
CHAPTER V
REMOVAL OF TRACE Cd2+ USING CONTINUOUS MULTISTAGE ION 

FOAM FRACTIONATION PART III—EFFECT OF SALT ADDITION

5.1 Abstract

In th is  s tu d y , a  m u lt is ta g e  fo a m  fra c tio n a tio n  c o lu m n  w ith  5 b u b b le -ca p  
trays w a s  u se d  to  r e m o v e  c a d m iu m  (C d ) at a  lo w  c o n c e n tr a t io n  (1 0  p p m ) w ith  
so d iu m  d o d e c y l su lfa te  (SDS) u se d  to  g en era te  fo a m . T h e  e f fe c t s  o f  a n io n s  ( N O 3', c r  
, and  S O 42") an d  c a t io n s  (N a +, K +, M g 2+, and C a2+) w e r e  in v e s t ig a te d  b y  a d d it io n  o f  
so d iu m  sa lts  and  n itrate sa lts , r e sp e c tiv e ly . T h e a d d it io n  o f  e a c h  stu d ie d  sa lt  w a s  
fou n d  to  in c r e a se  th e  resid u a l fac to r  o f  C d (C d  c o n c e n tr a tio n  in  e fflu e n t/C d  
c o n c e n tr a tio n  in  fe e d )  d u e  to  th e  e f fe c t  o f  th e  c o m p e t it iv e  a d so rp tio n  o f  ad d ed  
c o u n te r io n s  w ith  C d 2+ at th e  a ir -w a te r  in ter fa ce  o f  fo a m  at a r e la t iv e ly  h ig h  
c o n c e n tr a tio n  o f  sa lt w h e r e a s  th e  ad d ed  a n io n s  had  a litt le  e f fe c t . T h e  e f fe c t  o f  ad d ed  
c a t io n s  an d  a n io n s  o n  th e  red u ctio n  o f  C d r e m o v a l are in  th e  fo l lo w in g  order: 
C a 2 +> M g 2 +» K +> N a + an d  S0 4 2 '~Cr>N0 3 ‘, r e sp e c tv e ly . T h e  SDS r e c o v e r y  w a s  
fou n d  to  in c r e a se  s ig n if ic a n tly  w ith  in crea sin g  ad d ed  sa lt  c o n c e n tr a t io n  b e c a u se  th e  
r e p u ls io n  fo r c e  b e tw e e n  th e  h ea d  gro u p s o f  SDS is  grea tly  red u c e d  b y  th e  c o 
a d so rp tio n  o f  th e  c o u n te r io n s  fro m  ad d ed  sa lt, le a d in g  to  in c r e a s in g  SDS a d so rp tio n  
at th e  a ir -w a te r  in te r fa c e  o f  fo a m . T h e  ad d ed  sa lts  o f  d iv a le n t  c a t io n s  w e r e  fo u n d  to  
a ffe c t  b o th  C d  and  SDS sep a ra tio n  p er fo rm a n ce  m o r e  th an  th o s e  o f  m o n o v a le n t  
c a tio n s .

Keywords: io n  fo a m  fra c tio n a tio n , h e a v y  m eta l, c a d m iu m  r e m o v a l, s o d iu m  d o d e c y l 
su lfa te
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5.2 Introduction

Ion  fo a m  fra c tio n a tio n  is  an a d so rp tiv e  b u b b le  sep a ra tio n  p r o c e s s  in  w h ic h  a 
su rfa ce  a c t iv e  a g en t an d  its c o u n te r io n s  ad sorb  p r e fe r e n tia lly  at th e  a ir -w a te r  
in ter fa ce  or  b u b b le  su r fa c e  o f  th e  fo a m , le a d in g  to  th e  se q u e n tia l sep a ra tio n  o f  b oth  
su r fa ce  a c t iv e  a g e n t an d  c o u n te r io n s  from  th e b u lk  liq u id  at th e  fo a m  e x it  o f  the  
p r o c e ss  [1 ] , T h e  r e m o v a l e f fe c t iv e n e s s  o f  d is s o lv e d  su b sta n c e s  in v o lv e s  the  
d if fe r e n c e s  in  th e ir  d is tr ib u tio n  or p a r tit io n in g  b e tw e e n  th e  a ir -w a te r  in te r fa c e  and  
th e  b u lk  a q u e o u s  p h a se . O ur p r e v io u s  stu d y  r e v e a ls  that io n ic  su rfa cta n t ad so rp tio n  
a sso c ia te d  w ith  c o -a d so r b e d  c o u n te r io n s  at th e  a ir -w a te r  in te r fa c e  o f  th e  fo a m  p la y s  
an im p o rtan t r o le  in  fo a m in g  p ro p erties  and a m o u n ts  o f  su rfa cta n t and c o u n ter io n  
tran sferred  p er  u n it area o f  fo a m  (a d so rp tio n  d e n s ity ) , th u s  a f fe c t in g  th e sep a ra tio n  
p e r fo rm a n ce  o f  io n  fo a m  fra c tio n a tio n  [2 ,3 ] ,

A  m o le  b a la n c e  o f  an y  m ater ia l tran sferred  o u t to  th e  c o lla p s e d  fo a m  
so lu t io n , fo a m a te , at th e  fo a m  e x it  o f  s in g le  s ta g e  fo a m  fr a c tio n a tio n  ca n  be  
e x p r e s se d  b y  that th e  m o la r  f lo w  rate o f  a d so rb ed  m a ter ia ls  in  fo a m a te  (C fV f) is 
eq u al to  th e  su m m a tio n  o f  th e  m a ss  tran sfer  b y  th e  b u lk  liq u id  and  a d so rp tiv e  
tran sp orts [4 ]:

CfVf =  Ce Vf +  A r  (5 .1 )

w h e r e  V f  is  th e  v o lu m e tr ic  f lo w  rate o f  fo a m a te  w h ic h  is  eq u a l to  that o f  la m e lla  
liq u id  o f  th e  g e n era ted  fo a m , c e is  th e  c o m p o n e n t  c o n c e n tr a tio n  in  th e  e f f lu e n t , C f is 
th e  c o m p o n e n t  c o n c e n tr a tio n  in th e  fo a m a te . B y  a s su m in g  th at th e  c o m p o n e n t  
co n ce n tr a tio n  in  th e  la m e lla  liq u id  (b u lk  liq u id ) is  eq u a l to  that in  th e  e f f lu e n t , the  
C eV f is  th e  p ro d u ct o f  th e  c o m p o n e n t  c o n c e n tr a tio n  and  the liq u id  v o lu m e  in  the  
fo a m  la m e lla , k n o w n  as b u lk  liq u id  transport. T h e  b u lk  liq u id  tran sp ort rep resen ts  
u n ad so rb ed  m o le c u le s  in  u p w ard  stream  o f  la m e lla  liq u id . T h e  A T  is  th e  p rod u ct o f  
th e  f lo w  rate o f  th e  in ter fa c ia l area (A , c m 2 /m in )  an d  th e  a d so r p tio n  d e n s ity  or  
su rfa ce  e x c e s s  c o n c e n tr a tio n  (T , m o l/c m 2), k n o w n  as a d so r p tiv e  transport. T h e  
a d so rp tiv e  tran sp ort is  r e sp o n s ib le  for th e  r e d u ctio n  in  th e  res id u a l fac to r  o f  a
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c o m p o n e n t  (c o n c e n tr a tio n  in  e fflu e n t/c o n c e n tr a t io n  in  fe e d )  w h e r e a s  th e  b u lk  liq u id  
transport d o e s  n o t  red u ce  th e  resid u a l fac to r  i f  th e  c o n c e n tr a t io n  o f  th e  c o m p o n e n t  in  
th e  la m e lla e  liq u id  is  n o t s ig n if ic a n tly  larger  than that in  th e  e f f lu e n t  ( i .e .  s in g le  s ta g e  
fo a m  fr a c tio n a tio n ) b ut it d o e s  in  m u lt is ta g e  fo a m  fr a c tio n a tio n  d u e  to  th e  fa c t  that 
m ateria l e n r ic h m e n t b e tw e e n  s ta g e s  resu lts  in  in c r e a s in g  c o n c e n tr a t io n  o f  th e  
c o m p o n e n t  in  liq u id  p o o l o f  the u p p er  tray. O ur p r e v io u s  s tu d y  r e v e a ls  that so d iu m  
d o d e c y ls u lfa te  ( S D S )  ca n  b e  r e m o v e d  b y  b o th  a d so r p tiv e  an d  b u lk  liq u id  tran sp orts  
b e c a u se  a  s ig n if ic a n t  a m o u n t o f  S D S  w a s  fou n d  in  b o th  fo a m  in te r fa c e  and  la m e lla  
liq u id  w h e r e a s  c a d m iu m  io n  w a s  m a in ly  re m o v e d  b y  a d so r p tiv e  tran sp ort b e c a u se  o f  
m o st C d  io n s  c o -a d so r b  w ith  th e S D S  o n to  th e fo a m  in te r fa c e  [2 ,3 ] ,

T h e  m o la r  f lo w  rate o f  a d so rb ed  c o m p o n e n t  in  fo a m a te  c a n  b e  e n h a n c e d  b y  
in c r e a s in g  a d so r p tiv e  transport. W ith  u n ch a n g ed  f lo w  rate o f  th e  in te r fa c ia l area  (A ) , 
it can  b e  e n h a n c e d  w ith  in c r e a s in g  ad so rp tio n  d e n s ity  o f  th e  a d so r b e d  c o m p o n e n t  
(T ). T h e  c o n c e n tr a tio n  o f  th e  tran sferred  c o m p o n e n t  in  fo a m a te  (C f) c a n  b e  d e c r e a se d  
b y  in c r e a s in g  b u lk  liq u id  f lo w  rate, r e su lt in g  in  th e  re d u c tio n  o f  th e  e n r ic h m e n t o f  
c o m p o n e n t. H o w e v e r , th e  b u lk  liq u id  transport in c r e a se s  th e  m o la r  f lo w  rate o f  n o n 
su rfa ce  a c t iv e  c o m p o n e n t  and an u n a d so rb ed  fra c tio n  o f  th e  su r fa c e  a c t iv e  
c o m p o n e n t  in  fo a m a te . A s  a c o n se q u e n c e , th e  sep a ra tio n  e f f ic ie n c y  o f  c o m p o n e n t  in  
term s o f  p e r c e n ta g e  r e c o v e r y  can  b e  en h a n ced  b y  b o th  in c r e a se s  in  a d so r p tiv e  and  
b u lk  liq u id  tran sp orts b u t that in  term s o f  sep a ra tio n  fa c to r  (c o n c e n tr a tio n  in  
fo a m a te /c o n c e n tr a tio n  in  e ff lu e n t)  and e n r ic h m e n t ratio  (c o n c e n tr a tio n  in  
fo a m a te /c o n c e n tr a tio n  in  fe e d )  can  b e  en h a n c e d  o n ly  b y  a d so r p tiv e  tran sp ort.

It h a s b e e n  rep orted  that ad d ed  co u n te r io n s  h a v e  p r o fo u n d  e f fe c t s  o n  th e  
a d so rp tio n  b e h a v io r  o f  io n ic  su rfa cta n ts at th e  a ir -w a te r  in te r fa c e  [5 ,6 ] , T h e  a m o u n t  
o f  su rfactan t a d so rb ed  o n  th e a ir -w a te r  in ter fa ce  p er  u n it  area , c a l le d  a d so rp tio n  
d e n s ity  [5 ] , th e  a b ility  to  fo rm  fo a m  [7 ] , and liq u id  f i lm  d ra in a g e  [ 8 ] are s tr o n g ly  
d ep en d en t o n  th e  ty p e  an d  c o n cen tra tio n  o f  c o u n te r io n s . H o w e v e r , th e  a d so rp tio n  
m e c h a n ism  o f  io n ic  su rfactan t under th e  p r e se n c e  o f  v a r io u s  ty p e s  an d  c o n c e n tr a tio n s  
o f  ad d ed  e le c tr o ly te s  is s t i ll u n d er d eb a te  [9 ]. P a n d ey  e t a l. [1 0 ]  fo u n d  that, for  a 
d o d e c y l su lfa te  sy s te m , th e  ty p e  o f  su rfactan t c o u n te r io n  in f lu e n c e d  th e su r fa ce  
a c t iv ity  o f  th e  su rfactan t s o lu t io n  and the ord er o f  d e c r e a s in g  su r fa c e  te n s io n  w a s  
L i+> N a +> C s +> M g 2+, w h ile  th e  su rfactan t a d so rp tio n  d e n s ity  e x h ib ite d  the r e v e rse
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re la tio n sh ip . P ara e t al. [9 ] in v e stig a te d  th e in f lu e n c e  o f  ad d ed  K B r  an d  KC1 on  
h e x a tr im e th y la m m o n iu m  b ro m id e  (C T A B r ) and h e x a tr im e th y la m m o n iu m  c h lo r id e  
(C T A C 1) a d so rp tio n s  and  th e y  fou n d  that th e  su rfactan t c o u n te r io n s  ( i .e . Br" and C f )  
in  the a d so rp tio n  la yer  c o u ld  b e rep la ced  b y  ad d ed  a n io n s  p resen t in e x c e s s  in th e  
so lu tio n .

