
BACKGROUND AND LITERATURE SURVEY

CHAPTER II

T his chap ter consists o f  th ree parts, ion-exchange equilib rium  and 
kinetics; m ode o f  applications; and m odel developm ent. A lthough m ost 
re la ted  w ork  is m entioned  in the first part, a few  are d iscussed  in  the o ther 
sections.

2.1 Ion-Exchange Equilibrium and Kinetics

2.1 .1  Ion-E xchange Equilibrium
Equilibrium  o f  an adso ip tion  on ion exchangers has been 

in vestig ated  fo r m any years. O ne im portan t equilib rium  param eter is 
equ ilib rium  constan t, K . It has been know n that pEI, tem perature  and 
exchan ged  ions, d irectly , affect the equilibrium  constant.

The equilibrium  adsorp tion  o f  L -glu tam inc acid  on a weak 
basic  ion  exchanger w as studied  by  Y oshida and K ish im oto  (1995). It was 
found  th a t the equilib rium  depends on the in itial concen tration  o f  L-glutam ic 
acid  and can  be significantly  affected  by pH  o f  the solution. The adsorption  
o f  L -g lu tam ic acid  can be explained  by the acid /base neu tra liza tion  reaction  
as in E quation  2.1.

R - N  + H C l Kป ี > R - N H +C r ,  (2.1)

w here R - N  denotes a tertiary  am ine fixed  in the resin  phase. In this w ork, the 
equ ilib rium  constan t, K f jd  , and concen tration  o f  H + in the resin  phase, Qhcu 
w ere determ ined  from  E quation  2.2.

c1h ci ~
Q - H g K h c S  HC.l

1 +  K  1 , C [ (  ป ี

( 2 .2)
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w here qHci and Chci are concen tration  o f  hydrochloric  acid in the resin  phase 
and so lu tion  and w ere obtained from  experim ental data.

2 .1 .2  Ion-E xchange K inetics
W hen an ion in a so lu tion  approaches an ion  exchange resin, it 

encounters a stagnan t film  o f  the solution around the resin. The ion m ust 
pass th rough  th is film  before  d iffusing into the pores or m esh openings to the 
active exchange sites. The ion  then rep laces an ion o f  the sim ilar charge and 
the d isp laced  ion now  diffuses out o f  the resin  into the bulk solution. The 
d iffusion  o f  an ion  from  the ex terior o f  the resin  th rough the surface is called 

f i l m  d if fu s io n  w hile the diffusion o f  an ion w ith in  the pores o f  the resin  is 
called  p o r e  o r  in tr a p a r t ic le  d iffu s io n . The exchange process is usually  
rep resen ted  by  a chem ical reaction . For exam ple, a resin  in the hydrogen ion 
form , R -H , is used  to exchange C a2+ or M g2+ from  a solution. The exchange 
p rocess can be rep resen ted  by  E quation  2.3.

C a 2+ า C a 2+2 R - H  +
M g '- R i M g 1'  _

B oyd e t  a l. (1982) found  th at d iffusion either inside the resin 
or though the stagnan t film  around the resin  can be the rate-determ in ing  step 
o f  the exchange process. A t a concen tration  o f  the so lu tion  less than 0.003 
M , the d iffusion  though the stagnant fdm  contro lled  the exchange rate. On 
the contrary , at a so lu tion  concen tration  above 0.1 M, the exchange rate w as 
determ ined  by the rate o f  d iffusion  inside the resin. In traparticle  d iffusion 
w as also fo und  to be the rate-determ in ing  step o f  the C u2+ rem oval by  a 
chelating  ion  exchange resin  in the w ork o f  K w on e t  a l. (1992).

R ecently , X u and C huang (1996) studied  the k inetics o f  acetic 
acid  esterification  over ion exchange catalysts. In the experim ent, m ethanol



v ' n  ล ง ก ร ณ ์i l ใ ท ว พ า  c a

w as added to  delete the dilute acetic acid solutions and reac ted  w ith  the acid 
in w ater to  form  m ethyl acetate and w ater. The reaction  is show n in 
E quation  2.4.

