  o f  
th e  h y d r o g e n  c o n c e n t r a t io n  le a v in g  th e  P F R  in  a n  a d s o r p t io n  o p e r a t io n .  T h e  
e x p e r im e n ta l  c o n d i t io n s  a re  s h o w n  in  T a b le  4 .3 .

T a b le  4 .3  T h e  e x p e r im e n ta l  c o n d i t io n s  w i th  a d s o r p t io n  in  th e  f lu id iz e d - b e d  
c o lu m n

C o n d i t io n C a C l2 M g C l2 N a C l M ix e d - io n
s o lu t io n

F (m l/s ) 1 .67 1 .6 7 1 .67 1 .67

V L(m l/s ) 8 3 .4 0 7 9 .8 8 1 0 5 .0 8 1 1 7 .8 4

c 0(m e q /m l) 0.20 0.20 0.20 0.20
q  (m e q /m l) 1 .13 1 .13 1.13 1 .13

CCq 0 .0 8 5 0 .0 8 5 0 .0 8 5 0 .0 8 5

T h e  r e s u l t s  s h o w  th a t  th e r e  is  n o  h y d r o g e n  c o n c e n t r a t io n  in i t ia l ly  ( t =  
0 ) . W h e n  th e  s o lu t io n  p a s s e s  th r o u g h ,  th e  c a t io n s  in  th e  s o lu t io n  a re  
e x c h a n g e d  f o r  th e  h y d r o g e n  io n s  in  th e  re s in .  T h e  s o lu t io n  is m o re  
c o n c e n t r a te d  w i th  h y d r o g e n  io n s  a n d  d i lu te  in  d i f f e r e n t  c a t io n ic  s a l ts ,  n a m e ly ,  
c a lc iu m  io n s ,  m a g n e s iu m  io n s ,  s o d iu m  io n s  a n d  m ix e d  c a lc iu m  a n d  
m a g n e s iu m  io n s  a s  s h o w n  in  F ig u r e s  4 .1 7 .  A s  th e  r e s in  b e c o m e s  s a tu r a te d ,  th e  
d e s o r p t io n  o f  h y d r o g e n  io n s  d e c l in e s .  E v e n tu a l ly ,  e q u i l ib r iu m  is r e a c h e d  a n d  
f u r th e r  e x c h a n g e  c e a s e s .

F r o m  th e  m o d e l ,  th e  s o lu t io n  o f  th e  g o v e r n in g  e q u a t io n s  w a s  u s e d  a n d  
th e  v a lu e s  o f  th e  r a te  c o n s ta n t  (k \)  a n d  e q u i l ib r iu m  c o n s ta n t  (k 2) w e r e  f o u n d  b y  
m in im iz in g  th e  s u m  o f  s q u a r e s  o f  th e  d e v ia t io n  b e tw e e n  th e  h y d r o g e n  
c o n c e n t r a t io n  d a ta  in  s o lu t io n  a n d  h y d r o g e n  c o n c e n t r a t io n  p r e d ic te d  b y  th e  
m o d e l .  I t  s h o u ld  b e  m e n t io n e d  th a t  th e  g o v e r n in g  e q u a t io n s  w e r e  s o lv e d  w ith
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a n u m e r ic a l  a p p r o x im a t io n  in  a n  E x c e l  s p r e a d s h e e t .  F u r th e r m o r e ,  th e  v a lu e s  
o f  c o n s ta n t  a r e  s h o w n  in  T a b le  4 .4

T a b le  4 .4  S u m m a r y  o f  th e  ra te  a n d  e q u i l ib r iu m  c o n s ta n ts  in  th e  f lu id iz e d - b e d  
o p e r a t io n

S o lu t io n ( 0 .2 N ) h  (ร-1)
C a C l2 0 .0 0 9 2 4 .9 9
M g C l2 0 .0 0 7 3 1 9 .0 0
N a C l 0 .0 0 4 9 14.01

M ix e d - io n  s o lu t io n 0 .0 0 6 3 1 8 .0 0

C a 2T in  m ix e d - io n  s o lu t io n 0 .0 0 4 4 10.00
M g 2+ in  m ix e d - io n  s o lu t io n 0 .0 0 3 9 8 .9 0