F rom  ou r p r e v io u s  s tu d y , th e  sep ara tio n  e f f ic ie n c y  o f  m u lt is ta g e  fo a m  
fra c tio n a tio n  fo r  th e  r e c o v e r y  o f  c e ty lp y r id in iu m  c h lo r id e  (C P C ), a  c a t io n ic  
su rfactan t, from  w a ter  w a s  fou n d  to b e  m u ch  h ig h e r  than a s in g le - s ta g e  s y s te m ,  
e s p e c ia l ly  in  te n u s  o f  th e  en r ich m en t ratio  and  th e  p ercen t r e c o v e r y  o f  th e  su rfactan t  
[1 1 ] . T h e  a p p lic a tio n  o f  c o n tin u o u s  m u lt is ta g e  fo a m  fr a c tio n a tio n  w ith  b u b b le -c a p  
trays w a s  e x te n d e d  for the r em o v a l o f  c a d m iu m  at lo w  C d  c o n c e n tr a t io n s  from  w a ter  
an d  the e f fe c t s  o f  feed  S D S /C d  m o la r  ratio , air f lo w  rate, fo a m  h e ig h t , f e e d  H ow  rate, 
and feed  C d  c o n c e n tr a tio n  o n  C d r em o v a l w er e  in v e s t ig a te d  [2 .3 ] , T h e  e f fe c t s  o f  
N a C l and พท2 ร 0 4  ad d itio n  on  ion  f lo ta tio n  o f  c a d m iu m  w e r e  in v e s t ig a te d  [1 2 ,1 3 ]  but 
th e  ro le  o f  th e  ad d ed  sa lts  o n  rem o v a l e f f ic ie n c y  w er e  n ot e lu c id a te d  sy s te m a t ic a lly .  
T h é p u rp o se  o f  th is  p resen t w o rk  w a s  to further in v e s t ig a te  th e  e f fe c t  o f  ty p e  o f  
ad d ed  sa lts  (N a N C fi, K N O 3 , N a C l, N a 2 SC>4 , M g(NC>3 ) 2 , Ca(NC>3 ) 2 ) o n  th e  r e m o v a l  
e f f ic ie n c y  o f  c a d m iu m  fro m  w a ter  at lo w  C d  c o n c e n tr a t io n s  b y  c o n t in u o u s  m u lt is ta g e  
io n  fo a m  fra c tio n a tio n  and th e co rr e la tio n  b e tw e e n  c o u n te r io n  a d so rp tio n  o n  th e a ir -  
w a ter  in te r fa c e  and th e e f fe c t iv e n e s s  o f  C d  r e m o v a l w a s  d is c u s s e d .

5.3 Experimental

5 .3 .1  M a ter ia ls
S o d iu m  d o d e c y l su lfa te  ( S D S )  w ith  9 7  % p u rity ; and  c a d m iu m  n itrate  

(C d (N 0 3 ) 2 '4 H 2 0  ) , so d iu m  n itrate (N aN C L ), and p o ta s s iu m  n itrate (K N O 3) w ith  a  
p u rity  o f  >  9 9  % , w e r e  o b ta in ed  from  C A R T O  E R B A  R E A G E N T I  (Ita ly ) . S o d iu m  
su lp h a te  a n h y d ro u s (N a 2 SC>4) , m a g n e s iu m  n itrate ( M g ( N 0 3 ) 2 '6 H 2 0 ), c a lc iu m  n itrate  
(C a (N 0 3 ) 2 ’4 H 2 0 ) and  so d iu m  c h lo r id e  (N a C l)  w e r e  o b ta in e d  fro m  A ja x  F in e c h e m  
(U N I L A B )  w ith  a p u rity  o f  >  9 9  %. A ll  c h e m ic a ls  w e r e  u se d  as r e c e iv e d  w ith o u t  
further p u r if ic a tio n . D e io n iz e d  w a ter  w a s  u se d  in a ll e x p e r im e n ts .
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Figure 5.1 S c h e m a tic  o f  a m u lt is ta g e  fo a m  fra c tio n a tio n  u n it.

5 .3 .2  M u ltis ta g e  Ion  F o a m  F ra c tio n a tio n  S y s te m
T h e  e x p e r im e n ta l setu p  o f  th e  c o n t in u o u s  m u lt is ta g e  io n  fo a m  

fra c tio n a tio n  u n it  u se d  in th is  s tu d y  is  sh o w n  in  F ig u re  5.1 ' It is  c o m p o s e d  o f  three  
m a in  parts: an  a ir  su p p ly  u n it, a fe e d  u n it, and  a m u lt is ta g e  io n  fo a m  fr a c tio n a tio n  
c o lu m n . T h e  m u lt is ta g e  io n  fo a m  fra c tio n a tio n  c o lu m n  w a s  m a d e  o f  an a cry lic  
c y lin d e r  w ith  a  1 7 .4  c m  in s id e  d ia m eter  an d  it w a s  a s s e m b le d  to  h a v e  d if fe r e n t  trays  
an d  up  to  5 s ta g e s . E a ch  tray h ad  2 2  s ta in le s s  s te e l b u b b le  c a p s  w ith  a c a p  d ia m eter  
o f  2  c m  and  th e  h e ig h t  o f  e a c h  tray w a s  15 cm . O n  th e  to p  tray, th e  c o lu m n  w a s  
c o n n e c te d  w ith  an  a c r y lic  p ip e  h a v in g  th e  sa m e  in s id e  d ia m e te r  and  d iffe r e n t  o u tle t  
p ip e s  to o b ta in  th ree  fo a m  h e ig h ts  o f  3 0 , 6 0 , and 9 0  c m . In e a c h  tray , th ere  w a s  a 
d o w n c o m e r  h a v in g  a 4  c m  d ia m eter  to a l lo w  liq u id  o v e r f lo w  d o w n  to  a  lo w e r  tray. 
T h e  liq u id  le v e l  w a s  d e s ig n e d  to  b e  3 cm  b y  th e w e ir  h e ig h t  o f  th e  d o w n c o m e r .

5 .3 .3  M e th o d o lo g y
T h e  m u lt is ta g e  io n  fo a m  fra c tio n a tio n  s y s te m  w a s  o p era ted  in  c o n t i

n u o u s  m o d e  in  th is  s tu d y . A  fe e d  so lu t io n  c o n ta in in g  10 m g /L  C d  w ith  a  m o la r  ratio
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o f  S D S /C d  o f  10/1 w a s  prep ared  b y  d is s o lv in g  C d (N 0 3 ) 2 ’4 H 2 0  an d  S D S  in  d e io 
n iz e d  w ater. E a ch  stu d ie d  sa lt ( i .e . N aN C ft) at d iffe r e n t c o n c e n tr a t io n s  w a s  ad d ed  in  
th e  fe e d  so lu t io n . T h e  fe e d  so lu t io n  w a s  fed  in to  th e  to p  o f  th e  c o lu m n  at a f lo w  rate 
o f  6 0  m L /m in  u s in g  a p e r ista ltic  p u m p . C o m p r e sse d  air fro m  an air  c o m p r e sso r  w a s  
in tro d u ced  u n d er th e  b o tto m  tray and w a s  reg u la ted  b y  a r o ta m eter  to h a v e  an air  
f lo w  rate o f  35  d m 3/m in . T h e  e x p e r im e n ts  w e r e  carr ied  o u t at r o o m  tem p era tu re  ( 2 5 -  
2 7  ๐C ) d u e to  in s ig n if ic a n t  in f lu e n c e  o f  tem p era tu re  o n  th e  C d 2+ r e m o v a l [1 4 ] . T h e  
fo a m  w a s  c o l le c te d  at th e  to p  o f  th e  c o lu m n  from  th e  liq u id  p o o l o f  th e  to p  tray b y  
a l lo w in g  it to  f lo w  ou t at d ifferen t fo a m  h e ig h ts  o f  3 0 , 6 0 , and  9 0  c m . T h e  c o lle c te d  
fo a m  w a s  le ft  to  c o l la p s e  b y  i t s e l f  to  ob ta in  th e  fo a m a te . A fte r  s te a d y  sta te  c o n d it io n s  
w e r e  a c h ie v e d  (a rou n d  s ix  h o u rs), sa m p le s  o f  th e  fe e d  s o lu t io n , th e  fo a m a te , and th e  
e f f lu e n t  w e r e  c o l le c te d  and  th en  a n a ly z e d  for  S D S  and  C d  c o n c e n tr a t io n s . T h e  v o lu 
m etr ic  f lo w  rates o f  b o th  fo a m a te  and e f f lu e n t  w e r e  a ls o  m e a su r e d . A l l  sa m p le s  w er e  
a c id if ie d  w ith  a c o n cen tra ted  n itr ic  ac id  to  a  pH  ju s t  b e lo w  2 fo r  p r e se r v a tio n  b efo re  
th e  d e term in a tio n  o f  su rfactan t and C d io n  c o n c e n tr a t io n s . T h e  d a ta  o b ta in e d  from  at 
lea st  th ree  runs w e r e  a v era g ed  and  u sed  to  a s s e s s  th e  p r o c e s s  p e r fo r m a n c e  o f  th e  
m u ltis ta g e  io n  fo a m  fr a c tio n a tio n  sy ste m . B y  p er fo r m in g  m a s s  b a la n c e s  o f  C d  and  
S D S , th e  a v e r a g e  error w a s  fou n d  to  b e  le s s  than  10 % . V a r io u s  e v a lu a t in g  p a ra m e
ters w e r e  u sed  to  a s s e s s  th e  p r o c e ss  p e r fo rm a n ce  o f  th e  s tu d ie d  m u lt is ta g e  io n  fo a m  
fra c tio n a tio n  s y s te m , in c lu d in g  th e  en r ic h m e n t ra tio s o f  S D S  an d  C d , S D S  r e c o v e r y , 
C d  r e m o v a l, fo a m a te  v o lu m e tr ic  ratio , th e  r es id u a l fa c to r s  o f  S D S  and  C d , and th e  
sep a ra tio n  fa c to rs  o f  S D S  and C d  [2 ,1 5 ] , as e x p r e s se d  b e lo w :

E n r ich m en t ratio
% S D S  r e c o v e r y  or % C d  rem o v a l 

R e s id u a l factor  
F o a m a te  v o lu m e tr ic  ratio  

S ep a ra tio n  factor

C f /C i, (5 .2 )
(Cj V  j-CeV  e)( 1 0 0 ) / (C  jV  i), (5 .3 )

C e/C „ (5 .4 )
V f/V „ (5 .5 )
Cf/C e, (5 .6 )

w h e r e  C f and  Ci are th e  S D S  or  C d  c o n c e n tr a tio n  in  th e  fo a m a te  ( c o lla p s e d  fo a m  s o 
lu t io n )  and in  th e  in flu e n t ( fe e d ) , r e s p e c t iv e ly . c e is  th e  S D S  or C d  io n  c o n cen tra tio n
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in th e  e ff lu e n t  stream . V i, V f, and v e are th e  v o lu m e tr ic  f lo w  rates o f  fe e d , fo a m a te , 
and  e f f lu e n t , r e s p e c t iv e ly .

