
CHAPTER III
REMOVAL OF TRACE Cd2+ USING CONTINUOUS MULTISTAGE ION 

FOAM FRACTIONATION: PART I—THE EFFECT OF FEED SDS/Cd
MOLAR RATIO

3.1 Abstract

In th is  re sea rch , a c o n tin u o u s  m u lt is ta g e  io n  fo a m  fr a c t io n a tio n  c o lu m n  w ith  
b u b b le -c a p  trays w a s  e m p lo y e d  to  r e m o v e  c a d m iu m  io n s  fro m  s im u la te d  w a ste w a te r  
h a v in g  c a d m iu m  io n s  at a  lo w  le v e l (1 0  m g /L ). In th is  s tu d y , s o d iu m  d o d e c y l  
su lp h a te  ( S D S )  w a s  u se d  to  g en era te  th e  fo a m . A n  in c r e a se  in  fe e d  S D S /C d  m o la r  
ratio  e n h a n c e d  th e  r e m o v a l o f  C d . H o w e v e r , th e  S D S  c o n c e n tr a t io n  a b o v e  a certa in  
le v e l  resu lted  in  w e tte r  fo a m s , le a d in g  to h a v in g  a h ig h  v o lu m e  o f  g e n e r a te d  fo a m  
that lo w e r e d  b o th  th e  e n r ic h m e n t ratio  and  sep a ra tio n  fa c to r  o f  th e  C d . T h e  S D S  
r e c o v e r y  ten d ed  to  in c r e a se  w ith  in c r e a s in g  fe e d  S D S /C d  m o la r  ra tio . T h e  m o la r  ratio  
o f  S D S /C d  in  fo a m a te  w a s  fo u n d  to b e  c lo s e  to  th e  th e o r e tic a l a d so r p tio n  m o la r  ratio  
o f  2 / 1  o n  th e a ir -w a te r  in te r fa c e  o f  fo a m  w h e n  th e  s y s te m  w a s  o p er a te d  at a fe e d  
S D S /C d  m o la r  ra tio  in  th e  ran g e  o f  2/1 to  7 /1 . Ion  fo a m  fr a c t io n a tio n  h a s b e e n  
d e m o n stra ted  in  th is  stu d y  to  b e  a p r o m is in g  te c h n iq u e  fo r  h ig h  h e a v y  m e ta l r em o v a l  
(m o r e  th an  9 9 % ) for  a fe e d  h a v in g  a lo w  h e a v y  m e ta l c o n c e n tr a t io n  in  th e  p p m  
(m g /L )  le v e l.

Keywords: io n  fo a m  fra ctio 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

* A c c e p te d  b y  Jou rn al o f  H a za rd o u s M a ter ia ls



30

3 .2  I n tr o d u c t io n

T h e  r e m o v a l o f  h e a v y  m eta l io n s  is  o f  p articu lar  in te r e s t  in  h a za rd o u s w a ste  
m a n a g e m e n t d u e  to  th e ir  s e v e r e  to x ic ity  to  l iv in g  o r g a n ism s . T h e ir  h ig h  so lu b ility  in  
a q u atic  e n v ir o n m e n ts  m a k e s  th em  a c c u m u la te  in  th e  fo o d  c h a in  [1 ] , N u m e r o u s  
trea tm en t te c h n iq u e s  are n o w  a v a ila b le  for  r e m o v in g  h e a v y  m e ta l io n s  fr o m  a q u eo u s  
so lu t io n s . T h e se  in c lu d e  c h e m ic a l p rec ip ita tio n , s o lv e n t  e x tr a c t io n , io n  e x c h a n g e ,  
m em b ra n e  f iltra tio n , an d  e le c tr o ly s is . H o w e v e r , th e s e  m e n tio n e d  te c h n iq u e s  are n o t  
c o n s id e r e d  to  b e  e c o n o m ic a l ly  fe a s ib le  fo r  trea tin g  la rge  v o lu m e s  o f  w a ste w a te r s  
c o n ta in in g  h e a v y  m e ta ls  at lo w  le v e ls  d u e to  th e  h ig h  o p e r a tio n a l c o s t , w h ic h  resu lts  
from  la rge  v o lu m e s  o f  c h e m ic a ls  an d /or  h ig h  e n e r g y  c o n su m p tio n  [2 ,3 ] . It h as b een  
sh o w n  that w h e n  trea tin g  a  large  v o lu m e  o f  d ilu te  w a s te w a te r  w ith  so lv e n t  
e x tr a c t io n , th e  lo s s  o f  th e  s o lv e n t  and th e  h ig h  c o s t  o f  th e  e n e r g y  are  s ig n if ic a n t  
e c o n o m ic  p r o b le m s  [4 ], M o s t  e le c tr o ly t ic  p r o c e s s e s  are in e f f e c t iv e  at lo w  h eavy-  
m eta l c o n c e n tr a t io n s  d u e  to  th e  lo w  m a ss-tr a n sfe r  rate, le a d in g  to  h ig h  e n e r g y  
c o n su m p tio n  [5 ], L im e  p r e c ip ita tio n  h as b e e n  fo u n d  to  b e  o n e  o f  th e  m o s t  e f fe c t iv e  
h e a v y  m eta l r e m o v a l te c h n iq u e s , i f  th e  h e a v y  m e ta l c o n c e n tr a t io n  is  h ig h e r  than  1 0 0 0  

m g /L ; h o w e v e r , it s t i ll  req u ires  a  la rge  a m o u n t o f  l im e  an d  p r o d u c e s  a  la rg e  q u an tity  
o f  r e s id u e  [3 ],

A d so r p t iv e  b u b b le  sep a ra tio n , in c lu d in g  fo a m  fr a c t io n a tio n , is  b a se d  o n  th e  
s e le c t iv e  a d so rp tio n  or a tta ch m en t o f  m a ter ia ls  o n to  th e  su r fa c e s  o f  g a s  b u b b les  
r is in g  th ro u gh  a s o lu t io n  [6 ]. T h e  fo a m  fra c tio n a tio n  o f  io n s  is  s im ila r  to  io n  flo ta tio n  
b ut u se s  an e x c e s s  o f  su rfactan t or  a p rop er  fro th er to  p r o d u c e  s ta b le  fo a m  [7 ], T h is  
p r o c e ss  o f fe r s  m a n y  a d v a n ta g e s  fo r  th e  trea tm en t o f  in d u str ia l w a s te w a te r s  co m p a red  
to  o th er  treatm en t p r o c e s s e s , in c lu d in g : lo w  s p a c e  an d  e n e r g y  r e q u irem en ts; s im p le  
p lan t d e s ig n , o p e r a tio n , and sc a le -u p ; and lo w  ca p ita l and  o p e r a tin g  c o s t s  [ 8 ], N o t  
o n ly  su rfa cta n ts  are r e m o v e d  b y  a d so rp tio n  at th e  a ir - l iq u id  in te r fa c e s , b ut o th er  
c o m p o n e n ts  that fo rm  c o m p le x e s  w ith  th e  su rfa cta n ts  a ls o  te n d  to  b e  co n cen tra ted
[9 ].