CH3OH +CH3COOH < H* > CH3COOHCH3 + H 2o  (2 4)

The authors p resen ted  a m odel that can be used in  the design o f  a catalytic  
d istilla tion  co lum n to  rem ove low  concentrations o f  acetic  from  w astew ater. 
The m odel is show n in  E quation  2.5

w here K  denotes the equilibrium  constant, k\ denotes the rate constan t and c 
denotes the concen tration  o f  a species.

c  c (2 .5 )
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2.2 M od es o f o p e ra tio n

S e v e ra l  m o d e s  o f  o p e r a t io n  h a v e  b e e n  u s e d  in  th e  io n - e x c h a n g e  
p ro c e s s .  T h e y  c a n  b e  s u m m a r iz e d  in to  th re e  c a te g o r ie s :  b a tc h  o p e ra t io n ,  
f ix e d - b e d  o p e r a t io n  a n d  f lu id iz e d - b e d  o p e ra t io n .  E a c h  o f  th e  c a te g o r ie s  a lo n g  
w ith  its  r e la te d  w o r k  is p re s e n te d  h e re .

2 .2 .1  B a tc h  O p e r a t io n
A l th o u g h  b a tc h  o p e r a t io n  is th e  s im p le s t  m o d e ,  its  e f f ic ie n c y  is 

l im ite d  b y  th e  s e le c t iv i ty  o f  th e  r e s in  u n d e r  e q u i l ib r iu m . M a n a n ta p o n g  (1 9 9 7 )  
s tu d ie d  th e  a d s o r p t io n  k in e t ic s  o f  th e  io n  e x c h a n g e  p r o c e s s  w i th  th is  o p e ra t io n .  
T h e  w o r k  c o n c e n t r a te d  o n  th e  e x c h a n g e  o f  s o d iu m  io n s  f ro m  a  s o lu t io n  w ith  
h y d r o g e n  io n s  o n  D o w e x 5 0 - 8 X  r e s in s .  T h e  r e a c t io n  c a n  b e  e x p la in e d  by  
E q u a t io n  2 .6 .

RSO3 H + NaCl <-------> RSO 3Na + HCl, (2.6)

w h e re  R S O 3 H  a n d  R S 0 3N a  a re  d e f in e d  a s  th e  r e s in  p h a s e  o c c u p ie d  b y  H + io n s  
a n d  N a + io n s ,  r e s p e c t iv e ly .  In  M a n a n ta p o n g ’ร w o rk ,  it w a s  s h o w n  th a t  th e  
a d s o r p t io n  e q u i l ib r iu m  w a s  r e a c h e d  f a s te r  w h e n  a  h ig h e r  m ix in g  r a te  w a s  
a p p l ie d .  In  a d d i t io n ,  in c r e a s in g  th e  in i t ia l  c o n c e n t r a t io n  r e s u l te d  in  a n  in c r e a s e  
o f  th e  s o lu t io n  u p ta k e  in  th e  r e s in  p h a s e .

2 .2 .2  F ix e d - B e d  O p e ra t io n
In  f ix e d - b e d  o p e r a t io n ,  s o lu t io n  p a s s e s  th r o u g h  io n - e x c h a n g e  