5 .3 .4  A n a ly t ic a l M e th o d s
T h e  c o n c e n tr a tio n  o f  S D S  w a s  m ea su r e d  b y  u s in g  a  tota l o r g a n ic  car

b on  a n a ly z e r  (S h im a d z u , T O C -V C S H ). T h e  c o n c e n tr a t io n  o f  C d  io n s  w a s  d eter
m in ed  b y  an a to m ic  a d so rp tio n  sp e c tr o p h o to m e te r  (A A S  , V a r ia n , S p e c tr A A  3 0 0 )  at 
a r e c o m m e n d e d  w a v e  len g th  o f  2 2 8 .8  n m . T h e  p ro ced u re  for  d e te r m in in g  C d  c o n c e n 
tration  w a s  carr ied  o u t w ith  c o n s id e r a tio n  o f  th e  in te r fe r e n c e  fro m  b oth  S D S  and  
ad d ed  sa lts  ( i .e . N a N C b ), referr in g  to  the p ro c e d u r e  rep orted  in  litera tu re [1 6 ] and  
Parts I and II o f  th is  w o r k  [2 ,3 ] . A  c a d m iu m  stan d ard  s o lu t io n  c o n ta in in g  S D S  at the  
sa m e  co n ce n tr a tio n  a s  in  th e  d ilu ted  sa m p le  w a s  u se d  fo r  o b ta in in g  a ca lib ra tio n  
cu rv e . T h e  m e a su r e m e n t ran ge o f  c a d m iu m  w ith  h ig h  a c c u r a c y  is  0 .0 2 - 3  m g /L , a c 
c o r d in g  to  th e  A A S  sp e c if ic a t io n . T h ere fo re , a ll sa m p le  s o lu t io n s  w e r e  d ilu ted  to  ap 
p r o x im a te ly  1 m g /L  C d  c o n c e n tr a tio n  b e fo r e  th e  d e te r m in a tio n .

5 .3 .5  S u r fa ce  T e n s io n  M e a su r e m e n t
T h e  su r fa c e  te n s io n  w a s  m ea su red  b y  u s in g  a  d rop  sh a p e  a n a ly s is  in 

stru m en t (K ru ss , D S A  10). T h e  p en d a n t d rop  te c h n iq u e  w a s  u se d  to  m e a su r e  th e sur
fa c e  te n s io n  o f  su rfa cta n t so lu t io n s  c o n ta in in g  d if fe r e n t  c o n c e n tr a t io n s  o f  S D S ,  
C d (N 0 3 ) 2  and  d iffe r e n t ad d ed  sa lts  ( i .e . N a N C b ). T h e  sa m p le  c h a m b e r  tem p era tu re  
w a s  k ep t co n sta n t at r o o m  tem p era tu re  ( 2 5 - 2 7 ° C )  an d  th e  h u m id ity  in  th e  sa m p le  
ch a m b er  w a s  k ep t satu rated  in ord er to  m in im iz e  th e  e v a p o r a tio n  e f fe c t  d u r in g  m e a 
su rem en ts .

5.4 Results and Discussion

5 .4 .1  S p e c ie  D is tr ib u tio n  D ia g ra m s
W h en  a C d  sa lt is  d is s o lv e d  in  w a ter , v a r io u s  c a d m iu m -c o n ta in in g  

s p e c ie s  are p o s s ib le , re su lt  from  th e  r e a c tio n s  b e tw e e n  C d  io n s  an d  c o m m o n  lig a n d s  
p resen t in  th e  w ater . T h e se  s p e c ie s  in c lu d e  n itra te , su lfa te , and  c h lo r id e , d ep e n d in g  
o n  th e  c o n c e n tr a tio n s  o f  th e  c a d m iu m  sa lt and th e  lig a n d s  an d  th e  th e r m o d y n a m ic s  o f
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th e  r e a c tio n s . F ig u re  5 .2  s h o w s  C d  s p e c ie  d istr ib u tio n  in th e  a q u e o u s  s o lu t io n s  c o n 
ta in in g  10 m g /L  Cd(NC>3 ) 2  an d  d iffe r e n t ad d ed  s o d iu m  sa lts  w ith o u t  S D S  a d d it io n  as 
a fu n c t io n  o f  th e  c o n c e n tr a tio n  o f  a n io n  d is s o c ia te d  from  th e  s o d iu m  sa lts . T h e  C d  
sp e c ie  d istr ib u tio n  w a s  o b ta in ed  fro m  th e r m o d y n a m ic  e q u ilib r iu m  c a lc u la t io n s
[1 7 ] .T h e  c a lc u la t io n s  w e r e  carried  o u t u s in g  M in te q  v e r  2 .6  [1 8 ]  w h ic h  ca n  b e  u sed  
s u c c e s s fu lly  as a p o te n tia l a ltern a tiv e  to o l for  th e  d e te r m in a tio n  o f  C d  s p e c ie  d istr i
b u tio n  b e s id e  io n  c h ro m a to g ra p h y  [ 1 9 ,2 0 ] .  T h e  in it ia l s o lu t io n  p H  and  in itia l C d  
c o n c e n tr a tio n  w e r e  f ix e d  at 7 and 10 m g /L , r e s p e c t iv e ly . T h e  s ta b ility  c o n s ta n ts  for  
th e  r e a c tio n s  u se d  in  th e  c a lc u la t io n s  are sh o w n  in  T a b le  5.1 [2 1 ] . T h e  p r e se n c e  o f  
s o m e  s p e c ie s  su c h  as C d (S 0 4 )3 4' and  CdC fi" are n e g l ig ib le  d u e  to  th e ir  e x tr e m e ly  lo w  
c o n c e n tr a t io n s  ( in  th e  ord er o f  0 . 1 % or le s s )  in  th e  s y s te m s  u n d er  th e  s tu d ied  c o n d i
t io n s  and  so  th e y  w e r e  n o t s h o w n  in  th e  figu re .

Table 5.1 C h e m ic a l eq u ilib r iu m  r e a c tio n s  o f  c a d m iu m  c o m p le x e s  w ith  d ifferen t  
l ig a n d s  an d  th eir  s ta b ility  c o n sta n ts  [2 1 ]

R e a c tio n L o g  K
1. w ith  c r

C d 2+ +  c r  r  C d c r 1 .9 8
C d 2+ +  2C1" r  C dC l2 ( a q ) 2 . 6

2 . w ith  S O 42'
C d 2+ +  s o ^ -  r  C d S 0 4 ( a q ) 2 .3 7
C d 2+ +  2 S O |"  r  C d ( S 0 4 ) i " 3 .5

3. w ith  N O 3 "
C d 2+ +  N O 3  ^  C d N O | 0 .5
C d 2+ -1- 2 N O 3  ^  C d ( N 0 3 ) 2 ( a q ) 0 . 2

4 . w ith  O H '
C d 2+ +  O H -  r  CdOH + - 1 0 .0 9 7
C d 2+ +  2 0 H -  ^  C d (O H ) 2 ( a q ) - 2 0 .2 9 4
2 C d 2+ +  O H - r  C d 2 O H 3+ - 9 .3 9 7
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A s  sh o w n  in  F ig u re  5 .2 a , th e  C d (N 0 3 ) 2  sa lt  u se d  to  p rep are th e  s o lu 
t io n  a lm o st  c o m p le te ly  d is s o c ia te s  to  g iv e  free  C d 2+ an d  N O 3 ' u n d er  a  v e r y  lo w  fe e d  
C d  c o n c e n tr a tio n  ( lo w e r  th an  10 m g /L )  b e c a u se  o f  th e  lo w  s ta b ility  co n sta n t o f  
Cd(NC>3 ) 2 . A n  in c r e a se  in  n itrate c o n c e n tr a tio n  s l ig h t ly  r e d u c e s  th e  free  C d 2+ c o n c e n 
tration  w h e r e a s  th e  free  C d 2+ c o n c e n tr a tio n  is  r e d u c e d  s ig n if ic a n t ly  w ith  in cr e a s in g  
su lfa te  or  c h lo r id e  c o n c e n tr a t io n  d u e  to  th e  fo r m a tio n  o f  C d S 0 4  an d  Cd(SC>4) 22"; or  
C d C l+, r e s p e c t iv e ly , a s  sh o w n  in  F ig u res  2 b  and 2 c .

Ô)oa>
CL (/5

2 5  ° c .

Figure 5.2 Specie distribution diagrams of Cd in aqueous solutions having different
Cd salts as a function of (a) nitrate, (b) sulfate, and (c) chloride concentration at total
Cd concentration = 10 mg/L (0.09 mM), initial solution pH = 7, and temperature =
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F ig u r e  5 .3  S u r fa ce  te n s io n  iso th e r m s  o f  S D S  at v a r io u s  c o n c e n tr a t io n s  o f  ad d ed  
N a C I (a ), N a N 0 3 (b ), N a 2 S 0 4 ( c ) , K N 0 3 (d ) , M g ( N 0 3 ) 2 ( e ) , C a ( N 0 3 ) 2 ( f )  in  the  
p r e se n c e  an d  a b se n c e  o f  10 m g /L  o f  C d  at 2 5 - 2 7  ๐c  a s  c o m p a r e d  w ith  that o f  pure  
S D S  sy s te m .
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5 .4 .2  S u r fa c e  T e n s io n  Iso th erm  R e su lts
S u r fa c e  te n s io n , o n e  o f  fu n d a m en ta l su r fa c e  p r o p e r tie s , is  m a in ly  g o 

v er n e d  b y  th e  a d so rp tio n  o f  a ll s p e c ie s  at th e  a ir -w a te r  in te r fa c e  [5 ] . F ig u re  5 .3  
s h o w s  th e su r fa c e  te n s io n  iso th e r m s  o f  S D S  in  th e  a b s e n c e  and  th e  p r e se n c e  o f  v a r i
o u s  sa lts: N a C l , NaNC>3 , N a 2 SC>4 , K N O 3 , M g(NC>3 ) 2 , an d  C a (N 0 3 ) 2  w ith  and  w ith o u t  
10 m g /L  o f  C d 2+. F or  a ll ty p e s  o f  ad d ed  sa lts , th e  su r fa c e  te n s io n  iso th e r m  o f  the  
S D S  so lu t io n  c o n ta in in g  a n y  g iv e n  ad d ed  sa lt  sh if te d  d o w n w a r d  an d  its  sh a p e  w a s  
c h a n g e d  s ig n if ic a n t ly  as co m p a r e d  w ith  that o f  p u re S D S  s y s te m  e v e n  at a  lo w  ad d ed  
sa lt  c o n c e n tr a t io n  o f  5 m M  for  m o n o v a le n t  sa lts  and  0 .1  m M  for  d iv a le n t  sa lts . T h e  
resu lts  s u g g e s t  that th e  a d so rp tio n  o f  a n io n ic  d o d e c y ls u lfa te  io n  ( D S ‘) is  fa c ilita ted  
s ig n if ic a n tly  b y  th e  sa lt  a d d it io n  b e c a u se  th e  e le c tr ic a l r e p u ls iv e  in te r a c tio n  b e tw e e n  
th e  h e a d g r o u p s  in  th e  a d so rb ed  su rfactan t la y er , c o n s id e r e d  a s  e le c tr ic a l d o u b le  layer  
(E D L ) , is  r e d u c e d  w ith  in c r e a s in g  c o u n te r io n  c o n c e n tr a t io n  [6 ,9 ] , T h e  resu lts  a lso  
r e v e a l that th e  sh a p e s  and  s lo p e s  (b e lo w  C M C ) o f  th e  su r fa c e  te n s io n  iso th erm  o f  
io n ic  su rfa cta n t are g o v e r n e d  b y  ty p e  o f  c o u n te r io n  w h ic h  is  in  g o o d  a g r e e m e n t w ith  
th e  s tu d ie s  o n  s p e c if ic  io n  e f fe c t  o n  the in ter fa c ia l p ro p e r tie s  o f  io n ic  su rfactan ts  
[6 ,9 ] .