F o a m  fr a c tio n a tio n  p r o c e s s e s  c a n  b e  u se d  to  c o n c e n tr a te  an d  r e m o v e  
d is s o lv e d  m a ter ia ls , in c lu d in g  su r fa ce  a c t iv e  s o lu te s  fro m  a q u e o u s  so lu t io n s . In a 
fo a m  fra c tio n a tio n  o p er a tio n , a ir is  in tro d u ced  in to  th e  s y s te m  to  g en era te  air
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b u b b le s , and  su r fa c e  a c t iv e  s o lu te s  ad sorb  p r e fe r e n tia lly  at th e  b u b b le - liq u id  
in ter fa ce . T h e  b u b b le s  p r o ceed  u p w ard s to  th e  to p  o f  th e  c o lu m n  to  p r o d u ce  foam . 
T h is  fo a m  la yer  (fro th ) can  p h y s ic a lly  b e  sep a ra ted  fro m  th e  b u lk  liq u id  and th e  
su r fa ce  a c t iv e  s o lu te s  are s im u lta n e o u s ly  r e m o v e d . O n ly  a  sm a ll v o lu m e  o f  en tra in ed  
liq u id  is  carr ied  w ith  th e  b u b b le s  in to  th e  fo a m  p h a se  (fro th ) d u e  to  th e  gra v ita tio n a l 
liq u id  fd m  d ra in a ge . O n c e  th e  fo a m  c o l la p s e s , th e  c o n c e n tr a te d  liq u id  (fo a m a te )  
c o n ta in s  th e  su r fa ce  a c t iv e  so lu te  at a m u ch  h ig h e r  c o n c e n tr a t io n  than  that fou n d  in  
th e  fe e d . T o  m a x im iz e  th e  sep a ra tio n  e f f ic ie n c y  in  term s o f  th e  e n r ic h m e n t ratio  and  
th e  r e m o v a l o f  th e  su rfactan t, th e  fo a m  fra c tio n a tio n  c o lu m n  h a s to  p ro d u ce  ju s t  
s u ff ic ie n t ly  s ta b le  fo a m  w ith  h ig h  liq u id  f ilm  d ra in a g e  [ 1 0 ].

In r e m o v in g  trace  h e a v y  m eta l io n s  fro m  a d ilu te  w a s te w a te r  w ith  large  
v o lu m e , th e  io n  fo a m  fr a c tio n a tio n  ap p ears to  b e  p a r ticu la r ly  p r o m is in g  [1 1 ] , Ion  
f lo ta tio n  < fo a m  fr a c tio n a tio n >  w a s  s h o w n  to  h a v e  th e  h ig h e s t  c o p p e r  r e c o v e r y  to  the  
lo w e s t  re s id u a l c o p p e r  co n ce n tr a tio n  as co m p a red  w ith  io n , p r e c ip ita te , an d  so rp tiv e  
f lo ta t io n  [1 2 ] . Ion  fo a m  fra c tio n a tio n  w a s  fo u n d  to  o f fe r  h ig h  m e ta l r e m o v a l ( - 1 0 0  
% ) at a lo w  fe e d  m eta l c o n c e n tr a tio n  (5 0  m g /L )  w ith  b o th  lo w  c h e m ic a l and  e n e r g y  
c o s t s  [3 ]. H o w e v e r , th e  m a in  p ro b lem  o f  io n  fo a m  fr a c tio n a tio n  is  that n early  
c o m p le te  r e m o v a l ( > 9 9  % ) a lw a y s  y ie ld s  a la rg e  v o lu m e  o f  fo a m a te  w ith  a lo w  
h e a v y  m e ta l e n r ic h m e n t ratio  w h ile  dry fo a m  a lw a y s  c o m e s  w ith  lo w  h e a v y  m eta l 
r e m o v a l e f f ic ie n c y  [1 3 ,1 4  ,1 5 ] .

Io n  fo a m  fr a c tio n a tio n  h a s  m a n y  a ttractive  fea tu res  fo r  r e m o v in g  trace  m eta l 
io n s  fro m  a q u e o u s  s o lu t io n s  [ 1 2 -1 7 ] .  H o w e v e r , m o s t  o f  th e  s tu d ie s  w e r e  in  lab  sc a le  
w ith  a  s in g le  s ta g e  an d  b atch  m o d e  o f  o p era tio n  [ 1 4 - 1 5 ,1 7 - 2 0 ]  w h i le  a  f e w  o f  th em  
w e r e  carr ied  ou t in  c o n tin u o u s  m o d e  [1 3 ,2 1 ] ,  O n ly  o n e  stu d y  fo c u s e d  o n  p r o c e ss  
d e s ig n  to  red u ce  th e  in terstitia l liq u id  or liq u id  h o ld -u p  in  th e  fo a m  [2 1 ] . Further  
d e v e lo p m e n t  o f  io n  fo a m  fra c tio n a tio n  e q u ip m e n t and  p r o c e s s e s  is  s t i ll  n e e d e d  to  
im p r o v e  th e sep a ra tio n  e f f ic ie n c y  b y  r e d u c in g  liq u id  h o ld -u p  in  th e  fo a m  w ith o u t  
c a u s in g  fo a m  c o lla p s e .

F rom  ou r p r e v io u s  s tu d y , th e  sep a ra tio n  e f f ic ie n c y  o f  m u lt is ta g e  fo a m  
fr a c tio n a tio n  for  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 tio n ic  
su rfactan t, from  w a te r  w a s  fo u n d  to  b e  m u c h  h ig h e r  th an  that in  a  s in g le -s ta g e  
sy s te m , e s p e c ia l ly  in  term s o f  th e  e n r ich m en t ra tio  an d  % r e c o v e r y  o f  th e  C P C  [2 2 ] ,
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In th is  p r e se n t s tu d y , w e  e x te n d  th e  a p p lic a tio n  o f  c o n t in u o u s  m u lt is ta g e  foam  
fra c tio n a tio n  w ith  b u b b le -c a p  trays for th e  r e m o v a l o f  tra ce  h e a v y  m e ta ls . T h e  
p u rp o se  o f  th is  w o r k  w a s  to  d em o n stra te  c o n t in u o u s  m u lt is ta g e  io n  foam  
fra c tio n a tio n  for  th e  r e m o v a l o f  tra ce  h e a v y  m e ta ls  fr o m  w a s te w a te r s . C a d m iu m  w a s  
se le c te d  as a  m o d e l h e a v y  m eta l an d  so d iu m  d o d e c y l  su lfa te  ( S D S )  w a s  u sed  to  
g en era te  fo a m  in  th e  p resen t w o rk . T h e  e f fe c t  o f  f e e d  S D S /C d  m o la r  ratio  w a s  
in v e s t ig a te d .

3 .3  E x p e r im e n t a l

3 .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 )  an d  c a d m iu m  n itra te  (C d (N 0 3 ) 2 -4 H 2 0 ) 

w ith  a p u r ity  o f  9 7  % an d  >  9 9  % , r e s p e c t iv e ly , w e r e  o b ta in e d  fro m  C A R L O  E R B A  
R E A G E N T I (Ita ly )  an d  u se d  a s  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 .