T h e  v a lu e  o f  th e  ra te  c o n s ta n t  (k \)  p r o g r e s s e s  f ro m  h ig h  to  lo w  
th r o u g h  th e  f o l lo w in g  s e q u e n c e :  c a lc iu m  io n s  ( h ig h e s t ) ,  m a g n e s iu m  io n s , 
m ix e d - io n  s o lu t io n  o f  c a lc iu m  io n s  a n d  m a g n e s iu m  io n s ,  s o d iu m  io n s ,  c a lc iu m  
io n s  in  m ix e d - io n  s o lu t io n ,  a n d  m a g n e s iu m  io n s  in  m ix e d - io n  s o lu t io n  
( lo w e s t) .  T h e s e  v a lu e s  im p ly  th a t  th e  e x c h a n g e  r a te  o f  c a lc iu m  io n s  in  th e  
s o lu t io n  w i th  h y d r o g e n  io n s  o n  th e  r e s in  is  th e  f a s te s t .  T h is  is  b e c a u s e  th e  
p o r e  d i f f u s io n  r a te ,  w h ic h  is  im p o r ta n t  in  a d s o r p t io n ,  d e p e n d s  o n  th e  
s e le c t iv i ty  o f  th e  e x c h a n g e r ,  w h ic h  p r e f e r s  th e  h ig h e r  v a le n c e  o f  th e  
e x c h a n g in g  io n  a n d  th e  h ig h e r  a to m ic  n u m b e r  o f  th e  e x c h a n g in g  io n  i f  th e  
v a le n c e  is  c o n s ta n t .  In  th e  m ix e d - io n  s o lu t io n ,  th e  t r a n s f e r  o f  c a lc iu m  io n s  is 
a ls o  p r e f e r r e d  to  th a t  o f  m a g n e s iu m  io n s ,  fo r  w h ic h  th e  t r e n d s  o f  th e s e  r e s u l ts  
a re  th e  s a m e  a s  s h o w n  in  b a tc h  e x p e r im e n ts .

W h e n  c o m p a r in g  th e  r a te  c o n s ta n t  (&i) in  th e  f lu id iz e d  b e d  a n d  b a tc h  
o p e r a t io n s ,  th e  r a te  c o n s ta n t  in  th e  b a tc h  o p e r a t io n  is  h ig h e r  th a n  th e  f lu id iz e d -  
b e d  c o lu m n , b e c a u s e  o f  th e  h ig h e r  s t i r r e r  s p e e d  a n d  g o o d  m ix in g  in  th e  b a tc h
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o p e r a t io n .  S o  th e  f i lm  d i f f u s io n  is  im p o r ta n t  to  th e  r a te  o f  a d s o r p t io n  in  th e  
f lu id iz e d - b e d  o p e r a t io n .

T h e  v a lu e  o f  th e  e q u i l ib r iu m  c o n s ta n t  (k2) p r o g r e s s e s  f ro m  h ig h  to  lo w  
th r o u g h  th e  f o l lo w in g  s e q u e n c e :  c a lc iu m  io n s  (h ig h e s t) ,  m a g n e s iu m  io n s , 
m ix e d - io n  s o lu t io n  o f  c a lc iu m  io n s  a n d  m a g n e s iu m  io n s , a n d  s o d iu m  io n s  
( lo w e s t )  b e c a u s e  th e  e q u i l ib r iu m  is m e re ly  r e la te d  to  th e  s e le c t iv i ty  o f  th e  
e x c h a n g e r s .

W h e n  c o m p a r in g  th e  e q u i l ib r iu m  c o n s ta n t  (k2) in  th e  f lu id iz e d  b e d  a n d  
b a tc h  o p e r a t io n ,  th e  e q u i l ib r iu m  c o n s ta n t  in  th e  b a tc h  o p e r a t io n  is  le s s  th a n  in  
th e  f lu id iz e d - b e d  c o lu m n  b e c a u s e  th e  o p e r a t io n  in  th e  f lu id iz e d - b e d  m o d e  a c ts  
a s  m a n y  b a tc h w is e  s ta g e s .
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F ig u r e  4 .1  T h e  c o m p a r i s o n  o f  th e  e x p e r im e n ta l  a n d  m o d e le d  r e s p o n s e  
t im e s  b y  m e a s u r in g  th e  h y d r o g e n  c o n c e n t r a t io n  in  a  b a tc h  s y s te m  w ith  
m ix in g  r a te  o f  7 5 0  rp m

♦  exp  
----- m ode l

0 2 0 0  4 0 0  6 00  800
T im e(s)

F ig u r e  4 .2  T h e  c o m p a r i s o n  o f  th e  e x p e r im e n ta l  a n d  m o d e le d  r e s p o n s e  
t im e s  b y  m e a s u r in g  th e  h y d r o g e n  c o n c e n t r a t io n  in  th e  f lu id iz e d - b e d  
c o lu m n  w i th  f lo w  r a te  o f  1 .6 7  m l/s
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T im e (s )