F o r  a n y  g iv e n  a d d ed  sa lt  at a  lo w  sa lt  c o n c e n tr a t io n , an a d d itio n  o f  
c a d m iu m  (1 0  m g /L )  w a s  a ls o  fo u n d  to rem ark a b ly  fu rth er  d e c r e a se  th e  su r fa ce  ten 
s io n . T h e  r e su lts  s u g g e s t  that th e  su r fa ce  te n s io n  iso th e r m  o f  S D S  w a s  s ig n if ic a n tly  
a ffe c te d  b y  c a d m iu m  io n s  m o re  than  s o d iu m  io n s  b e c a u s e  th e  d iv a le n t  c a d m iu m  io n s  
ca n  c o a d so r b  m u c h  m o re  p r e fe r e n tia lly  than th e  m o n o v a le n t  s o d iu m  io n s  [2 ,2 2 ],

F o r  a n y  g iv e n  stu d ie d  sa lt at a h ig h  a d d e d  sa lt  c o n c e n tr a tio n , th e  
sh a p e s  and  s lo p e s  ( b e lo w  th e C M C ) o f  the su r fa ce  te n s io n  iso th e r m s  lo o k  a lm o st  the  
sa m e  for b o th  a b s e n c e  an d  p r e se n c e  o f  10 m g /L  C d , a s  sh o w n  in  F ig u re  5 .3 . T h e re
su lts  su g g e s t  th at n o t o n ly  C d 2+ io n s  ad sorb  p r e fe r e n tia lly  at th e  a ir -w a te r  in terfa ce  
b ut N a + io n s , w h ic h  is  p resen t in  e x c e s s  at h ig h  c o n c e n tr a t io n s , a ls o  d o  and  th e a d 
so rb ed  C d  io n s  in  th e  S tern  la y e r  can  b e  r e p la c e d  b y  N a + io n s  to  s o m e  e x te n t. T h is  
can  b e  e x p la in e d  in  that th e  c o u n te r io n  e x c h a n g e  r e a c tio n  ca n  b e  p u sh e d  tow ard  d o 
d e c y ls u lfa te  c o -a d so r b e d  w ith  ad d ed  so d iu m  c o u n te r io n  at s u f f ic ie n t ly  h ig h  in itia l 
so d iu m  c o n c e n tr a t io n  (C h a te lier 's  p r in c ip le )  e v e n  th o u g h  th e  C d  h a s h ig h e r  a b ility  to  
p en etra te  a d so r b e d  d o d e c y ls u lfa te  la yer , as d is c u s s e d  la ter  in  s e c t io n  5 .3 .3 .2 .  A n  e s -
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t im a ted  v a lu e  o f  in it ia l ad d ed  c o u n te r io n  c o n c e n tr a tio n  in  th e  S D S  so lu t io n  w h ic h  an  
a d d it io n  o f  10 p p m  C d  b e g in s  to  p r o v id e  th e  sa m e  s h a p e s  an d  s lo p e s  ( b e lo w  the  
C M C ) o f  th e  su r fa c e  te n s io n  iso th e r m s  o f  S D S  as th e  s y s te m  w ith o u t  C d  a d d itio n  is  
arb itrarily  d e f in e d  as “th e  sw a m p in g  c o u n te r io n  c o n c e n tr a t io n ” . T h e  sw a m p in g  c o u n 
ter io n  c o n c e n tr a t io n  c a n  b e  u se d  to  in d ic a te  th e  a b ility  o f  th e  ad d ed  c o u n te r io n  to  
c o m p e t it iv e ly  a d so rb  w ith  C d  io n  at th e  a ir -w a te r  in te r fa c e  in  th e  p r e se n c e  o f  S D S  
b e c a u s e  th e  c o u n te r io n  h a v in g  h ig h e r  a b ility  to  p en e tra te  th e  a d so r b e d  su rfactan t  
la y er  req u ires  a lo w e r  in itia l co n ce n tr a tio n  to  b e  a d so rb ed  at th e  in te r fa c e  and  a ffe c t  
th e  su r fa ce  te n s io n , a s  d is c u s s e d  la ter in  s e c t io n  5 .3 .3 .2 .  T h e  s w a m p in g  co u n ter io n  
c o n c e n tr a t io n  o f  e a c h  ad d ed  sa lt  for  th e  S D S  sy s te m  o b ta in e d  fro m  F ig u r e  5 .3  is  
su m m a r iz e d  in  T a b le  5 .2 .

Table 5.2 D e p e n d e n c e  o f  sw a m p in g  c o u n te r io n  c o n c e n tr a t io n , e f f e c t iv e  h yd rated  
d ia m eter , and  th e  c a lc u la te d  v a lu e  o f  a p artition  c o e f f ic ie n t  (/cMn+) for  th e  p artition  
o f  a c o u n te r io n  b e tw e e n  th e  a ir -w a te r  in ter fa ce  an d  th e  b u lk  liq u id

A d d e d
sa lts

C o u n te r io n H yd rated  d ia m eters  
(p m ) [2 3 ]

S w a m p in g  c o u n te r io n  
c o n c e n tr a t io n  (m M )

k Mn+
(m  X 10 '6)

N a C l N a + 4 5 0 18 -
N a 2 S 0 4 N a + 4 5 0 2 0 -
N a N O a N a + 4 5 0 2 5 2 . 2

k n o 3 K + 3 0 0 15 2 .5
M g ( N 0 3)2 M g 2+ 8 0 0 0 .5 1 2

C a ( N 0 3 ) 2 C a 2+ 6 0 0 0 .2 5 13
C d ( N 0 3 ) 2 C d 2+ 5 0 0 - 13

In th e  p resen t w o rk , th e  a d d ed  c o u n te r io n  c o n c e n tr a t io n  w a s  u sed  in 
stea d  o f  th e  a d d ed  sa lt  c o n c e n tr a tio n  b e c a u se  th e  su rfa cta n t a d so rp tio n  b e h a v io r  d e 
p e n d s  s tr o n g ly  o n  c o u n te r io n s  [6 ,9 ] . F ig u re  5 .4  s h o w s  th e  n e g a tiv e  lo g a r ith m  o f  the  
c o n c e n tr a tio n  o f  su rfa cta n t in  b u lk  p h a se  req u ired  to  p r o d u c e  a 2 0  m N /m  red u ctio n  in  
th e  su r fa ce  te n s io n  (p C 2o) o f  S D S  so lu t io n  a s  a fu n c t io n  o f  ad d ed  c o u n te r io n  c o n c e n 
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tra tion . A l l  th e  v a lu e s  o f  p C 20 w e r e  o b ta in ed  fro m  F ig u re  5 .3 . T h e  e f f ic ie n c y  o f  su r
factan t a d so rp tio n  an d  su r fa ce  te n s io n  red u ctio n , re la ted  to  th e  free  e n e r g y  ch a n g e  
in v o lv e d  in  th e  a d so rp tio n  [2 3 ] , ca n  b e  in d ic a te d  b y  th e  p C 20  v a lu e . F or  a n y  g iv e n  
s tu d ie d  c o u n te r io n , th e  p C 20 v a lu e  w a s  fou n d  to  in c r e a se  w ith  in c r e a s in g  ad d ed  c o u n 
ter io n  c o n c e n tr a t io n  d u e  to th e  E D L  c o m p r e s s io n , as d is c u s s e d  a b o v e . A s  co m p a red  
w ith  th e  p C 20 =  2 .6 8  for  th e  p ure S D S  sy s te m , th e  p r e se n c e  o f  a ll s tu d ie d  c o u n te r io n s  
w a s  fo u n d  to  in c r e a se  th e  p C 20 v a lu e . T h e  h ig h e r  th e  p C 20  v a lu e , th e  h ig h e r  th e  su r
factan t a d so rp tio n  an d  th e  grea ter  th e  su r fa ce  te n s io n  red u c tio n .

Added counterion concentration (ทาM)

F ig u r e  5 .4  E f fe c t  o f  ty p e  an d  c o n c e n tr a tio n  o f  c o u n te r io n  o n  su r fa c e  te n s io n  
r e d u c tio n  (p C 2 o) o f  S D S  so lu t io n  at 2 5 - 2 7  °c (p C 2 0  =  2 .6 8  fo r  th e  p u re  S D S  sy s te m ).

5 .4.2.1 Type o f Counterion
T h e  e f fe c t  o f  c a t io n  c o u n te r io n s  o n  th e  su r fa c e  te n s io n  i s o 

th erm  o f  th e  S D S  sy s te m  w a s  in v e s t ig a te d  b y  c o m p a r iso n s  a m o n g  d iffe r e n t  ad d ed  
n itrate sa lts , as th e  N O 3 ' a n io n  h as a litt le  e f fe c t  o n  C d  c o m p le x a t io n  u n d er th e  s tu 
d ied  c o n c e n tr a t io n  ran g e  ( s e e  F ig u re  5 .2 )  and  it d o e s  n o t a d so rb  p r e fe r e n tia lly  at the  
a ir -w a te r  in te r fa c e  w ith o u t  th e  a id  o f  su rfa cta n t [2 4 ] , A s  sh o w n  in F ig u re  5 .4 , the  
e f fe c t  o f  ad d ed  c a t io n  c o u n te r io n s  o n  th e  P C 20 e n h a n c e m e n t in c r e a se s  in  th e  f o l lo w 
in g  order: N a + <  K + <  M g 2+<  C a 2 +=ะC d 2+, w h ic h  c o r r e sp o n d s  w e l l  to  th e  d e c r e a se  in  
th e  sw a m p in g  c o u n te r io n  c o n c e n tr a tio n  in th e  f o l lo w in g  order: N a + >  K + >  M g 2+>
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C a 2+. T h e s e  resu lts  s u g g e s t  that th e  s tu d ied  d iv a le n t  c a tio n  c o u n te r io n s  are m o re  e f 
fe c t iv e  in  su r fa c e  te n s io n  red u ctio n  an d  ad sorb  m o r e  p r e fe r e n tia lly  at th e  a ir -w a te r  
in te r fa c e  than  th e s tu d ie d  m o n o v a le n t  c a tio n  c o u n te r io n s . In c o m p a r iso n s  o f  th e  s tu 
d ied  c a t io n s  w ith  th e  s a m e  v a le n c e s  ( i .e . N a + an d  K + or M g 2+, C a 2+ an d  C d 2+), the  
e f f ic ie n c ie s  o f  su r fa c ta n t a d so rp tio n  an d  su r fa ce  te n s io n  r e d u c tio n  w e r e  fo u n d  to  in 
c r e a se  w ith  d e c r e a s in g  e f fe c t iv e  h yd ra ted  d ia m e te r s  [2 5 ] , a s  sh o w n  in  T a b le  5 .2 . 
T h e se  o b se r v a t io n s  c a n  b e e x p la in e d  in  term s o f  th e  a b ility  o f  c o u n te r io n s  to  p e n e 
trate th e  a d so rp tio n  la y er  (S tern  la y e r )  [6 ,9 ] . D u r in g  th e  c o u n te r io n  a d so rp tio n  
p r o c e s s , th e  h y d ra tio n  sh e ll o f  c o u n te r io n  m u st u n d e r g o  d e h y d r a tio n  (a t lea st  p artia l
ly )  or d e fo r m a tio n  u p o n  a d so rp tio n  (p e n e tra tio n ) in  th e  su rfa cta n t m o n o la y e r  [2 6 ]  
b e c a u s e  th e  c o u n te r io n s  lo c a te d  in  th e  S te m  la y er  are n o t so lv a te d  but th e y  ap p ear as  
bare io n s;  o th e r w ise , th e  p en etra tio n  o f  h y d ra tin g  io n s  in to  th e  o u te r m o st  su rfa ce  
la y er  are p r e v e n te d  [5 ] . T h e  h ig h e r  su r fa ce  a c t iv ity  o f  th e  s y s te m  w ith  d iv a le n t  c o u n 
ter io n  is  d u e , m o s t  l ik e ly , to  a s tr o n g ly  a ttractive  in te r a c tio n  b e tw e e n  a d iv a le n t  c a 
t io n  an d  tw o  d o d e c y ls u lfa te  io n s  in  th e  a d so rb ed  la y er , fa c il ita t in g  th e d eh y d ra tio n ,  
and h e n c e , it fa v o r s  th e  a d so rp tio n  o f  su rfactan t m o le c u le s  [ 1 0 ,2 7 ] ,  F or  a co u n te r io n  
w ith  th e  sa m e  v a le n c y , th e  h ig h e r  su r fa ce  a c t iv ity  o f  th e  c o u n te r io n  w ith  a sm a lle r  
h yd rated  s iz e  m ig h t  b e  d u e  to  th e  fa c t that it is  e a s ie r  to  b e  d e h y d ra ted  and  ca n  m ore  
e a s i ly  p en e tra te  th e  S te m  layer. T h e r e fo r e , th e y  are m o re  e f f e c t iv e  in  n e u tra liza tio n  
o f  th e  su r fa c e  c h a r g e  o f  su rfactan t h e a d -g r o u p s  an d  th u s  in  su r fa c e  te n s io n  red u ctio n  
at th e  sa m e  b u lk  c o n c e n tr a t io n s  o f  c o u n te r io n s . T h e s e  r e su lts  are in  g o o d  a g reem en t  
w ith  th e  e f f e c t  o f  N a C 1 0 4 , K C IO 4 , LiCK Tj, N FI4C IO 4 , and  M g (C 1 0 4 ) 2  a d d it io n  o n  th e  
d e g r e e  o f  m ic e l le  d is s o c ia t io n  o f  S D S  (a )  [2 7 ] . T h e  sm a lle r  th e  h yd ra ted  ca tio n  d e 
r iv ed  fro m  an e le c tr o ly te  ad d ed , th e  lo w e r  th e a v a lu e  fo r  S D S  m ic e l le s .