3 .3 .2  S e tu p  o f  T h e  M u ltis ta g e  F oa m  F r a c tio n a tio n  U n it
T h e  m u lt is ta g e  io n  fo a m  fra c tio n a tio n  ap p aratu s u se d  in  th is  stu d y  and  

th e  a rra n gem en t and  th e  d im e n s io n s  o f  th e  b u b b le -c a p s  in  e a c h  tray are s h o w n  in  
F ig u re  3 .1 . 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  fro m  an acry lic  
c y lin d e r  w ith  a  1 7 .4  c m  in n er  d ia m e te r  and w a s  a s s e m b le d  to  h a v e  d if fe r e n t  trays o f  
up to  5 s ta g e s . E a ch  tray  had  2 2  b u b b le  ca p s  w ith  a w e ir  h e ig h t  o f  6  c m  an d  a cap  
d ia m eter  o f  2  c m . T h e  tray sp a c in g  w a s  15 c m . E a ch  b u b b le  ca p  tray , e x c e p t  the  
lo w e s t  tray , h ad  a  d o w n c o m e r  w ith  a  d ia m eter  o f  4  c m  to  a l lo w  liq u id  o v e r f lo w  to  a 
lo w e r  tray. T h e  liq u id  le v e l  in  e a c h  tray w a s  f ix e d  at a  w e ir  h e ig h t  o f  3 c m . O n the  
top  tray, th ere  w a s  a  fo a m  c o lu m n  h a v in g  th e  s a m e  in n er  d ia m e te r  ( 1 7 .4  c m )  and  
d iffe r e n t fo a m  o u tle t  h e ig h ts  at 3 0 , 6 0 , and 9 0  cm .

3 .3 .3  O p era tio n  o f  T h e  M u ltis ta g e  F o a m  F r a c tio n a tio n  U n it
T h e  io n  fo a m  fra c tio n a tio n  s y s te m  w ith  5 trays w a s  o p era ted  in 

c o n tin u o u s  m o d e  in  th is  stu d y . A  10 m g /L  C d  fe e d  s o lu t io n  w a s  prep ared  by  
d is s o lv in g  C d (N 0 3 ) 2 '4 H 2 0  in  d e io n iz e d  w a ter . S D S  w a s  th en  ad d ed  in to  th e  feed
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s o lu t io n  to  h a v e  d if fe r e n t  fe e d  S D S /C d  m o la r  ra tio s . T h e  fe e d  so lu t io n  w a s  
c o n t in u o u s ly  fe d  in to  th e  to p  o f  th e  c o lu m n  at d if fe r e n t  f e e d  f lo w  rates in th e  ran g e  o f  
2 5 - 1 0 0  m L /m in  c o r r e sp o n d in g  to  th e  fe e d  f lu x  f lo w  rate o f  1 - 4  L /m in  m 2 b y  u s in g  a 
p er is ta lt ic  p u m p  (M a ster flex ® , L /S®  D ig ita l D r iv e s ) . 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  b e lo w  th e b o tto m  tray an d  th e  air f lo w  rate w a s  regu la ted  
in  th e  ran g e  o f  3 0 - 1 0 0  L /m in  u s in g  a  ro tam eter . 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  p er fo r m a n c e  o f  io n  fo a m  fr a c tio n a tio n  in  th e  ran g e  o f  15 °c to  3 4  
๐c, [1 3 ] , th e  e x p e r im e n ts  w e r e  carr ied  ou t at ro o m  tem p era tu re , 2 5 - 2 7  °c. T h e  fo a m  
at th e  to p  o f  th e  c o lu m n  w a s  c o l le c te d  b y  a l lo w in g  it to  f lo w  o u t at d iffe r e n t fo a m  
h e ig h ts  o f  3 0 , 6 0 , and 9 0  cm . T h e  c o l le 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  fo a m a te .

T h e  s tu d ie d  sy s te m  w a s  first o p era ted  to  d e te r m in e  th e  t im e  to  
e s ta b lish  s te a d y  sta te , w h ic h  w a s  arou n d  6  h . S te a d y  s ta te  w a s  e n su red  w h e n  all 
m ea su red  p a ra m eters  w e r e  in v aria n t w ith  tim e . A fte r  s te a d y  sta te  c o n d it io n s , sa m p le s  
o f  th e  fe e d  s o lu t io n , th e  c o lla p se d  fo a m  s o lu t io n  ( fo a m a te ) , an d  th e  e f f lu e n t  w er e  
c o l le c te d  an d  a n a ly z e d  fo r  S D S  and  C d  c o n cen tra tio n s;  A l l  s a m p le s  w e r e  a c id if ie d  
w ith  co n c e n tr a te d  n itr ic  a c id  to a p H  b e lo w  2  for  p re se r v a tio n . B o th  v o lu m e tr ic  f lo w  
rates o f  fo a m a te  and  e f f lu e n t  w e r e  a ls o  m e a su red . T h e  d ata  w e r e  o b ta in ed  fro m  at 
lea st th ree  ru n s an d  th e  a v e r a g e  d ata  w e r e  u sed  to  a s s e s s  th e  p r o c e s s  p er fo r m a n c e  o f  
th e  m u lt is ta g e  io n  fo a m  fra c tio n a tio n  sy s te m . B y  p e r fo r m in g  m a ss  b a la n c e s  o f  the  
c a d m iu m  an d  th e  S D S , th e  a v e r a g e  error w a s  fo u n d  to  b e  le s s  th a n  10 %.

3 .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 t io n  o f  S D S  w a s  m e a su r e d  b y  a  to ta l o r g a n ic  carb 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 a d m iu m  io n s  w a s  
d eterm in ed  b y  an  a to m ic  a d so rp tio n  sp e c tr o sc o p e  ( A A S  , V a r ia n , S p e c tr A A  3 0 0 ) . T o  
e lim in a te  S D S  in te r fe r e n c e  o n  th e  c a d m iu m  a n a ly s is , a  c a d m iu m  standard  so lu t io n  
c o n ta in in g  S D S  at th e  sa m e  c o n c e n tr a tio n  as in  a n y  d ilu te d  sa m p le  w a s  u se d  for  
o b ta in in g  th e  c a lib r a tio n  c u rv e  [2 3 ] , A c c o r d in g  to  th e  A A S  s p e c if ic a t io n , the  
m ea su r e m e n t ran g e  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 . E x c e e d in g  th is  
co n ce n tr a tio n  ran g e , th e  c a lib ra tio n  p lo ts  u su a lly  d e v ia te  from  lin e a r ity . T h ere fo re , 
all sa m p le  s o lu t io n s  w e r e  d ilu ted  to  a p p r o x im a te ly  a 1 m g /L  C d  c o n c e n tr a t io n  b e fo re
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th e  a n a ly s is . T h e  r e c o m m e n d e d  w a v e le n g th  o f  2 2 8 .8  n m  fo r  c a d m iu m  a n a ly s is  w a s  
e m p lo y e d  in  th e  a n a ly s is . T h e  su rfa ce  te n s io n  w a s  m e a su r e d  b y  u s in g  a d rop  sh ap e  
a n a ly s is  in stru m en t (K r u ss , D S A  10 ). T h e  p en d e n t te c h n iq u e  w a s  u se d  to m ea su re  
th e  su r fa ce  te n s io n  o f  su rfactan t s o lu t io n s  c o n ta in in g  d iffe r e n t c o n c e n tr a tio n s  o f  
S D S , Cd(NC>3 ) 2  an d  NaNC>3 . T h e  sa m p le  ch a m b er  tem p era tu re  w a s  k ep t co n sta n t at 
roo m  tem p era tu re  ( 2 5 - 2 7 ° C )  and th e  h u m id ity  in  th e  sa m p le  ch a m b e r  w a s  k ep t  
satu rated  in  ord er  to  m in im iz e  th e  ev a p o r a tio n  e f fe c t  d u r in g  m e a su r e m e n ts .