♦  exp  
—  m ode l

F ig u r e  4 .3  T h e  c o m p a r is o n  o f  th e  e x p e r im e n ta l  a n d  m o d e le d  r e s p o n s e  
t im e s  b y  m e a s u r in g  th e  h y d r o g e n  c o n c e n t r a t io n  in  th e  f lu id iz e d - b e d  
c o lu m n  w i th  f lo w  r a te  o f  2 .1 7  m l/s

F ig u r e  4 .4  T h e  c o m p a r is o n  o f  th e  e x p e r im e n ta l  a n d  m o d e le d  r e s p o n s e  
t im e s  b y  m e a s u r in g  th e  h y d r o g e n  c o n c e n t r a t io n  in  th e  f lu id iz e d - b e d  
c o lu m n  w i th  f lo w  r a te  o f  2 .5  m l/s



F ig u r e  4 .5  T h e  c o n c e n t r a t io n  o f  d e s o r p e d  h y d r o g e n  io n s  fo r  d i f f e r e n t
c a t io n ic  s a l ts  w i th  th e  to ta l  in i t ia l  c o n c e n t r a t io n  0 .2  N

F ig u r e  4 .6  T h e  c o n c e n t r a t io n  o f  d e s o r b e d  h y d r o g e n  io n s  fo r  m ix e d - io n
s o lu t io n  o f  C a 2+ a n d  M g 2+ w i th  th e  to ta l  in i t ia l  c o n c e n t r a t io n  0 .2  N .
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F
^  0.2

0.0

T im e(s)

F ig u r e  4 .7  T h e  c a t io n  a d s o r b e d  o n  th e  r e s in  (q ) a s  a  f u n c t io n  o f  t im e  
f o r  v a r io u s  c a t io n ic  s a l ts

Figure 4.8 The comparison of the experimental and theoretical batch
adsorption rates for Ca2+
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F ig u r e  4 .9  T h e  c o m p a r is o n  o f  th e  e x p e r im e n ta l  a n d  th e o r e t ic a l  b a tc h  
a d s o r p t io n  r a te s  f o r  M g 2 +

Figure 4.10 The comparison of the experimental and theoretical batch
adsorption rates for Nah
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F ig u r e  4 .1 1  T he com parison o f  the experim ental and theoretica l batch  
adsorp tion  rates fo r m ixed-ion o f  Ca2+ and M g2+

Figure 4.12 The comparison of the experimental and theoretical batch
adsorption rates for Ca2+ in mixed-ion solution
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T im e(s)

♦  r(e xp )  
----- r(m ode l)

F ig u r e  4 .1 3  The com parison o f  the experim ental and theoretica l batch  
adso ip tion  rates for M g2+ in m ixed-ion solution

F ig u r e  4 .1 4  The com parison o f  no adso ip tion  experim ent and m odel 
w ith  one C STR  and one PFR in series
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F ig u r e  4 .1 5  T he com parison o f  no adsorption  experim ent and m odel 
w ith  tw o C STR s and one PFR  in series

F ig u r e  4 .1 6  T he com parison o f  no adsorp tion  experim ent and m odel 
w ith  th ree C STR s and one PFR  in series
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F ig u r e  4 .1 7  T he com parison o f  the experim ental and theoretical values o f  
the hydrogen  concen tration  leaving the PFR  in an adso ip tion  operation  
w ith  C aC l2
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F ig u r e  4 .1 8  The com parison o f  the experim ental and theoretica l values o f 
the hydrogen  concen tration  leaving the PFR  in an adsorp tion  operation  
w ith  M gC l2
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F ig u r e  4 .1 9  The com parison o f  the experim ental and theoretica l values o f  
the hydrogen  concen tration  leaving the PFR  in  an adsorp tion  operation  
w ith NaCl

0 3 0 0  600  9 00  1200
T im e(s)

F ig u r e  4 .2 0  The com parison o f  the experim ental and theore tica l values o f  
the hydrogen  concen tration  leaving the PFR  in an adsorp tion  operation
w ith  m ixed-ion  so lu tion  o f  Ca2+ and M g 2+
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F ig u r e  4 .2 1  The com parison  o f  the experim ental and theoretical values o f  
the hydrogen  concen tration  leaving the PFR  in  an adsorption  operation  
w ith  Ca2+ in  m ixed-ion  solution

F ig u r e  4 .2 2  T he com parison  o f  the experim ental and theoretica l values o f 
the hydrogen  concen tration  leaving the PFR  in an adsorption  operation  
w ith  M g 2+ in  m ixed-ion  solution
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