T h e  e f fe c t  o f  c a t io n  c o u n te r io n  can  a ls o  b e  in terp reted  in  a d if 
feren t w a y  b y  a p p ly in g  th e su r fa ce  te n s io n  m o d e l for  m e ta l io n  s e le c t iv ity  [2 8 ]  d e 
r iv ed  fro m  G ib b s  e q u a tio n . A c c o r d in g  to  th e  m o d e l, th e  su r fa c e  te n s io n  o f  s to ic h i
o m e tr ic  c o u n te r io n - io n ic  su rfactan t so lu t io n  is  lin e a r ly  p ro p o r tio n a l to  th e  su rfactan t  
c o n c e n tr a t io n  u n d er  th e  r e g io n  b e lo w  th e  C M C  an d  c a n  b e  e x p r e s s e d  as

Yo -  y =  bCÂ (5.7)
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w h e r e  Yo an d  Y are th e  su r fa ce  te n s io n  o f  p u re w a ter  an d  su r fa c ta n t so lu t io n , r e sp e c 
t iv e ly . b is  a lin ea r  c o n s ta n t  d eterm in ed  from  th e  s lo p e  o f  th e  p lo t  and  C a" is  th e  c o n 
cen tra tio n  o f  io n ic  su rfa cta n t. T h e  a d so rp tio n  d e n s ity  o f  th e  c o u n te r io n  ( r Mn+) is  p ro 
p o r tio n a l to  th e  c o u n te r io n  c o n cen tra tio n  in  th e  b u lk  so lu t io n  (C Mn+) u n d er th e  p res
e n c e  o f  a s to ic h io m e tr ic  am o u n t o f  su rfa cta n t, and ca n  b e  e x p r e s s e d  as

rM"* Cm-  (5 .8 )

w h e r e  ท is  th e  v a le n c y  o f  th e  co u n te r io n , R  is  th e  g a s  c o n s ta n t, an d  T  is  th e  a b so lu te  
tem p era tu re . A s  a resu lt , o n e  can  d e term in e  a  p a rtit io n  c o e f f ic ie n t  (/cMn+) for  th e  par
t it io n  o f  a n y  c o u n te r io n  b e tw e e n  th e  a ir -w a te r  in te r fa c e  and  th e  b u lk  a q u e o u s  p h a se , 
w h ic h  is  d e f in e d  as r Mn + /C Mn+, b y  u s in g  E q u a tio n  5 .8 . F ig u r e  5 .5  s h o w s  th e  su rfa ce  
te n s io n s  o f  S D S - N a ,  S D S -K , S D S -M g , S D S -C a , an d  S D S -C d  s y s te m s  as a fu n c tio n  
o f  d o d e c y ls u lfa te  c o n c e n tr a tio n  at p H  7  w h ere  th e  a d d ed  c a t io n  c o u n te r io n s  (a s  n i
trate sa lts )  an d  d o d e c y ls u lfa te  are p resen t in  s to ic h io m e tr ic  r a tio s . T h e  su r fa c e  te n 
s io n  p lo ts  w e r e  f itted  w e l l  w ith  R 2 >  0 .9 9 . T h e  c o n s ta n t  b  ( s lo p e )  for  e a c h  stu d ied  
S D S - c a t io n  c o u n te r io n  sy s te m , is  a ls o  s h o w n  in  F ig u r e  5 .5 . T h e  c a lc u la te d  v a lu e  o f  
kMn+ for  e a c h  s tu d ie d  S D S - c a t io n  c o u n te r io n  s y s te m  is  s h o w n  in  T a b le  5 .2 . T h e  
kMn+ v a lu e  w a s  fo u n d  to  v a ry  su b sta n tia lly , d e p e n d in g  o n  c a t io n  c o u n te r io n  in  the  
f o l lo w in g  order: N a + <  K + <  M g 2+<  C a 2 +=ะC d 2+ w h ic h  f o l lo w s  th e  sa m e  trend  as th e  
p C 20 e n h a n c e m e n t an d  is  in  g o o d  a g r e e m e n t w ith  th e  s w a m p in g  c o u n te r io n  c o n c e n 
tration . T h e s e  r esu lts  s u g g e s t  that th e  kMท+v a lu e  is  r e la ted  to  th e  a b ility  o f  c o u n te r io n  
to  p en etra te  th e  S te m  la y er  and th e  a b ility  o f  th e  a d d ed  c o u n te r io n  to  c o m p e t it iv e ly  
ad so rb  at a ir -w a te r  in te r fa c e , as d is c u s s e d  a b o v e .
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EZEç  ๐ cทรCD๐CO
I

S D S  c o n c e n tr a t io n  (m M ) S D S  c o n c e n tr a t io n  (m M )

S D S  c o n c e n tr a t io n  (m M ) S D S  c o n c e n tr a t io n  (m M )

S D S  c o n c e n t r a t i o n  (m M )

F ig u r e  5 .5  S u r fa ce  te n s io n s  o f  (a ) S D S - N a ,  (b ) S D S - K , (c )  S D S - M g , (d ) S D S -C a ,  
and  (e )  S D S -C d  s y s te m s  a s  a  fu n c tio n  o f  d o d e c y ls u lfa te  c o n c e n tr a t io n  at p H  7 . T h e  
ad d ed  c a t io n  c o u n te r io n s  an d  d o d e c y ls u lfa te  w e r e  p r e se n t in  s to ic h io m e tr ic  ratio s.
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5.4.2.2 Type o f Co-ions
A s  sh o w n  in  F ig u re  5 .4 , in  th e  a b s e n c e  o f  10  m g /L  C d , th e  d e 

p e n d e n c e  o f  p C 20  o f  th e  S D S  sy s te m  o n  a d d ed  c o u n te r io n  c o n c e n tr a t io n  u s in g  v a r i
o u s  so d iu m  sa lts: NaNC>3 , N a C l and  ฬท2 ร 0 4  are a lm o s t  id e n tic a l. F o r  a n y  g iv e n  p C 2 0 , 
th e  c o n c e n tr a t io n  o f  c o - io n s  (N O 3 ', SO 42', an d  C F ) d id  n o t  s ig n if ic a n t ly  d iffer . T h e se  
resu lts  su g g e s t  th at th e  ty p e  o f  s tu d ied  c o - io n s  (N O 3 ', S O 42', and  C F ) h a s  litt le  e f fe c t  
o n  th e  a d so rb ed  d o d e c y l su lfa te  la y er  w h ic h  it o n ly  c o -a d so r b s  w ith  th e  so d iu m  c o u n 
ter ion .

A s  m e n tio n e d  b e fo r e , in  th e  p r e s e n c e  o f  10 m g /L  C d , th e  . 
sw a m p in g  c o u n te r io n  c o n c e n tr a tio n  w e r e  fo u n d  to  b e  d if fe r e n t  a m o n g  th e  th ree  ad d 
ed  so d iu m  sa lts  ( s e e  T a b le  5 .2 ) ,  in d ic a tin g  a  s ig n if ic a n t  e f f e c t  o f  th e  a n io n . A s  sh o w n  
in  T a b le  5 .2 , th e  sw a m p in g  co u n te r io n  c o n c e n tr a t io n  o f  N a N C >3 is  h ig h e r , s u g g e s t in g  
that th e  c h lo r id e  a n io n  sh o u ld  fa c il ita te  th e  c o -a d so r p t io n  o f  N a + c o u n te r io n  w ith  d o -  
d e c y ls u lfa te  (D S") o n to  th e  a ir -w a te r  in te r fa c e  grea ter  th a n  th e n itra te  a n io n  (in  th e  ■ 
p r e se n c e  o f  c a d m iu m ) or th e  c h lo r id e  a n io n  m ig h t  r e d u c e  th e  a b ility  o f  c a d m iu m  
c o u n te r io n  to  p en etra te  th e  S te m  layer . H o w e v e r , b o th  c h lo r id e  an d  n itrate c o - io n s  
e q u a lly  fa c il ita te  th e  a d so r p tio n  o f  d o d e c y l s u lfa te  and  s o d iu m  io n s  o n  th e  a ir -w a te r  
in te r fa c e  in  th e  a b s e n c e  o f  c a d m iu m , a s  s h o w n  in  F ig u re  5 .4 . T h e  r e su lts  in d ica te  that 
th e  su r fa ce  a c t iv ity  o f  c a d m iu m  co u n te r io n  is  a ltered  s ig n if ic a n t ly  b y  th e  p r e se n c e  o f  
c o - io n s . T h is  ca n  b e  e x p la in e d  b y  th e fa c t  th at c h lo r id e  io n  c a n  rea c t  w ith  c a d m iu m  
io n  u n d er  th e  s tu d ie d  a n io n  c o n c e n tr a tio n  ra n g e  ( 1 - 2 5  m M ) to  fo r m  a  le s s  su rfa ce  
a c t iv e  c a d m iu m -c o n ta in in g  s p e c ie  (C d C l+), r e su lt in g  in  lo w e r in g  a c t iv e  free  C d 2+ 
co n c e n tr a tio n , a s  s h o w n  in  F ig u re  5 .2 . T h e r e  are tw o  p o s s ib le  e x p la n a t io n s  w h y  th e  
C d C l+ h as a  lo w e r  su r fa ce  a c t iv ity  as c o m p a r e d  w ith  th e  fr e e  C d 2+. F ir s t ly , th e  C d C l+ 
c o m p le x  h as a lo w e r  c h a rg e  than  th e free  C d 2+ an d , s e c o n d ly , th e  C d C l+ c o m p le x  
c a n n o t ad sorb  at th e  a ir -w a te r  in te r fa c e  d ir e c t ly  b ut m ig h t  u n d e r g o  lig a n d  d is s o c ia 
t io n  b e fo r e  a d so rp tio n . T h is  is  b e c a u se  an y  c o u n te r io n  m u st  h a v e  a  sm a lle r  s iz e  than  
th e  d o d e c y ls u lfa te  h ead  g ro u p  [2 9 ]  (th e  ra d iu s  o f  su lfa te  h e a d  gro u p  is  2 .5  A  [2 6 ]  and  
th e  io n ic  radii o f  C d 2+ and  C l'a re  0 .9 5  A  an d  1 .8 1 , r e s p e c t iv e ly  [3 0 ] ) .  T h e se  resu lts  
are in  g o o d  a g r e e m e n t w ith  a  w o r k  to  in v e s t ig a te  th e  e f f e c t  o f  N a C l an d  N a N C >3 a d d i
t io n  o n  co u n te r io n  d is s o c ia t io n  in  c a d m iu m  d o d e c y l  su lfa te  m ic e l le s  [3 1 ] . T h e  d is s o 
c ia t io n  o f  c a d m iu m  io n  fro m  m ic e l le s  w a s  a ls o  fo u n d  to  in c r e a se  w ith  c o m p le x a t io n
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o f  c a d m iu m  io n  b y  c h lo r id e  w h e r e a s  th e  a d d it io n  o f  N a N C >3 c a u s e s  le s s  red u ctio n  in  
th e  fra c tio n  o f  b o u n d  c a d m iu m  c o u n ter io n  [3 1 ] .

5 .4 .3  T h e  E ffe c t  o f  S a lt A d d it io n  o n  S ep a ra tio n  E f f ic ie n c y  o f  M u ltis ta g e
Io n  F o a m  F ra c tio n a tio n
T h e  e f fe c t  o f  sa lt a d d itio n  o n  th e  C d 2+ se p a r a tio n  e f f ic ie n c y  o f  th e  stu 

d ied  m u lt is ta g e  io n  fo a m  fra c tio n a tio n  s y s te m  w a s  in v e s t ig a te d  u n d er  th e  b a se  c o n d i
t io n s  [3] (an  air f lo w  rate o f  3 5  d m 3/m in , a  fe e d  f lo w  rate o f  6 0  m L /m in , a fo a m  
h e ig h t  o f  6 0  c m , n u m b er o f  trays o f  5 , and  a fe e d  m o la r  ratio  o f  S D S /C d .o f  1 0 /1 ).  
T h e e f fe c t  o f  d iv a le n t  c o u n te r io n  a d d itio n  w a s  a lso  c o n d u c te d  at m u c h  lo w e r  ad d ed  
c o n c e n tr a tio n s  d u e  to  the lo w  so lu b ility  lim it  o f  S D S  in  th e  p r e se n c e  o f  d iv a le n t c a 
t io n s  [3 2 ,3 3 ] .