3 .3 .5  C a lc u la tio n s
T h e  p r o c e s s  p er fo r m a n c e  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  c o lu m n  w a s  a s s e s s e d  b y  c a lc u la t in g  th e  e n r ic h m e n t ra tio s  o f  S D S  and  
C d , % S D S  r e c o v e r y , % C d  r e m o v a l, th e  fo a m a te  v o lu m e tr ic  ratio  (V f/V j), th e  
resid u a l fa c to rs  o f  S D S  an d  C d , and  th e  sep a ra tio n  fa c to r s  o f  S D S  and  C d  [2 4 ] . A ll  
a ss e s s m e n t  p a ra m eters  are d e sc r ib e d  a s  fo llo w s :  '

E n r ich m en t ra tio  =•■  ■ C f / C i , (3 .1 )
% S D S  r e c o v e r y  or % C d  r e m o v a l = ( V j C j  —V eC e) ( l  0 0 ) / ( V j C j ) , (3 .2 )

R e s id u a l fa c to r  = C e / C i , (3 .3 )
F o a m a te  v o lu m e tr ic  ra tio  = V f / V j , (3 .4 )

S ep a ra tio n  fa c to r  = C f / C e , (3 .5 )

w h ere  C f and  Cj are th e  su rfactan t or C d  c o n c e n tr a t io n s  in  th e  fo a m a te  (c o lla p se 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  SDS or  C d  io n  
c o n c e n tr a tio n  in  th e  e f f lu e n t  stream , an d  V j, Vf, an d  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 , an d  e f f lu e n t , r e sp e c tiv e ly .
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0 = 5 cm

0  = 2 Cl

0 = 4 cm

F ig u r e  3 .1  (a )  S c h e m a tic  o f  a  m u lt i-s ta g e  fo a m  fr a c tio n a tio n  u n it an d  (b )  s c h e m a tic  
o f  a b a se  o f  a  tray  (to p  v ie w ) .

3 .4  R e s u lt s  a n d  D is c u s s io n

3 .4 .1  O p era tin g  L im its

A  m u lt is ta g e  io n  fo a m  fra c tio n a tio n  u n it m u st  b e  d e s ig n e d  p ro p er ly  to  
a l lo w  it to  fu n c t io n  w e l l .  B o th  air and  fo a m  f lo w  o n ly  th ro u g h  th e  b u b b le  ca p s o f  th e  
tray. T h e  liq u id  f lo w s  o n ly  th ro u gh  th e  d o w n c o m e r , n o t  th ro u g h  th e  b u b b le  ca p s . T h e  
liq u id  is  n o t  c o m p le te ly  w e p t  o u t th ro u gh  th e  p er fo r a tio n s . T h e  liq u id  is  carried  o v e r  
w ith  th e  g e n e r a te d  fo a m  at m in im u m . F in a lly , air d o e s  n o t b u b b le  u p  th rou gh  the  
d o w n c o m e r s . A l l  o f  th e se  req u irem en ts  lea d  to v a r io u s  o p era tin g  lim its  o f  the
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m u ltis ta g e  io n  fo a m  fraction a tor . In ord er to  h a v e  a  s ta b le  o p e r a tio n  and  fu n c tio n in g  
o f  a m u lt is ta g e  io n  fo a m  fra c tio n a tio n  c o lu m n , b o th  th e air an d  liq u id  f lo w  rates m u st  
b e  r eg u la ted  w ith in  th e  p rop er ra n g es to  m e e t  sev era l r e q u irem en ts . T h ree  im p ortan t  
o p era tio n a l c o n d it io n s —  fo a m  fo rm a tio n , f lo o d in g , and w e e p in g /d u m p in g — are  
c o n s id e r e d  to  b e  th e  co n stra in ts  o f  th e  o p era tio n  o f  io n  fo a m  fra c tio n a tio n . A  
s u ff ic ie n t  a ir f lo w  rate is  n e e d e d  in  ord er  to  p ro d u ce  s ta b le  fo a m  to reach  th e fo a m  
o u tle t  at th e  to p  tray. T h e  d e fin it io n  o f  f lo o d in g  in  io n  fo a m  fr a c tio n a tio n  o p era tio n  is  
a n a lo g o u s  to  th at in  a d is t illa t io n  c o lu m n . T h e  f lo o d in g  is  d e fin e d  as “e x c e s s iv e  
a c c u m u la tio n  o f  liq u id  in s id e  th e  c o lu m n ” [2 5 ] , H e n c e , th e  f lo w  rate o f  th e  e f f lu e n t  is 
n o t co n sta n t. F o r  a n y  g iv e n  lo w  or m o d era te  air f lo w  rate, d o w n c o m e r  f lo o d in g  can  
o c c u r  at v e r y  h ig h  liq u id  f lo w  rates. A s  a resu lt, th e  liq u id  le v e l  in  e a c h  tray b e c o m e s  
h ig h e r  than th e  o v e r f lo w  w e ir  o f  th e  d o w n c o m e r  b e c a u se  o f  th e  lim ita tio n  o f  th e  
liq u id  f lo w  th ro u g h  th e d o w n c o m e r . F or an y  g iv e n  liq u id  f lo w  rate, en tra in m en t  
f lo o d in g  o c c u r s  at v e r y  h ig h  air f lo w  rates, c a u s in g  s o m e  liq u id  to  b e  carr ied  u p w ard  
to  an  u p p er  tray. T h e  la st o p era tio n a l p ro b lem  is  d u m p in g . T h is  p h e n o m e n o n  is  
c a u se d  b y  a lo w  air f lo w  rate. T h e  p ressu re  ex er ted  b y  th e  a ir is  in s u ff ic ie n t  to  h o ld  
u p  th e  liq u id  o n  th e  tray. T h ere fo re , liq u id  starts to  lea k  th ro u gh  th e b u b b le  cap s; that 
is , th e  liq u id  o n  a ll trays w il l  crash  (d u m p ) th ro u gh  to th e  b a se  o f  th e  c o lu m n .