re s in ,  w h ic h  is p a c k e d  in  a  c o lu m n , in  th e  d o w n f lo w  d ir e c t io n .  T h a t  m a k e s  th e  
to p  o f  th e  c o lu m n  c a p tu r e  m o s t  o f  th e  io n s , a n d  th e  b o t to m  r e c e iv e s  th e  
le f to v e r s ;  th e r e f o r e ,  it is th e  b o t to m  p a r t  th a t  a c c o m p l i s h e s  th e  f in a l 
p u r i f ic a t io n  a n d  d e te r m in e s  th e  p u r i ty  o f  th e  e f f lu e n t .  T h e  e x c h a n g e r s  a lw a y s  
c o n t in u e  c o n ta c t in g  th e  f re s h  so  th is  m o d e  a c h ie v e s  h ig h  e f f ic ie n c y .  K e n n e th
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a n d  H o w a r d  (1 9 7 9 )  s tu d ie d  e f f e c ts  o f  d i f f e r e n t  io n ic  m o b i l i ty  in  a  c o lu m n . A  
m o d e l  w i th  s e v e ra l  p a r a m e te r s  w a s  p r o p o s e d  a n d  te s te d  a g a in s t  th e  
e x p e r im e n ta l  d a ta .  D o w e x 5 0 W - 8 X  r e s in s  w e r e  u s e d  in  th e  s tu d y . A n  
e q u i l ib r iu m  r e la t io n ,  a n  io n ic  d if f u s io n  c o e f f ic ie n t  in  th e  r e s in ,  d is p e r s io n  
c o e f f ic ie n ts ,  b o u n d a r y  la y e r ,  th ic k n e s s ,  io n - e x c h a n g e  c a p a c i ty ,  b e d  v o id  
f r a c t io n ,  a n d  p a r t ic le  d im e n s io n s  w e r e  o b ta in e d  e x p e r im e n ta l ly .  T h e s e  d a ta  
w e r e  th e n  u s e d  in  th e  m o d e l ,  w h ic h  g a v e  a  g o o d  a g r e e m e n t  w ith  th e  o b s e rv e d  
d a ta . Z h a o  a n d  S e n g u p u ta  ( 1 9 9 6 )  u s e d  th e  f ix e d - b e d  o p e r a t io n  to  r e m o v e  a n d  
r e c o v e r  p h o s p h a te  f ro m  in d u s t r ia l  w a s te w a te r .  T h e  o p e r a t io n  w a s  q u ite  
e f f ic ie n t  e v e n  th o u g h  th e  w a s te  c o n ta in e d  o th e r  c o m p e t in g  c h lo r id e ,  
b ic a r b o n a te ,  s u l f a te  a n d  d i s s o lv e d  o r g a n ic  m a t te r .

2 .2 .3  F lu id iz e d - B e d  O p e r a t io n
F lu id iz e d - b e d  o p e r a t io n  a l lo w s  a  b e d  o f  s o l id  p a r t ic le s  to  b e  

l i f te d  a n d  a g i ta te d  b y  a  r i s in g  s t r e a m  o f  a  f lu id . W ith  a n  in c re a s e  in  a  f lo w  
ra te ,  p a r t i c le s  m o v e  a p a r t  a n d  th e  b e d  s ta r ts  to  e x p a n d .  T h e  v o id  f ra c t io n  a f te r  
th e  b e d  is  fu l ly  f lu id iz e d  c a n  b e  c a lc u la te d  b y  E q u a t io n  2 .7 .

L  = L
-  ร

(2 .7 )

w h e re
L h e ig h t  o f  f lu id iz e d  b e d

Lo = h e ig h t  o f  s o l id  b e d

ft) = p o r o s i ty  o r  v o lu m e  f r a c t io n  o f  v o id s  in  b e d  o f  s o l id s

£ = b e d  v o id  f r a c t io n  d u r in g  th e  f lu id iz a t io n .
T h e  e x p a n d e d  b e d  a l lo w s  c h a n n e l in g  o r  p a s s a g e  o f  th e  s o lu t io n  

th r o u g h  th e  e n la r g e d  s p a c e s  b e tw e e n  th e  p a r t ic le s  a n d ,  th e r e f o r e ,  p r o v id e s  le ss  
e f f ic ie n t  c o n ta c t  c o m p a r e d  w ith  f lu id iz e d  b e d  o p e r a t io n .  M a n a n ta p o n g  (1 9 9 7 )  
s tu d ie d  th e  b e h a v io r  o f  th e  f lu id iz e d - b e d  o p e r a t io n .  D o w e x 5 0 W - 8 X  re s in s
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w e re  u s e d  in  th is  s tu d y . In  M a n a n ta p o n g ’s w o rk ,  th e  w o rk  w a s  d e v e lo p e d  a 
m o d e l  to  p r e d ic t  th e  r a te  o f  N a + a d s o r b e d  o n  th e  re s in .  T h e  m o d e l  is s h o w n  in  
E q u a t io n  2 .8 .