5.4.3. /  Separation Efficiency o f SDS
F ig u re  5 .6 a  s h o w s  th e  e f fe c t s  o f  ty p e  an d  c o n c e n tr a tio n  o f  

c o u n te r io n s  o n  th e  e n r ic h m e n t ratio  o f  S D S . F or  an y  s tu d ie d  sa lt  e x c e p t  K N O 3 , the  
en r ic h m e n t ratio  o f  S D S  d e c r e a se d  w ith  in c r e a s in g  a d d ed  c o u n te r io n  co n cen tra tio n . 
T h is  is  d u e  to  a d ilu t io n  e f f e c t  b y  th e in c r e a s in g  liq u id  e n tra in m en t in  fo a m  la m e lla e ,  
as e v id e n c e d  e x p e r im e n ta lly  b y  th e  in crea se  in  fo a m a te  v o lu m e tr ic  ra tio  ( s e e  F ig u re  
5 .6 b ). T h e  resu lts  c a n  b e  e x p la in e d  b y  th e  fa c t  that a d d it io n  o f  sa lt  in c r e a se s  th e  f lo w  
rate o f  th e  in te r fa c ia l area  (a s  o b se r v e d  v is u a lly )  as a  r e su lt  fro m  an  in c r e a se  in  th e  
S D S  a d so rp tio n  at th e  a ir /w ater  in te r fa c e  o f  th e  p ro d u c e d  fo a m . In th e  c a s e  o f  e ith er  
K N O 3 or Ca(NC>3 ) 2  a d d it io n , the f lo w  rate o f  th e  p r o d u c e d  fo a m  w a s  fou n d  to  
in c r e a se  w h e r e a s  th e  fo a m a te  v o lu m e tr ic  ra tio  in c r e a se d  s l ig h t ly  w ith  in cr e a s in g  
ad d ed  c o u n te r io n  co n c e n tr a tio n . T h is  is  m o s t  l ik e ly  b e c a u s e  th e  f lo w  rate o f  
p ro d u ced  fo a m  (th e  in ter fa c ia l area) and  th e  liq u id  f i lm  d ra in a g e  b o th  a ffe c t  th e  
fo a m a te  v o lu m e tr ic  ratio . T h e se  resu lts  s u g g e s t  that an  a d d it io n  o f  K N O 3 or  
C a ( N 0 3 ) 2 p r o v id e s  h ig h e r  liq u id  fd m  d ra in a g e  or  th in n er  fo a m  f ilm  a s  co m p a red  to  
th e  s y s te m  w ith  N a N C >3 or M g (N 0 3 ) 2 a d d itio n . T h e  in c r e a se  in  fo a m  f ilm  d ra in age  
(or  fo a m  f ilm  th in n in g ) is  attr ib uted  to  th e  r e d u c tio n  in  r e p u ls iv e  in te r a c t io n  b e tw e e n  
th e  tw o  a ir -w a te r  in te r fa c e s  fa c in g  e a c h  o th er  in  a fo a m  f ilm  (d is jo in in g  p ressu re)  
w ith  in c r e a s in g  sa lt  a d d it io n (k n o w n  as th e  d o u b le  la y er  c o m p r e s s io n )  [3 4 ,3 5 ] , A s  a 
resu lt, p o ta ss iu m  and  c a lc iu m  w h ic h  are m o r e  e f f e c t iv e  in  n e u tr a liz a tio n  o f  the
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su r fa c e  c h a rg e  o f  su lfa te  h e a d g ro u p s  th an  so d iu m  and  m a g n e s iu m , r e s p e c t iv e ly , can  
d e c r e a se  fo a m  f ilm  th ic k n e ss  m o re  e f f e c t iv e ly .  F or a n y  g iv e n  so d iu m  sa lt, th e  
fo a m a te  v o lu m e tr ic  ratio  d e c r e a se d  w h e n  th e  c o u n te r io n  c o n c e n tr a t io n  in crea sed  
b e y o n d  10 m M . T h e se  r e su lts  are a lso  attr ib u ted  to  th e  r e d u c tio n  in  d is jo in in g  
p ressu re  at a v e r y  h ig h  c o u n te r io n  co n cen tra tio n .

Added counterion concentration (mM)
Without salt addition: Enrichm ent ratio of SD S = 40 .3, Foam ate volumetric ratio = 0 .006 , R esidual factor of SD S = 0 .764 , 
ร อ ร  recovery = 24 .1%, and Separation factor of SDS = 52.7

F ig u r e  5 .6  E f fe c t  o f  c o u n te r io n  a d d itio n  o n  (a ) e n r ic h m e n t ra tio , (b )  fo a m a te  
v o lu m e tr ic  ra tio , ( c )  r e s id u a l factor , (d )  r e c o v e r y , and  (e )  se p a r a tio n  fa c to r  o f  S D S  at 
an  air f lo w  rate o f  3 5  dn rV m in , a fe e d  f lo w  rate o f  6 0  m L /m in , a fo a m  h e ig h t o f  6 0  
c m , th e  n u m b er  o f  trays eq u a l to  5, and  a  fe e d  m o la r  ratio  o f  S D S /C d  o f  1 0 /1 .
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F or th e s tu d ied  sa lts , th e  res id u a l fa c to r  o f  S D S  d e c r e a se s  dra
m a t ic a lly  w h ile  th e  S D S  r e c o v e r y  in c r e a se s  su b sta n tia lly  w ith  in c r e a s in g  co u n ter io n  
c o n c e n tr a tio n , as sh o w n  in  F ig u r e s  6 c  and  6 d, r e s p e c t iv e ly . T h e  r e su lts  s u g g e s t  that 
th e  a d so rp tiv e  tran sp ort in c r e a se s  w ith  in c r e a s in g  c o u n te r io n  c o n c e n tr a t io n , lea d in g  
to  th e  e n h a n c e m e n t o f  th e  f lo w  rate o f  the in ter fa c ia l area o f  fo a m  (a s  o b se r v e d  v i 
su a lly ) . T h is  is  d u e  to  th e  fa c t  that an ad d ed  sa lt  in c r e a se s  P C 2 0 , fa c il ita t in g  surfactant 
a d so rp tio n  [6 ,3 4 ]  an d  su r fa ce  te n s io n  r e d u ctio n  [2 3 ] , and  in c r e a s in g  fo a m in g  e f f i 
c ie n c y  [7 ].

In th e  c a s e  o f  K N O 3 a d d it io n , w ith  in c r e a s in g  a d d ed  c o u n te 
r ion  c o n c e n tr a t io n , th e  e n r ic h m e n t ratio  o f  S D S  in c r e a se d  s l ig h t ly  w h e r e a s  th e  res id 
ual fa c to rs  o f  S D S  d e c r e a se d  su b sta n tia lly . T h e s e  resu lts  s u g g e s t  that th e  am o u n t o f  
S D S  tran sferred  w ith  th e  p ro d u c e d  fo a m  in c r e a se s  w ith  in c r e a s in g  a d d ed  co u n ter io n  
c o n c e n tr a tio n  an d  a d ilu t io n  e f fe c t  c a u se d  b y  th e  in c r e a s in g  liq u id  en tra in m en t in  
fo a m  la m e lla e  is  in s ig n if ic a n t .

In te r e s t in g ly , w ith  N a N C >3 a d d it io n , th e  r es id u a l fac to r  o f  S D S  
w a s  s lig h t ly  h ig h e r  than  that w ith  N a C l a d d itio n  at a  c o u n te r io n  c o n c e n tr a t io n  b e lo w  
10 m M . H o w e v e r , b e y o n d  an a d d ed  co u n te r io n  c o n c e n tr a t io n  o f  10  m M , th e  resid u a l 
fa c to rs  o f  S D S  o f  th e  s y s te m s  w ith  N a C l and N aN C >3 a d d it io n  w e r e  n o t  s ig n if ic a n tly  
d ifferen t. T h e  s m a ll d if fe r e n c e  in  th e  resid u a l fa c to r s  o f  S D S  is  l ik e ly  d u e  to  th e  d if 
fe r e n c e s  in  th e  h y d ra tio n  o f  th e  c h lo r id e  and  n itra te  a n io n s . D u e  to  th e  fa c t  that n i
trate d isp la y s  s l ig h t ly  sa lt in g - in  e f fe c t  o n  n o n -e le c tr o ly te s  in  a q u e o u s  so lu tio n  
w h e r e a s  c h lo r id e  e x h ib its  sa lt in g -o u t  e f fe c t  [3 6 ] . H e n c e , c h lo r id e  a n io n  ca n  d e h y 
drate th e  d o d e c y ls u lfa te  h ea d g ro u p  m o re  e f f e c t iv e ly  th an  n itra te , r e su lt in g  in  fa c il i
ta tin g  S D S  a d so r p tio n  and th u s th e  a d d itio n  o f  N a C l e x h ib its  th e  e n h a n c e m e n t o f  
S D S  r e c o v e r y . T h e s e  resu lts  are in  g o o d  a g r e e m e n t w ith  p r e v io u s  w o r k  [3 7 ]  in that 
th e  a n io n  w h ic h  is  m o re  s tr o n g ly  h yd ra ted  te n d s  to  d eh y d ra te  n e g a t iv e ly  ch arged  
p h o sp h o lip id  b ila y e r  m o re  e f fe c t iv e ly .

In c o m p a r iso n s  a m o n g  th e  s y s te m s  w ith  d if fe r e n t  m o n o v a le n t  
c o u n te r io n s , th e  s y s te m  w ith  K N O 3 a d d it io n  s h o w e d  a h ig h e r  e n h a n c e m e n t in  S D S  
r e c o v e r y  at a  c o n c e n tr a t io n  b e lo w  2 m M  b u t, b e y o n d  2 m M , th e  S D S  r e c o v e r y  o f  the  
sy s te m  w ith  K N O 3 w a s  lo w e r  th an  th o se  w ith  th e  o th er  s o d iu m  sa lts . T h e  resu lts  can  
b e  e x p la in e d  b y  th e h ig h e r  a b ility  o f  p o ta ss iu m  c o u n te r io n  to  p en etra te  the S te m
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la y er  as c o m p a red  w ith  th e  o th er  so d iu m  c a t io n s . H o w e v e r , b e y o n d  2  m M  o f  ad d ed  
c o u n te r io n  c o n c e n tr a t io n , th e  fo a m a te  v o lu m e tr ic  ra tio  o f  th e  s y s te m  w ith  th e  K N O 3 

rem a in ed  a lm o st  u n c h a n g e d  w h i le  th o se  w ith  th e o th er  s o d iu m  c a t io n s  in crea sed  
d r a stic a lly  w ith  in c r e a s in g  c o u n te r io n  c o n c e n tr a tio n . T h e se  r e su lts  in d ic a te  that the  
sep a ra tio n  e f f ic ie n c y  o f  S D S  b y  th e  p r e se n c e  in  th e  la m e lla  liq u id  (b u lk  liq u id  tran s
port) is  p ro m o ted  s ig n if ic a n t ly  w ith  th e a d d itio n  o f  so d iu m  c a t io n s , r e su lt in g  in  a d e 
c r e a s in g  res id u a l fa c to r  o f  S D S  an d  in c r e a s in g  S D S  r e c o v e r y  w h e r e a s  th e  b u lk  liqu id  
tran sp ort is  n o t  p r o m o te d  w ith  K N O 3 a d d itio n . In c o m p a r iso n s  b e tw e e n  th e  sy s te m s  
w ith  M g (N 0 3 ) 2  an d  Ca(NC>3 ) 2  a d d it io n , th e  larger  S D S  r e c o v e r y  fo r  th e  s y s te m  w ith  
M g (N 0 3 ) 2  a d d it io n  c a n  a lso  b e  e x p la in e d  b y  th e  s a m e  r e a so n in g .