F ig u re  3 .2  s h o w s  th e  b o u n d a r ie s  o f  the o p era tio n a l z o n e  o f  th e  s tu d ied  
m u ltis ta g e  io n  fo a m  fra ctio n a to r  o p era ted  at a  fe e d  S D S /C d  m o la r  ratio  o f  7/1 an d  a 
n u m b er  o f  s ta g e s  o f  5 . W h en  th e  sy s te m  is  o p era ted  at a v e r y  lo w  air f lo w  rate, it h a s  
a lo w  fo a m  p r o d u c tio n  rate, le a d in g  to  lo w  rem o v a l. H o w e v e r , a  lo n g e r  fo a m  
r e s id e n c e  t im e  d e r iv e d  fro m  a lo w  air f lo w  rate led  to  a  dry fo a m  w ith  a h ig h  
en r ic h m e n t ra tio . O n  th e o th er h an d , w h e n  it is  op era ted  at a  v e r y  h ig h  air f lo w  rate, a 
la rg e  fra c tio n  o f  th e  liq u id  in  th e  c o lu m n  is  transferred  in to  th e  fo a m  p h a se , le a d in g  
to  a lo w  e n r ic h m e n t ratio . A  h ig h  air f lo w  rate, h o w e v e r , re su lts  in  a h ig h  fo a m  
p ro d u ctio n  rate an d  a  h ig h  m a ss  tran sfer  su r fa ce  area a v a ila b le  fo r  h e a v y  m eta l io n  
a d so rp tio n , le a d in g  to  h ig h e r  rem o v a l. W h en  th e sy s te m  is  o p era ted  at a  v ery  h ig h  
liq u id  f lo w  rate, th e  sep a ra tio n  e f f ic ie n c y  e x p e c te d ly  d e c r e a se s . T h is  is  a ttr ib uted  to  a 
lo w e r  r e s id e n c e  t im e  o f  th e  liq u id  in  th e  c o lu m n . T h e re fo re , th e  o p tim u m  c o n d it io n s ,  
in  w h ic h  b o th  % r e m o v a l an d  en r ich m en t ratio  are h ig h , sh o u ld  b e  lo c a te d  far a w a y  
fro m  th e  b o u n d a r y  lin e s , rep resen ted  b y  a d ash  lin e  c a lle d  th e  “o p tim u m  z o n e ” , as
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d e p ic te d  in  F ig u r e  3 .2 . W ith  in crea s in g  su rfa cta n t c o n c e n tr a t io n , th e  en tra in m en t  
f lo o d in g  lin e  te n d s  to  sh ift  to  lo w e r  air f lo w  rates and th e d o w n c o m e r  f lo o d in g  lin e  
te n d s  to  sh ift  to  h ig h e r  fe e d  f lo w  rates, w h ile  th e  in s u ff ic ie n t  fo a m in g  r e g io n  ten d s  to  
b e  c o n tra c ted  b e c a u s e  o f  h ig h e r  a b ility  fo r  fo a m  fo rm a tio n . T h e  v a lu e s  o f  b oth  air 
f lo w  rate and  liq u id  f lo w  rate lo c a te d  in  th e  o p era tio n a l z o n e  w e r e  u se d  to  run all 
e x p e r im e n ts  in  ord er to  a v o id  a ll o f  th e  o p era tio n a l co n str a in ts  (d u m p in g , in su ff ic ie n t  
fo a m , and  f lo o d in g ) .

Figure 3.2 B o u n d a r ie s  o f  th e  o p era tio n a l z o n e  o f  th e  s tu d ie d  fo a m  fra c tio n a to r  at a 
fe e d  S D S /  C d  m o la r  ratio  o f  7 /1 , a fo a m  h e ig h t  o f  6 0  c m , a fe e d  C d  c o n c e n tr a tio n  o f  
10 m g /L , and  th e n u m b er  o f  trays eq u a l to  5.
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3 0  - A SDS + 10 ppm (0.09 mM) of Cd(N0 3 ) 2  

๐  SDS + 0.9 mM of N aN 03

A SDS + 10 ppm (0.09 mM) of Cd(N0 3 )2 + 0.9 mM of NaN 03  
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A SDS + 10 ppm (0.09 mM) of Cd(N0 3 ) 2  

o  SDS + 0.9 mM of N aN 03  

A SDS + 10 ppm (0.09 mM) of Cd(N0 3 )2 + 0.9 mM of NaN 03

F ig u r e  3 .3  S u r fa c e  te n s io n  iso th e r m s o f  S D S  w ith  v a r io u s  c o n c e n tr a t io n s  o f  
C d ( N 0 3 ) 2 an d  N a N 0 3 at 2 5  ° c  to  2 7  ° c .

3 .4 .2  S u r fa c e  T e n s io n  Iso th erm  R e su lts
T h e  p lo ts  o f  su r fa ce  te n s io n  v e r su s  th e  lo g  o f  in itia l S D S  

c o n c e n tr a tio n  at d if fe r e n t  ad d ed  c a d m iu m  (C d (N 0 3 ) 2 ) and  a d d ed  so d iu m  ( N a N 0 3) 
c o n c e n tr a t io n s  are sh o w n  in  F ig u re  3 .3 . T h e  m o le c u la r  area  o f  a d so r b in g  S D S  or th e  
su r fa c e  e x c e s s  c o n c e n tr a tio n  o f  S D S  at th e  a ir -w a te r  in te r fa c e  ca n  b e  d e te r m in e d  as a 
fu n c t io n  o f  th e  b u lk  S D S  co n ce n tr a tio n  b y  a p p ly in g  th e  G ib b s  a d so r p tio n  eq u ation :

1  dy 
nRTdln c (3 .6 )

w h e r e  r  is  th e  su r fa c e  e x c e s s  co n ce n tr a tio n  or a d so rp tio n  d e n s ity  o f  su rfa cta n t io n  
(D S "), y  is  th e  e q u ilib r iu m  su r fa ce  te n s io n , c  is  th e  b u lk  S D S  c o n c e n tr a t io n , R  is  the  
g a s  c o n sta n t, T  is  th e  a b so lu te  tem p era tu re  and , p refa cto r  (ท) is  eq u a l to  2  or 1 for  
S D S  in  th e  a b se n c e  or in  th e  p r e se n c e  o f  an e x c e s s  c o n c e n tr a t io n  o f  e le c tr o ly te  w ith  
th e  c o m m o n  c o u n te r io n  (N a +), r e sp e c t iv e ly  [2 6 ] . H o w e v e r , in  th e  p r e se n c e  o f  an 
e x c e s s  c o n c e n tr a tio n  o f  e le c tr o ly te  w ith  d iffe r e n t c o u n te r io n s  fro m  th e  su rfa cta n t ( i.e .
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C d 2+), th e  a d so rp tio n  o f  th e  su rfactan t io n  ( D S ‘) is  a lso  e x p r e s s e d  w e l l  b y  th e G ib b s  
a d so rp tio n  e q u a tio n  w ith  ท =  1 [2 7 ] , A s  sh o w n  in F ig u re  3 .3 , th e  a d d it io n  o f  N a N C >3 

d o e s  n ot h a v e  a s ig n if ic a n t  e f fe c t  o n  the su r fa ce  te n s io n  iso th e r m  o f  th e  S D S  for b oth  
c a s e s  o f  w ith  and w ith o u t  Cd(NC>3 ) 2 . In con tra st, th ere  w a s  a s ig n if ic a n t  sh if t  o f  the  
su r fa ce  te n s io n  iso th e r m  o f  S D S  for b oth  c a s e s  o f  w ith  and  w ith o u t  N a N C >3 w h e n  
C d (N Û 3 ) 2  w a s  ad d ed . T h e  resu lts  su g g e s t  that th e  su r fa ce  e x c e s s  c o n c e n tr a tio n  o f  
S D S  in c r e a se s  s ig n if ic a n t ly  in  th e  p r e se n c e  o f  C d 2+ b e c a u se  th e  d iv a le n t  c a d m iu m  
io n s  c o a d so r b  p r e fe r e n tia lly  m ore  than  the m o n o v a le n t  so d iu m  io n s  [2 8 ] .

Initial รอร: Cd molar ratio

Figure 3.4 A d so r p tio n  d e n s ity  as a fu n c tio n  o f  c o n c e n tr a t io n  o f  S D S  an d  S D S  w ith  
10 m g /L  o f  C d 2+ at 2 5  ๐c  to 2 7  ๐c  in  th e  a b se n c e  o f  NaNC>3 .