k2c

w h e re  q  r e p r e s e n ts  th e  c o n c e n t r a t io n  o f  N a C l  in  th e  r e s in  p h a s e ,  q, r e p r e s e n ts  a 
to ta l  e x c h a n g e  c a p a c i ty  o f  th e  r e s in ,  c r e p r e s e n ts  c o n c e n t r a t io n  o f  N a C l  in  th e  
s o lu t io n ,  a n d  /7 r e p r e s e n ts  h y d r o g e n  c o n c e n t r a t io n  in  th e  s o lu t io n  p h a s e .  In  th e  
m o d e l ,  it w a s  fo u n d  th a t  th e  r a te  c o n s ta n t  k\ is  0 .0 9 2  ร"1 a n d  th e  e q u i l ib r iu m  
c o n s ta n t  k 2 is  0 .6 7  fo r  th e  b a tc h  o p e r a t io n  a n d  k\ is  0 .0 0 6  ร '1 a n d  k 2 is 0 .0 2  fo r  
th e  f lu id iz e d - b e d  o p e r a t io n .  T h e  r e s u l t s  s h o w  th a t  k\ fo r  th e  b a tc h  o p e r a t io n  is 
h ig h e r  th a n  th a t  o f  th e  f lu id iz e d - b e d  o p e r a t io n  b e c a u s e  th e  b a tc h  is n e a r ly  
p e r f e c t ly  m ix e d .
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2.3 Model Development

A  m odel to describe the characteristics o f  ion exchange in  a flu id ized- 
bed  co lum n can  be developed  based on results from  th ree types o f  experim ent, 
nam ely : response  tim e experim ent, no adsorption  experim ent, and adsorption 
k inetics fro m  b a tch  experim ent. The fo llow ing  assum ptions have been m ade 
fo r the developm ent.

1. R esin  beads are un ifo rm  spheres.
2. Ion exchange is no t accom panied  by  volum e changes in the spheres.
3. C oncen tra tion  profiles w ith in  the beads, before the adsorption , are uniform .
4. A nions are excluded  from  the resin  phase.
5. T here is equilib rium  betw een  the solid  and liqu id  phase.

2 .3 .1  A  M odel for the R esponse T im e o f  a pH  E lectrode

does n o t p rovide an in stan taneous m easure o f  the pH  in the solution. It is 
because there  is a lag, called the r e s p o n s e  t im e , o f  the electrode to transfer the 
pH  in form ation . A  m odel to  account for the response tim e can be developed 
from  F igure  2.1.

U sing  a pH  electrode as a m eans to track  changes in  solution

p H  E lec tro d e
Figure 2.1 R epresen ta tion  o f  the response tim e experim ent

The govern ing  equation  fo r the response  tim e is

(2 .9 )
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w here
h 0 =  in itial H + concen tration  m easured by the pH  electrode,

m eq/m l,
hm =  H + concen tration  m easured by the pH  electrode, m eq/m l,
h =  H + concen tration  entering the pH  electrode, m eq/m l, and
a e =  response tim e constan t o f  the pH  electrode, ร'1.

2 .3 .2  A  m odel fo r B atch O peration  w ith  A dsorp tion
The notation  fo r the d iffusion in  the resin  partic le  is show n in

Figure 2.2.

Figure 2.2 N otation  fo r the diffusion in the resin  particle

In this section, the m ass balances o f  ions in the so lu tion  are 
used to determ ine c, q  and h. The governing equations are

or

w here

qVR = h v  1 (2.9)

A-II"ร: (2 .1 0 )

v-v-
(2 .11)

VL
w hich accoun ts the ion adsorbed/desorbed  in to /out o f  the resin , and

€ 0 =  c  +  q ( 3  =  c  + h . ( 2 . 1 2 )



w hich accounts fo r the ion balance, and

(2 .1 3 )d c  dh  d q
d t  d t d t

w hich  accounts for the change o f  ions w ith  time.
N ext, the concen tration  gradient inside the resin  is accounted

by E quation  2.14.
d q
d t = K  ids -  d ) (2 .1 4 )

A lso, apply ing the concep t o f  the relative vo latility  for a b inary  
m ixture in  d istilla tion  colum ns, the ratio  o f  the concen trations o f  cations in 
so lu tion  to H + ions on the surface o f  the resin  is assum ed to be proportional to 
a corresponding  ratio  in the liquid.