A s  sh o w n  in  F ig u re  5 .6 , t h e  c o n c e n tr a t io n  o f  an y  g iv e n  d iv a 
len t c o u n te r io n s  req u ired  to  o b ta in  a  certa in  le v e l  o f  resid u a l fa c to r  o f  S D S  or S D S  
r e c o v e r y  w a s  m u c h  lo w e r  than th o se  o f  an y  m o n o v a le n t  c o u n te r io n s . T h e  resu lts  can  
b e  e x p la in e d  in  that th e  f lo w  rate o f  th e  in ter fa c ia l area  and  th e  su rfa cta n t a d so rp tio n  
d e n s ity  o f  p ro d u c e d  fo a m  are p ro m o ted  m o re  e f f e c t iv e ly  b y  d iv a le n t  c o u n te r io n s , as 
co m p a r e d  w ith  m o n o v a le n t  c o u n te r io n s . T h is  is  d u e  to th e  h ig h e r  a b ility  o f  d iv a le n t  
c o u n te r io n s  to  p en etra te  th e  a d so rb ed  d o d e c y l su lfa te  la y er , fa c il ita t in g  m o r e  su rfa c
tant a d so rp tio n  an d  su r fa c e  te n s io n  red u ction .

F or  all s tu d ie d  ad d ed  sa lt  e x c e p t  Ca(NC>3 ) 2  an d  K N O 3 , the  
sep a ra tio n  fa c to r  o f  S D S  ten d s to  b e  red u ced  to  a m in im u m  at a  cer ta in  a d d ed  c o u n te 
r ion  c o n c e n tr a tio n  an d  th en  in c r e a se s  s ig n if ic a n tly  w ith  further in c r e a s in g  c o u n ter io n  
c o n c e n tr a t io n , as sh o w n  in  F ig u re  5 .6 e . T h is  ca n  b e  e x p la in e d  b y  th e  c o m b in e d  e ffe c t  
b e tw e e n  th e  e n h a n c e m e n t  in  fo a m a te  v o lu m e tr ic  ratio  (r e d u c in g  th e  S D S  co n c e n tr a 
t io n  in  fo a m a te  an d  lo w e r in g  th e  sep ara tio n  fa c to r  o f  S D S )  an d  fo a m in g  e f f ic ie n c y  
( in c r e a s in g  th e  sep a ra tio n  facto r  o f  S D S ) . F or ad d ed  Ca(NC>3 ) 2  or  K N O 3 , th e  sep ara
t io n  fa c to r  o f  S D S  te n d s  to in c r e a se  w ith  in c r e a s in g  c o u n te r io n  c o n c e n tr a tio n , as 
sh o w n  in  F ig u re  5 .6 e , b e c a u se  o n ly  the fo a m in g  e f f ic ie n c y  b u t n o t  fo a m a te  v o lu m e t
r ic  ratio  is  e n h a n c e d  b y  th e  sa lt  a d d itio n .
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Without salt addition: Enrichment ratio of Cd = 1 6 5 , Residual factor of Cd = 0 .0 1 , Cd removal = 9 9 .0 %, 
and Separation factor of Cd = 1 6 0 0 0

F ig u r e  5 .7  E f fe c t  o f  c o u n te r io n  a d d it io n  o n  (a ) e n r ic h m e n t ra tio , (b )  r e s id u a l factor,
(e )  r e c o v e r y  o f  C d , an d  (d )  sep a ra tio n  factor  o f  C d  at an  air f lo w  rate o f  3 5  d m 3/m in , 
a  fe e d  f lo w  rate o f  6 0  m L /m in , a fo a m  h e ig h t o f  6 0  c m , th e  n u m b er  o f  trays eq u a l to  
5 , and  a fe e d  m o la r  ra tio  o f  S D S /C d  o f  1 0 /1 .

5.4.3.2 Separation Efficiency o f Cd
F ig u re  5 .7  s h o w s  the e f fe c t  o f  sa lt  a d d it io n  o n  th e  e n r ich m en t  

ratio , re s id u a l factor , r e c o v e r y , and  sep a ra tio n  facto r  o f  C d . A s  sh o w n  in  F ig u res  7a  
and  7 b , fo r  th e  s tu d ie d  sa lts , th e  e n r ich m en t ratio  o f  C d  d e c r e a se s  w h e r e a s  th e  re s id 
u al fac to r  o f  C d  te n d s  to  in c r e a se  w ith  in c r e a s in g  a d d ed  c o u n te r io n  c o n cen tra tio n . 
T h e se  resu lts  s u g g e s t  that th e  a m o u n t o f  C d  tran sferred  w ith  fo a m  ten d s to  d ec r e a se  
w ith  in c r e a s in g  ad d ed  co u n te r io n  co n c e n tr a tio n . A s  a  resu lt, th e  r e d u c tio n  in  en rich -
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m en t ratio  o f  C d  is  a ttr ib uted  to th e  d ecr e a se  in C d a d so rp tio n  at fo a m  in ter fa ce  and  
th e  d ilu t io n  e f fe c t  c a u se d  b y  the in c r e a s in g  liq u id  en tra in m en t in  fo a m  la m e lla e  
w h ic h  w a s  e v id e n c e d  e x p e r im e n ta lly  b y  th e in crea se  in  fo a m a te  v o lu m e tr ic  ratio  w ith  
in c r e a s in g  c o u n te r io n  c o n c e n tr a tio n  (F ig u re  5 .6 b ).

F or a ll s tu d ied  so d iu m  sa lts , at lo w  c o n c e n tr a t io n s , th e  re s id 
ual fac to r  o f  C d  d e c r e a se s  s lig h t ly  w ith  in c r e a s in g  c o u n te r io n  c o n c e n tr a t io n , as 
sh o w n  in  F ig u r e  5 .7 b . T h e  d e c r e a s in g  resid u a l fac to r  o f  C d  s u g g e s t  that C d 2+ is  p artly  
rep la ced  b y  th e  ad d ed  s o d iu m  c o u n te r io n  a d so rb in g  w ith  d o d e c y l su lfa te  (D S ')  at the  
a ir -w a te r  in ter fa ce . T h e  e x p la n a tio n  ca n  b e illu stra ted  b y  u s in g  th e io n  b in d in g  m o d 
e l [3 8 ] , as d is c u s s e d  b e lo w .

T h e  ad so rp tio n  o f  th e  d o d e c y l su lfa te  ( D S )  at b u b b le  su rfa ce  
can  b e  r e p r esen ted  b y  th e e q u ilib r iu m  rea c tio n  (E q u a tio n  5 .9 ):

N ( in t e r f a c e )  +  D S ~ ( b u lk )  ^  N D S " ( in t e r f a c e )  (5 .9 )

w h ere  N  d e n o te s  the g en era ted  b u b b le  su r fa ce  or e m p ty  s ite  a v a ila b le  for su rfactan t  
a d so rp tio n  an d  N D S 'd e n o t e s  the a d so rb ed  d o d e c y l su lfa te  at th e  b u b b le  su r fa ce  [3 8 ] . 
H o w e v e r , th e  b u b b le  s ta b iliz e d  b y  ad so rb ed  d o d e c y ls u lfa te  w ith o u t  th e  co u n te r io n  
from  a d d ed  sa lt  and  a d d ed  C d 2+ h a s a v e r y  sh ort li fe  t im e . It w a s  fo u n d  b y  v isu a l o b 
ser v a tio n  th at a S D S  so lu t io n  h a v in g  a  lo w  co n ce n tr a tio n  o f  0 .9  m M  c o u ld  n o t e x is t  
e v e n  1 c m  o f  s te a d y  fo a m  h e ig h t but th e  S D S  so lu t io n  w ith  10 m g /L  o f  C d 2+ c o u ld  
gen era te  h ig h ly  s ta b le  fo a m s  to p a ss  th ro u gh  th e fo a m  e x i t  o f  th e  c o lu m n . W ith  c a d 
m iu m  a d d it io n , C d 2+ in  b u lk  so lu t io n  ca n  co -a d so r b  w ith  th e  d o d e c y ls u lfa te  at b u b b le  
su r fa ce  (N D S ')  g iv e n  b y  E q u a tio n  5 .1 0 :

C d 2 + ( b u lk )  +  2 N D S " ( in t e r f a c e )  ^  N D S 2  — Cd ( in t e r f a c e )  (5 .1 0 )

w h ere  N D S 2 -C d  d e n o te s  th e  D S ' c o -a d so r b e d  w ith  C d 2+ at th e  b u b b le  su r fa ce  [3 8 ] ,
W ith  a se c o n d  sa lt, th e  ad d ed  c o u n te r io n  c a n  a lso  co -a d so r b  

w ith  th e a d so rb ed  d o d e c y ls u lfa te  at b u b b le  su r fa ce  (E q u a tio n  5 .1 1 ) ,  r e su lt in g  in  an  
in crea se  in  an ex tra  a m o u n t o f  d o d e c y l su lfa te  a d so rp tio n  in w h ic h  th e  rate o f  fo a m
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g en e r a tio n  is  su b se q u e n tly  in crea sed , as e v id e n c e d  b y  th e  r e d u c tio n  in  th e  resid u a l 
factor  o f  S D S  ( s e e  F ig u re  5 .6 c ) .

M n+(b u lk ) +  n N D S ~ (in te rface ) ^  NDSn — M ( in te r fa c e )  (5.11)

B e c a u se  d ifferen t c o u n te r io n s  w i l l  a c c u m u la te  at th e  in ter fa ce  
at d iffe r e n t d e g r e e s  d u e  to  th e  d ifferen t s p e c if ic  c o u n te r io n  e f fe c t  [3 9 ] ,  th e  e x c h a n g e  
o f  ad d ed  c o u n te r io n s  and  c a d m iu m  io n s  can  o ccu r  as sh o w n  in  E q u a tio n  5 .1 2 . 
nCd2 + (b u lk ) +  2N D S n — M ( in te r fa c e )  ^  nNDS 2 — Cd ( in te r fa c e )  +  2 M n + (b u lk ) (5 .1 2 )  
T h e  e q u ilib r iu m  co n sta n t o f  th e  c o u n ter io n  e x c h a n g e  r e a c tio n  (Kex) is  g iv e n  b y  E q u a 
t io n  5 .1 3 :

= <5 I 3 >

w h e r e  Kcd an d  K M are th e  e q u ilib r iu m  c o n sta n ts  c o r r e sp o n d in g  to  E q u a tio n  5 .1 0  and  
5 .1 1 , r e s p e c t iv e ly . T h e  e q u ilib r iu m  co n sta n t o f  th e  c o u n te r io n  e x c h a n g e  r ea c tio n  
(Kcx) su g g e s ts  that an in itia l ad d ed  c o u n ter io n  c o n c e n tr a t io n  req u ired  to  r e p la c e  a 
certa in  a m o u n t o f  c a d m iu m  at b u b b le  su r fa ce  or  s w a m p in g  c o u n te r io n  c o n c e n tr a tio n  
is  lo w e r  fo r  th e  ad d ed  c o u n te r io n  w ith  h ig h e r  K m . F or  th e  a d d it io n  o f  a m o n o v a le n t  
sa lt, th e  forw a rd  r ea c tio n  o f  th e  c o u n ter io n  e x c h a n g e  r e a c tio n  (E q u a tio n  5 .1 2 )  is  fa 
v o red  b e c a u se  o f  greater  a ttractive  in tera ctio n  b e tw e e n  a d iv a le n t  c a t io n  (c a d m iu m )  
and  tw o  d o d e c y ls u lfa te  io n s  than  that b e tw e e n  th e  ad d ed  m o n o v a le n t  c a t io n  and  o n e  
d o d e c y ls u lfa te  io n  in  th e  a d so rb ed  la yer . D u e  to  th e  c o u n te r io n  e x c h a n g e  rea c tio n , an  
ex tra  a m o u n t o f  d o d e c y l su lfa te  a d so rp tio n  p ro v id ed  b y  sa lt  a d d it io n  ( N D S n-M ) can  
c o -a d so r b  w ith  C d , r e su lt in g  in  d e c r e a s in g  resid u a l fa c to r  o f  C d 2+. A s  co m p a red  to  
th e  sy s te m  w ith o u t  sa lt  a d d it io n , th e  resu lts  r ev e a l th at th e  a d d it io n  o f  m o n o v a le n t  
sa lt at a lo w  c o n c e n tr a tio n  red u ces  th e  resid u a l fa c to r  o f  C d . T h is  c a n  b e  e x p la in e d  
b y  th e  sa m e  e x p la n a tio n . F lo w ev er , in  c a se  o f  d iv a le n t  Ca(NC>3 ) 2  an d  M g(NC>3 ) 2 , the  
resid u a l fa c to r  o f  C d rem a in ed  a lm o st  u n ch a n g ed  w ith  in c r e a s in g  c o u n te r io n  c o n c e n 
tration  at lo w  le v e ls  and w a s  h ig h er  as co m p a red  to  th e  s y s te m  w ith o u t  sa lt ad d itio n . 
T h e se  resu lts  s u g g e s t  that b o th  C d 2+ and th e d iv a le n t  C a 2+ or M g 2+ca n n o t rep la ce
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e a c h  o th er  for  a d so r b in g  w ith  th e D S ' at th e  a ir -w a te r  in te r fa c e . In o th er  w o rd , th e  
v a lu e s  o f  K cd an d  K m are in th e  sa m e  ord er o f  m a g n itu d e  (E q u a tio n  5 .1 3 ) .  T h is  is  b e 
c a u se  b o th  C d 2+ and  th e  d iv a le n t  C a2+ and  M g 2+ h a v e  a p p r o x im a te ly  th e  sa m e  a b ility  
to  p en etra te  th e  S te m  la yer , as d is c u sse d  in  th e  p r e v io u s  s e c t io n .