T h e  e x p e r im e n ta l su rfa ce  te n s io n  d ata  (F ig u r e  3 .3 )  at S D S  
c o n c e n tr a tio n s  b e lo w  th e ir  cr itica l m ic e l le  c o n c e n tr a t io n s  (C M C ) at d ifferen t C d  
c o n c e n tr a tio n s  w e r e  w e l l  fitted  b y  u s in g  se c o n d -o r d e r  p o ly n o m ia l  r e g r e ss io n s . T h e  
c a lc u la te d  v a lu e s  o f  th e  ad so rp tio n  d e n s ity  o f  S D S  at d iffe r e n t c o n d it io n s  are sh o w n  
in F ig u re  3 .4 .

In the a b se n c e  or p re se n c e  o f  C d  io n s , th e  a d so r p tio n  d e n s ity  o f  the  
d o d e c y l su lfa te  io n  w a s  fou n d  to  in crea se  w ith  in c r e a s in g  b u lk  S D S  c o n cen tra tio n
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and to  reach  a p la tea u  at h ig h  b u lk  S D S  c o n c e n tr a t io n s , in d ic a t in g  that th e  su rfa ce  
e x c e s s  c o n cen tra tio n  h a s reach ed  a  co n sta n t satu rated  (m a x im u m ) v a lu e . T h e  
m a x im u m  su rfa ce  e x c e s s  co n c e n tr a tio n s  o f  S D S  fo r  b o th  s y s t e m s , w ith  and  w ith o u t  
c a d m iu m , w e r e  fo u n d  at ab ou t a quarter o f  th e ir  C M C s, as sh o w n  in  F ig u re  3 .4  and  
T a b le  3 .1 . T h e  C M C , th e su rfa ce  te n s io n  at th e  C M C  (Ycmc), th e  n e g a tiv e  lo g a r ith m  
o f  S D S  co n ce n tr a tio n  in  th e  b u lk  p h a se  req u ired  to  o b ta in  a  su r fa c e  p ressu re  o f  2 0  
m N /m  (p C 2 o), and  th e  satu rated  su r fa ce  e x c e s s  c o n c e n tr a t io n  ( r m) o f  th e  S D S  w ith  
and w ith o u t  c o u n te r io n s  o f  C d 2+ and  N a + are sh o w n  in  T a b le  3 .1 . T h e  v a lu e s  o f  the  
C M C  and  Ycmc w er e  d e term in ed  from  th e r e f le c t io n  p o in ts  in  th e  Y -log  c c u r v e s . T h e  
C M C  v a lu e  can  b e  re la ted  to the standard  free  e n e r g y  o f  m ic e l l iz a t io n . T h e  p C 20 can  
b e  re la ted  to  th e  G ib b s  free  e n e r g y  o f  a d so rp tio n  o f  a c o m p o n e n t  fro m  b u lk  liq u id  to 
the b u b b le  su r fa ce  and  th e  e f f ic ie n c y  o f  su rfa cta n t a d so rp tio n  [2 6 ] ,

Table 3.1 C a lc u la te d  v a lu e s  o f  C M C , Ycmc, p C 2 0 , an d  satu rated  su rfa ce  
c o n c e n tr a tio n s  (T m) o f  S D S  a lo n e  and in th e  p r e se n c e  o f  c a d m iu m  an d  so d iu m  io n  
c o n c e n tr a tio n s

S u rfactan t s o lu t io n
C M C
(m M )

Ycmc
(m N /m ) pCzo

r m
( m o l/c m 2)

S D S 7 .5 3 3 .6 2 . 6 8 3 .4 * 1 0  10

S D S  +  0 .0 9  m M  
C d 2+ (1 0  p p m )

4 .5 3 3 .4 3 .1 2 4 .6 x 1 0  10

S D S  +  0 .9  m M  N a + 6 . 0 3 3 .4 2 .6 9 3 . 5 * 1 0 10

S D S  +  0 .0 9  m M
C d 2+ (1 0  p p m ) +  
0 .9  m M  N a +

4 .5 3 3 .5 3 .1 0 4 .6 * 1 0  10

D u rin g  th e  r is in g  o f  air b u b b le s  th ro u gh  a s o lu t io n , th e  c o n v e c t iv e  
d if fu s io n  r e s is ta n c e  is  r e la t iv e ly  lo w  b e c a u se  o f  th e  stro n g  tu r b u le n c e  r e su lt in g  from  
air b u b b le  r is in g  [ 2 9 ,3 0 ] ,  T h e  e q u ilib r iu m  a d so r p tio n  d e n s ity  o f  th e  S D S -C u  sy s te m  
w a s  fo u n d  to  b e  rea ch ed  in  ab out 1 ร [1 1 ] , T h e r e fo r e , th e  e q u ilib r iu m  su r fa ce  te n s io n
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and a d so rp tio n  d e n s ity  ca n  b e o b ta in ed  w ith in  sh ort r e s id e n c e  t im e s  o f  b u b b le s  in the  
stu d ied  io n  fo a m  fra c tio n a tio n  sy ste m . It is  in te r e s t in g  to n o te  th a t, for  th e  s tu d ied  
sy s te m  w ith  a fe e d  c a d m iu m  c o n cen tra tio n  o f  10  m g /L , th e  a d so r p tio n  d e n s it ie s  o f  
b oth  c a d m iu m  and d o d e c y l su lfa te  io n  w e r e  fo u n d  to  rea ch  a b o u t 9 0  %  o f  the  
m a x im u m  v a lu e s  at a  b u lk  S D S  c o n c e n tr a tio n  o f  0 .7  in M , c o r r e sp o n d in g  to  a 
S D S /C d  ratio  o f  8/1 ( s e e  F ig u re  3 .4 ) .

A t an a d d ed  N a + co n ce n tr a tio n  o f  0 .9  m M , it w a s  fo u n d  that th e  p C 20 

o f  th e  S D S  w ith  c a d m iu m  io n s  is h ig h e r  than  that w ith o u t  c a d m iu m  io n s , w h e r e a s  th e  
C M C  is  lo w e r , as sh o w n  in  T a b le  3 .1 . T h e se  r e su lts  s u g g e s t  th a t b o th  m ic e l l iz a t io n  
and a d so rp tio n  at th e  a ir -w a te r  in te r fa c e  are p r o m o te d  m o re  w ith  an  a d d it io n  o f  the  
c a d m iu m  io n s , as in d ica ted  b y  th e  h ig h  su r fa c e  a c t iv ity  o f  c a d m iu m  co u n te r io n  
(C d 2+) as co m p a red  to  so d iu m  io n s. T h is  can  b e  e x p la in e d  in  th at c a d m iu m  io n s  can  
e a s i ly  p en etra te  th e  su r fa ce  la yer  (S te m  la y er ) and  n e u tr a liz e  th e  c h a rg e  o f  the  
a d so rb ed  su rfactan t a n io n s  ( D S ‘) m o re  e f f e c t iv e ly  th an  so d iu m  io n s  b e c a u s e  o f  the  
attractive  fo r c e  b e tw e e n  th e  d iv a le n t c a t io n  C d 2+ io n s  and th e  S D S  io n , fa c ilita tin g  
the d eh y d ra tio n  o f  th e  C d 2+ [3 1 ,3 2 ] , T h e  resu lts  p rese n te d  a b o v e  s u g g e s t  that, in  the  
p r e se n c e  o f  su r fa ce  a c t iv e  d o d e c y l su lfa te  a n io n  (D S ') , th e  C d 2+ e x h ib its  h ig h er  
ap p arent su r fa ce  a c t iv ity  than  the N a +. H e n c e , C d 2+ ca n  b e  carr ied  o u t w ith  fo a m  b y  
a d so rb in g  o n  th e  b u b b le  su rfa ce , w ith  in s ig n if ic a n t  c o m p e t it iv e  a d so r p tio n  o f  so d iu m  
io n s  d is so c ia te d  from  th e  S D S .