<2 1 5 >

E lim inating  q s from  E quation  2 .14 using E quation  2.15 yields

w here

d q
d t K d t (2 .1 6 )

dt =  dc 1 +
kjC 1e )

(2 .1 7 )

All the nom enclatu res used in this part are sum m arized below .
Co =  in itial concen tration  solution, m eq/m l
c  =  concen trations o f  N a+ or C a2t or M g2+ion in solution 

phase, m eq/m l
c e =  equilibrium  concen tration  o f  solution, m eq/m l
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h =
K

k\
k 2

<h

q

qs

q e

V r  =

VL =

P  =

concen tration  o f  hydrogen ion in the so lu tion  phase, m eq/rnl 
concen tration  o f  hydrogen  ion in the so lu tion  p h ase  at 
equilibrium , m eq/m l
rate constant, ร '1, Dr. Maurice Allen m odel
equilibrium  constant, d im ensionless, Dr. M aurice Allen m odel
to tal exchange capacity  o f  exchange, m eq/m l
concen tration  o f  N a+, C a2+ or M g2+ in the resin , m eq/m l
concen tration  o f  N a+, C a2+ or M g2+ on surface o f  resin , m eq/m l
concen tration  o f  N a+, C a2̂  or M g2+ on surface o f  resin  at
equilibrium , m eq/m l
volum e o f  resin  bed, ml
volum e o f  liquid bed, ml
constant.
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2.3 .3  A M odel fo r F lu id ized-B ed  O peration  w ithout A dsorption
The behavior o f  the flu id ized -bed  co lum n w ithou t adsorption 

can be v iew ed  as consisting  o f  tw o parts. The first part is w ell m ixed and can 
be rep resen ted  by  the C ST R  m odel w hile  the o ther part is w hen  the liquid ju s t 
passes th rough  w ithou t any reaction  and is accoun ted  fo r by  the PFR  m odel.

To ensure that the m odel can  rep resen t experim ental data well, 
the  num ber o f  C ST R s w ill be varied  from  one to three. A  schem atic o f  the 
m odel is show n in F igure 2.3.

C S T R -► C STR -► PFR ► l ว -► Comp.
h l . n hp h jnVj v n Vp pH  electrode

F ig u r e  2 .3  R epresen ta tion  o f  ion-exchange colum n w ithou t adsorp tion

A H + ba lance  on the first C ST R  gives:

*  >  " >  < - >
A H + balance  on the ith C ST R  gives:

^ I A - - 0
The effect o f  the p lug-flow  volum e is

in w hich
h p , ( t )  = K ( t - t r ) ’

( 2 .20)

t,
V

( 2 .21)
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T he response  tim e o f  the pH  electrode is show n in E quation  2.22.

^ = « . ( * , - * . )  <2 2 2 >
w here
h m =  H + concentr a tion  m easured  by  the pH  electrode, m eq/m l,
hp -  H + concen tration  leaving the PFR, m eq/m l,
}11 i =  H + concen tration  leaving the C ST R  no. /, m eq/m l,
h 0 =  H + concen tration  entering the colum n, m eq/m l,
V  =  volum etric  flow  rate o f  the solution, m bs.,
Vj = to tal volum e o f  C ST R  no. /, ml,
a e = the response tim e constan t fo r each pH  electrode,
/ =  num ber o f  C ST R  (i =1,2 or 3),

tr =  residence tim e in p lug flow  volum e,
\ L =  volum e o f  liquid  in C STR, (1-ธ)V, ml,
V jt =  vo lum e o f  resin  in C STR, (sV ), ml, and
V p =  volum e o f  p lug  flow  reactor, ml.