F or a ll s tu d ied  sa lts , at h ig h  c o u n te r io n  c o n c e n tr a t io n s , th e  re
s id u a l fac to r  o f  C d  in crea sed  su b sta n tia lly  w ith  in c r e a s in g  c o u n te r io n  co n c e n tr a tio n . 
T h e  resu lts  r e v e a l that at h ig h  c o u n ter io n  c o n c e n tr a tio n s , th e  c o m p e t it iv e  a d so rp tio n  
o f  c o u n te r io n  to  r e p la ce  th e  ad so rb ed  C d 2+ b e c o m e s  d o m in a n t. T h is  is  b e c a u se  th e  
c o u n te r io n  e x c h a n g e  rea c tio n  (E q u a tio n  5 .1 2 )  is  d r iv en  b a ck w a rd  b y  th e  in crea se  in  
in itia l ad d ed  c o u n te r io n  co n cen tra tio n . M o r e o v e r , th e  in it ia l ad d ed  c o u n te r io n  c o n 
cen tra tio n  req u ired  to  m a in ta in  th e resid u a l factor  o f  C d  to  a  certa in  d e g r e e  ( i.e . 0 .1 )  
is  co rre la ted  w e l l  w ith  th e sw a m p in g  c o u n te r io n  c o n c e n tr a t io n  an d  it is  fo u n d  to  in 
c r e a se  in  th e  fo l lo w in g  order: C a2+ <  M g 2+ «  K + <  N a +. F ig u re  5 .7 c  s h o w s  th e re
m o v a l o f  C d  as a  fu n c tio n  o f  c o u n ter io n  co n ce n tr a tio n  o f  d if fe r e n t  sa lts . T h e e f f e c 
t iv e n e s s  fo r  C d  sep a ra tio n  e f f ic ie n c y  in  term s o f  C d  r e m o v a l is in  g o o d  a g reem en t  
w ith  th e resid u a l fa c to r  o f  C d , as d is c u sse d  a b o v e .

T h e  e f fe c t  o f  c o - io n s  o n  th e  res id u a l fa c to r  o f  C d  w a s  furth er  
in v e s t ig a te d  b y  a d d in g  d iffe r e n t so d iu m  sa lts  (N a C l, N a 2 S Û 4 and  N a N C E ) at v a r io u s  
c o - io n  c o n c e n tr a t io n s , as sh o w n  in  F ig u re  5 .7 b . T h e  re s id u a l fa c to r  o f  C d  w a s  fo u n d  
to  b e  s lig h t ly  lo w e r  for  th e  s y s te m  w ith  N aN C E  a d d it io n  as c o m p a r e d  w ith  that w ith  
N a C l a d d itio n . T h is  resu lt in d ic a te s  that c a d m iu m  io n  h a s  le s s  a b ility  to  c o m p e t it iv e 
ly  ad sorb  w ith  s o d iu m  io n  in  th e  p r e se n c e  o f  N a C l than  th at o f  N aN C E  b e c a u se  c r  
ca n  react w ith  free  c a d m iu m  io n  u n d er th e s tu d ied  a n io n  c o n c e n tr a t io n  ran g e  to  fo rm  
a le s s  su r fa ce  a c t iv e  c a d m iu m -c o n ta in in g  sp e c ie  ( i .e .  C d C l+), r e su lt in g  in  a lo w e r  
a m o u n t o f  a d so rb ed  C d 2+at th e  a ir -w a te r  in ter fa ce  o f  fo a m  fo r  th e  s y s te m  w ith  N a C l  
as co m p a r e d  w ith  that w ith  N aN C E .

B e c a u se  th e  co n ce n tr a tio n  o f  c a d m iu m  n itrate  c o m p le x  is  v ery  
lo w  u n d er th e  s tu d ie d  ran g e  o f  n itrate co n c e n tr a tio n , a s  r e v e a le d  in  F ig u r e  5 .2 a , the  
d e c r e a se  in  C d  r e m o v a l at a h ig h  N aN C E  c o n c e n tr a tio n  is  m a in ly  d u e  to  th e  ro le  o f  
th e  so d iu m  c o u n te r io n  and  n o t d u e to  fo rm a tio n  o f  c a d m iu m  n itrate  c o m p le x . T h e  
c o n g lu tin a tio n  m e c h a n ism  [ 1 2 ], b y  w h ic h  the m e ta l-d o d e c y ls u lfa te  c o m p le x  is  
fo rm ed  in  th e  liq u id  at first and  th en  ad h ere  to  th e  b u b b le s , c a n n o t  g iv e  a  ration al e x 
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p la n a tio n  for  th is  resu lt b e c a u se  N a -d o d e c y ls u lfa te  c o m p le x  d o e s  n o t th e o r e tic a lly  
e x is t  in  a q u e o u s  s o lu t io n  u n d er th e  s tu d ied  co n c e n tr a tio n . H e n c e , th e se  re su lts  s u g 
g e s t  the a d so rp tio n  m e c h a n ism  [ 1 2 ], in  w h ic h  d o d e c y l su lfa te  io n s  a d so rb  at the a i r -  
w a ter  in ter fa ce  first and  th en  c o u n te r io n s  (C d 2+ and  N a +) c o m p e t it iv e ly  co -a d so r b  
w ith  d o d e c y l su lfa te .

A s  sh o w n  in F igu re 5 .7 d , for  a ll s tu d ie d  ad d ed  sa lts , th e  s e p a 
ration  factor  o f  C d  d e c r e a se s  w ith  in c r e a s in g  ad d ed  c o u n te r io n  c o n c e n tr a t io n  b e c a u se  
o f  in c r e a se s  in  b o th  liq u id  en tra in m en t in  fo a m  and  th e  c o m p le t iv e  a d so rp tio n  o f  
ad d ed  co u n te r io n  w ith  C d  w ith  in c r e a s in g  c o u n te r io n  c o n c e n tr a t io n . In c o m p a r iso n s  
b e tw e e n  m o n o v a le n t  and  d iv a le n t c a tio n s , th e  e f fe c t s  o f  d iv a le n t  c a tio n  (e ith e r  M g 2+ 
or C a 2+) o n  th e sep a ra tio n  fa c to r  o f  C d  w e r e  m u c h  h ig h e r  th an  th o se  o f  a ll m o n o v a 
len t c a t io n s , s u g g e s t in g  that th e  ad d ed  d iv a le n t  c a t io n s  ( M g 2+ an d  C a 2+) h a v e  h ig h e r  
a b ility  to  c o m p e t it iv e ly  ad sorb  w ith  C d 2+. F or  all s tu d ied  m o n o v a le n t  sa lts , a lth o u g h  
th e  e f fe c t iv e n e s s  for  C d  r e m o v a l is  e n h a n c e d  at a lo w  a d d ed  c o u n te r io n  c o n c e n tr a 
t io n , th e  sep a ra tio n  fa c to r  o f  C d  d e c r e a se s  su b sta n tia lly  w ith  furth er in c r e a s in g  ad d ed  
c o u n te r io n  c o n c e n tr a tio n  b e c a u se  o f  th e  in c r e a s in g  liq u id  e n tra in m en t in  fo a m  at h ig h  
a d d ed  c o u n te r io n  c o n c e n tr a tio n s . H o w e v e r , th e  a d d it io n  o f  1 m M  N a N C >3 g a v e  a 
m u c h  h ig h er  sep a ra tio n  facto r  o f  C d as co m p a r e d  to th e  s y s te m  w ith o u t  sa lt  ad d itio n . 
T h e  resu lts  ca n  b e  e x p la in e d  in  that th e  a d d it io n  o f  1 m M  N a N C >3 ca n  p r o v id e  a h ig h  
f lo w  rate o f  th e  in ter fa c ia l area w ith  a sm a ll fo a m a te  v o lu m e tr ic  ratio  ( s e e  F ig u re  
5 .6 b ). H e n c e , a  sm a ll a d d itio n  o f  m o n o v a le n t  co u n te r io n  w ith  lo w  a b ility  to  c o m p e t i
t iv e ly  ad so rb  w ith  th e  C d  io n s  and  c o - io n  w ith o u t  a b ility  to  fo r m  a le s s  su r fa c e  a c t iv e  
c o m p le x  w ith  C d  io n s  is  r e c o m m e n d e d  fo r  m a x im iz in g  C d  r e m o v a l u s in g  c o n tin u o u s  
m u ltis ta g e  io n  fo a m  fra c tio n a tio n .

5 .5  C o n c lu s io n s

T h e  e f fe c t iv e n e s s  for  C d  rem o v a l w a s  fo u n d  to  d e c r e a se  w ith  th e  a d d itio n  o f  
sa lts  e s p e c ia lly  at h ig h  c o n cen tra tio n s  b e c a u se  th e  p r e se n c e  o f  ad d ed  sa lts  can  red u ce  
th e  a b ility  o f  C d  to  ad sorb  at th e  a ir -w a te r  in ter fa ce  o f  fo a m . T h e  c a tio n  c o u n ter io n  
d er iv ed  from  an ad d ed  sa lt can  c o m p e te  w ith  C d io n  to  ad so rb  at th e  a ir -w a te r  
in ter fa ce  at a cer ta in  c o n cen tra tio n , d e p e n d in g  o n  th e  a b ility  o f  c o u n te r io n s  to
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p en etra te  th e  a d so rp tio n  layer  (S te m  la yer). T h e  e f fe c t  o f  ad d ed  c o u n ter io n  
co n ce n tr a tio n s  o n  th e  red u ctio n  o f  C d r em o v a l w a s  fo u n d  to  b e  in  th e  fo l lo w in g  
order: C a 2 +> M g 2+» K +> N a + w h e r e a s  th e  ad d ed  a n io n s  ( c o - io n s )  had  a  litt le  e ffe c t . 
T h e  S D S  r e c o v e r y  w a s  fou n d  to  im p ro v e , d e p e n d in g  o n  ty p e  o f  ad d ed  sa lt  b e c a u se  
th e  re p u ls io n  fo rce  b e tw e e n  th e  h ead  gro u p s o f  S D S  is  g r e a tly  red u ced  b y  a d d in g  
c o u n te r io n s , le a d in g  to  in cr e a s in g  S D S  a d so rp tio n  at th e  a ir -w a te r  in te r fa c e  o f  fo a m . 
A  sm a ll am o u n t o f  m o n o v a le n t  c o u n ter io n  w ith  lo w  a b ility  o f  c o m p e t it iv e  ad so rp tio n  
w ith  C d 2+ ( i.e . 0 .1  raM  N a N C h ) can  e n h a n c e  th e r e m o v a l e f f ic ie n c y  o f  C d 2+ b y  
c o n tin u o u s  m u lt is ta g e  io n  fo a m  fra ctio n a tio n .

5 .6  A c k n o w le d g e m e n t s

T h e  fin a n c ia l su p port fro m  th e T h a ila n d  R ese a r c h  F u n d  th ro u gh  th e R o y a l 
G o ld e n  J u b ile e  P h .D . P rogram  (G rant N o , P H D /0 0 5 9 /2 5 5 0 )  to  V isa r u t R u jira w a n ich  
and  an A d v a n c e d  R e se a c h  S c h o la r  G rant (B R G 5 0 8 0 0 2 8 )  to  th e  c o r r e sp o n d in g  
au th or are a c k n o w le d g e d . T h e  R esea rch  U n it  o f  A p p lie d  S u rfa c ta n ts  fo r  S ep ara tio n  
and  P o llu tio n  C o n tro l u n der th e  R a tch a d a p isa k  S o m p h o t  F u n d , C h u la lo n g k o r n  
U n iv e r s ity , is  a ls o  a c k n o w le d g e d  for  p r o v id in g  fin a n c ia l su p p o rt fo r  th is  research .
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