3 .4 .3  C o rre la tio n  o f  C d and  S D S  in  F o a m a te s  an d  E ff lu e n ts

A  b a s ic  p r in c ip le  o f  an  io n ic  su rfa cta n t a d so r p tio n  at a ir -w a te r  
in ter fa ce  is  th e  e lec tr o n e u tr a lity  at th e  a ir -w a te r  in te r fa c e  and  th e  su m  o f  the n e g a tiv e  
c h a rg es  o f  the a d so rb ed  su rfactant h e a d g r o u p s  an d  th e p o s it iv e  c h a rg es  o f  the  
a d so rb ed  c o u n te r io n s  is  eq u a l to  zero  [1 7 ,2 6 ] , F or  th e  s tu d ied  io n  fo a m  fra c tio n a tio n  
sy s te m  c o n s is t in g  o f  S D S  and c a d m iu m  io n , C d 2+, it ca n  b e  d e sc r ib e d  b y  E q u atio n  
3.7:

2 rcd2+ + rNa+ = rDS- (3.7)
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For Cd removal, since the Cd2+ exhibits higher apparent surface activity than the 
Na+, as discussed in the previous section, the adsorption of Na+ with DS‘ at the air- 
water interface can be neglected. Therefore, the rDs7Tcd2+ ratio is equal to 2/1. 
Hence, the Cd2+ is removed only as Cd(DS)2 via the adsorption on the bubble 
surface. The concentration of SDS in foamate can be related to that of cadmium in 
foamate by Equation 3.8 [17]:

[DS-] = m[Cd2+]
and log[Cd2+! = log[DS“] — logm (3.8)

where m is a molar ratio of DS' to Cd2+ adsorbing onto the air-water interface of 
foam. Figure 3.5 shows the correlation of Cd and SF)S concentrations in the foamate 
and effluent of the studied multistage ion foam fractionation unit operated at 
different feed SDS/Cd molar ratios ( > 2), foam heights (30-90 cm), feed flow rates 
(25-100 mL/min) and air flow rates (40-100 L/min). The experimental data of 
foamate in the optimum zone and low foam flux region were successfully fitted with 
Equation 3.8 (R2 ระ0.96) by using the linear regression, and the calculated values of m 
were 2.14 and 1.95, respectively. These values of the [SDS]/[Cd] molar ratios in the 
foamate were very much close to 2/1, indicating that the adsorption of negative 
surfactant ions at the interface is totally neutralized by the adsorption of Cd 
counterions when the system was operated in either the optimum zone or in the low 
foam flux region. However, the molar ratio of SDS to Cd in the foamate was found 
to be much higher than 2 when the system was operated in the excessive entrainment 
region. This is because at high feed SDS/Cd molar ratios, the generated foam 
contained a high fraction of liquid, which will be discussed later.
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Figure 3.5 Correlations between Cd and SDS concentration (a) in the foamate and 
(b) in the effluent at a number of stages equal to 5 with different feed flow rates, air 
flow rates, and feed SDS/Cd molar ratios (>2).

As shown in Figure 3.5b, the SDS/Cd molar ratio in the effluent is 
lower in the low foam flux region due to low Cd removal; whereas in the excessive 
entrainment condition, the system tends to show a higher SDS/Cd molar ratio in the 
effluent because a sufficiently large bubble surface is provided for Cd adsorption.
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The effect of feed SDS/Cd molar ratio on the SDS/Cd molar ratio of the effluent will 
be discussed in detail in the next section.

0.030 
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Feed SDS/Cd molar ratio

บุ)pบ)

Feed SDS/Cd molar ratio

Figure 3.6 Effect of feed SDS/Cd molar ratio on (a) % SDS recovery and Cd 
removal, (b) enrichment ratios of SDS and Cd and foamate volumetric ratio (Vf/Vj),
(c) residual factors of SDS and Cd, (d) effluent concentrations of SDS and Cd, (e) 
molar ratios of SDS/Cd in the foamate and effluent, and (f) separation factors of SDS 
and Cd at an air flow rate of 60 L/min, a feed flow rate of 40 mL/min, a foam height 
of 30 cm, a feed Cd concentration of 10 mg/L, and the number of trays equal to 5.
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3.4.4 Effect of Feed SDS/Cd Molar Ratio
In a foam fractionation operation, it is necessary that both the 

enrichment ratios and the removals of SDS and Cd are as high as possible. An 
increase in surfactant concentration results in increasing removal but wet foam can 
be undesirably produced, resulting in lowing enrichment ratios [22], Hence, the 
effect of feed SDS/Cd molar ratio was investigated in this study. The molar flow rate 
of a component in a foamate, which is related to the removal of Cd or the SDS 
recovery, is governed by both adsorptive transport and bulk liquid transport. The 
adsorptive transport and bulk liquid transport refer to the material transfer by the 
adsorption on the bubble surface and the entrained liquid in the foam lamella, 
respectively. The former is an upward stream of the adsorbed materials without 
carrying liquid while the latter is an upward stream of the lamella liquid with 
unadsorbed materials. The adsorptive transport can be expressed as AT, the product 
of flow area (cm2/min) and surface excess concentration (mol/cm2). The increase in 
bulk liquid transport can be affected directly by an enhancement in liquid 
entrainment in the foam, which is characterized by an increase in the foamate 
volumetric ratio. This mechanism can reduce both the enrichment ratios and the 
residual factors. However, if there is an insignificant amount of a component in the 
foam lamellae, the residual factors cannot be reduced by the bulk liquid transport.

Figure 3.6a shows that an increase in feed SDS/Cd molar ratio 
increases the Cd removal and reaches a plateau (~ 97 %) at a feed SDS/Cd ratio of 
8/1. For 100 % Cd removal, the feed SDS/Cd molar ratio was found to be around 
13/1.This might be attributed to an increase in the adsorptive transport of Cd 
resulting from both an increase in the ability for foam formation and the increase in 
the adsorption density of the SDS-Cd complex with increasing feed SDS/Cd molar 
ratio. As shown in Figure 3.6b, the foamate volumetric ratio is low at low feed 
SDS/Cd molar ratios but abruptly increases at a feed SDS/Cd molar ratio greater than 
7/1, suggesting that the bulk liquid transport is low at low feed SDS/Cd molar ratios 
but is high at high feed SDS/Cd molar ratios. The sharp increase in foamate 
volumetric ratio (Vf/Vj) associated with an insignificant reduction in the residual 
factor of Cd (Figure 3.6c) beyond a feed SDS/Cd molar ratio of 8/1 suggests that the
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increasing bulk liquid transport has an insignificant effect on the residual factor of 
Cd because the Cd2+ ions preferentially adsorb at the air-water interface of foam, 
leading to the small amount of unadsorbed Cd in the foam lamellae, as previously 
discussed.