2 .4 .4  A M odel fo r F lu id ized-B ed O peration  w ith  A dsorp tion
T he m odel for the flu id ized-bed  colum n w ith  adso ip tion  is 

show n in  F igure 2.4.

h  1, c  1
PFR

v n pH electrode

F ig u r e  2 .4  R epresen ta tion  o f  ion-exchange colum n w ith  adsoiption .
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A  cation  balance  on the C S T R  gives:

vc0 — VC — rVR = V 1 ^ - .

A  H + balance  in the C ST R  gives:

-  vh1 +  rVR = VL ^ - .
T he effect o f  the p lug-flow  volum e is the sam e as E quation  2.20

(2 .2 3 )

(2 .2 4 )

in w hich
V (0  =  \

T he rate  o f  adsorp tion  is p rev iously  show n in E quation  2.16

^ = * ,dt
9 , - q

1 + k-,cL  2 J

A nd response  tim e o f  the pH  electrode w as given in E quation  2.22 as
dh

w here

h ,i
ho
Co
Cl

V

V
a e

(2 .20)

(2.21)

(2 .1 6 )

(2 .22)

V/

ร - -  f c - ^

H + concen tration  m easured by the pH  electrode, m eq/m l,
H + concen tration  leaving the PFR, m eq/m l,
H + concen tration  leaving the C ST R  no. i, m eq/m l,
H + concen tration  en tering  the colum n, m eq/m l, 
in itial concen tration  solution, m eq/m l,
concen trations o f  N a+ or C a2+ or M g2+ion in so lu tion  leav ing  the 
C ST R , m eq/m l,

vo lum etric  flow  rate o f  the solution, m l/s., 
to tal volum e o f  C STR, ml,
the response tim e constan t for each pH  electrode, ร '1, 
residence tim e in p lug flow  volum e, 
vo lum e o f  liquid in C STR , ( l- s )V , ml,
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volum e o f  resin  in C STR , (ธ V), ml, and 
volum e o f  p lug  flow  reactor, ml.

2.3.5 M athem atical P rocedure
The flow  chart d iagram  o f  the num erical m ethod used  in this

w ork  is show n in F igure 2.5. In th e 'fo llo w in g , the superscrip ts i and i+ 1  
denote  values at the beginning  and at the end o f  the tim e-step  d t,  respectively . 
T o ensure the stability  o f  the m ethod, the equation w ill be im plicit in tim e, 
w ith  as m any quantities as possib le  expressed at the end o f  the tim e step. 
T hen, the so lver tool o f  Excel is used  to  so lve the equations as show n in 
Equations 2 .25-2.33.
D efin ition  o f  constants

VjAL (2.25)

A  cation balance on the C ST R  gives:

(2.26)

so that

,+1 =  c[ + J3cc0 -  y (2.27)

A  cation  balance on the resin  gives:

q i+] = A tr' + q j (2.28)
A H + balance on the C ST R  gives:

(2.29)

T h e  ra te  o f  a d so rp tio n  is:

(2.30)
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E f f e c t  o f  p lu g - f lo w  v o lu m e :

W h e r e

V

R e s p o n s e  t im e  o f  p H  e le c tro d e :

(2 .31)

(2 .3 2 )

, , . 1 =  a M ; '
"  1 +  a A /  (2  33)
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c, q, h i, r, h m =  0

F a ls e

S t a r t  ■: ' j

C a lc u la te  c, q, h  1, r, h m f r o m  E q u a t io n  2 .2 5 -2 .3 3

A 1 7
h,„( m o d e l)

F a ls e

\

k 1 k 2

7

S U M (a b s ( /z m( m o d e l ) - / 2m(e x p ) ) ) ( t/12) ---------►  0
T ru e

A X

e x p .)

F i g u r e  2 .5  A  d ia g r a m  o f  th e  n u m e r ic a l  m e th o d
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