The enrichment ratio of either SDS or Cd decreases substantially with 
increasing feed SDS/Cd molar ratio and approaches unity at a very high feed SDS/Cd 
molar ratio (13/1), as shown in Figure 3.6b. This is because of the dilution effect by 
the entrained liquid, which is increased with increasing feed SDS/Cd molar ratio, as 
indicated by an increasing foamate volumetric ratio. At the highest SDS/Cd molar 
ratio of 13/1, entrainment flooding was observed, as indicated by the extremely high 
fraction of liquid distributed into the foam (foamate volumetric ratio = 0.8), leading 
to both the enrichment ratios approaching unity.

The SDS separation efficiency in terms of recovery and residual factor 
showed opposite trends as compared to those of Cd. The SDS recovery shows a 
minimum whereas the residual factor of SDS reaches a maximum at a feed SDS/Cd 
molar ratio of 6/1, as shown in Figures 3.6a and 3.6c, respectively. The effluent SDS 
concentration was also found to increase with increasing feed SDS/Cd molar ratio, as 
shown in Figure 3.6d. Because the bulk liquid transport is low at feed SDS/Cd molar 
ratios below 6/1 as mention above, the separation performance of the SDS should be 
dominantly governed by the adsorptive transport. These results suggest that the 
adsorptive transport of the SDS does not increase proportionally to the increasing 
feed molar flow rate of the SDS, although the adsorption density increases with 
increasing initial SDS concentration. Similar results were also reported in the 
literature for single-stage foam fractionation [13]. From a visual observation of the 
experiments, it was found that, at any feed SDS/Cd molar ratio below 6/1, the 
solution in tray 3 could not generate a sufficiently stable foam to pass through the 
bubble caps of the upper tray due to the very low SDS concentration in the solution 
in tray 3, indicating that at a SDS/Cd molar ratio lower than 6/1, the maximum 
separation performance of the studied multistage ion foam fractionation column is 
achieved at a number of trays equal to 3 and an increase in the number of trays 
beyond 3 cannot enhance the separation efficiency. The results also suggest that to 
lower surface tension and to obtain stable foam throughout the ion foam fractionation
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column, a feed SDS/Cd molar ratio greater than 6/1 is needed. Beyond a feed 
SDS/Cd molar ratio of 6/1, bulk liquid transport is promoted, as indicated by the 
large increase in foamate volumetric ratio, leading to decreasing the residual factor of 
SDS (see Figure 3.6c).

As shown in Figure 3.6e, the molar ratio of SDS/Cd in the foamate is 
approximately equal to 2/1 at a feed SDS/Cd molar ratio below 7/1. The results also 
confirm the interaction between SDS and the Cd ions at the air-water interface of 
foam with a theoretical ratio approaching 2/1. Beyond this feed SDS/Cd molar ratio, 
the molar ratio of the SDS/Cd in the foamate and the foamate volumetric ratio further 
increased remarkably with increasing feed SDS/Cd molar ratio. The increase in the 
molar ratio of the SDS/Cd in the foamate is attributed to the increase in the bulk 
liquid transport, as indicated by the increase in the foamate volumetric ratio.

As shown in Figure 3.6e, the molar ratio of the SDS/Cd in the effluent 
increases drastically with increasing feed SDS/Cd molar ratio. This is because an 
increase in the feed SDS/Cd molar ratio simply increases the SDS concentration in 
the system. The results of the molar ratio of SDS/Cd in the effluent and the effluent 
Cd concentration suggest that the effluent Cd concentration decreased abruptly with 
increasing the feed SDS/Cd molar ratio up to 5/1. However, it only slightly decreased 
with increasing the feed SDS/Cd molar ratio beyond 5/1. Hence, an increase in the 
feed molar ratio of SDS/Cd beyond 7/1 is useless, causing increasing effluent SDS 
concentration, as shown in Figure 3.6d. It is worth mentioning that a high feed 
SDS/Cd molar ratio of 7/1 is necessary to obtain the saturated surface excess 
concentration ( r m) of the SDS-Cd complex and to lower the surface tension. The first 
is required for obtaining maximum cadmium removal per surface area flux. The 
second is required to reduce the energy required to create bubbles, leading to an 
increasing foam production rate. To achieve more than 99 % Cd removal and to meet 
an allowable limit of Cd for effluent discharged into a watercourse (< 0.1 mg/L) [33], 
the studied multistage ion foam fractionation unit has to be operated at a feed 
SDS/Cd molar ratio not less than 7/1 (not less than 180 mg/L of SDS for 10 mg/L of 
Cd in feed).

Figure 3.6f shows that the separation factor of SDS declines sharply 
with increasing feed SDS/Cd molar ratio at low feed SDS/Cd molar ratios; but it
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slightly decreases at high feed SDS/Cd molar ratios. This is because of the strong 
decrease in the enrichment ratio and the sharp increase in the residual factor for SDS, 
resulting from the increases in the bulk liquid transport, as indicated by the increase 
in foamate volumetric ratio. Interestingly, the separation factor of Cd increased with 
increasing feed SDS/Cd molar ratio and reached a maximum at a feed SDS/Cd molar 
ratio of 6/1. Beyond this optimum feed molar ratio for the SDS/Cd, the separation 
factor of Cd decreased remarkably with increasing feed SDS/Cd molar ratio. The 
results can be explained in that the foamate volumetric ratio only slightly increased 
with increasing feed SDS/Cd molar ratio at low feed SDS/Cd molar ratios but 
increased significantly at high feed SDS/Cd molar ratios. However, regarding the 
requirement of high Cd removal to meet the effluent discharge standards for Cd, a 
small excess of the feed SDS/Cd molar ratio might be needed to ensure a low 
residual factor of Cd. By trading off very low Cd and reasonably low SDS 
concentrations in the effluent, an optimum feed molar ratio of SDS/Cd should be 
around 8/1 for the studied ion foam fractionation system, which can achieve a very 
low Cd concentration of 0.06 mg/L. In addition, the effect of feed SDS/Cd molar 
ratio at a higher foam height (60 cm) also showed similar trends (results not shown 
here). The effects of other operational parameters will be reported in Part II of this 
series.

3.5 Conclusions

This study demonstrated the ability of ion foam fractionation to remove 
Cd2+ ions from simulated wastewater at a very low feed Cd concentration of 10 
mg/L. In the present work, a multistage ion foam fractionator was found to be a 
promising technique for heavy metal removal at low heavy metal concentrations in 
the ppm (mg/L) level. An increase in feed SDS/Cd molar ratio was found to promote 
Cd removal. This is due to an increase in the ability for foam formation, and the 
adsorption density of Cd-SDS complex at the bubble surface. However, a very high 
feed SDS/Cd molar ratio results in producing wetter foam, leading to a lowering of 
enrichment ratios and separation factors of both Cd and SDS. The studied multistage 
ion foam fractionation unit—operated at the optimum feed SDS/Cd molar ratio of
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8/1, an air flow rate of 60 L/min, a feed flow rate of 40 mL/min, a foam height of 30 
cm, a number of trays equal to 5, and a feed Cd concentration of 10 mg/L— provided 
a very low concentration of Cd in effluent of 0.06 mg/L with a high Cd enrichment 
ratio of 13.
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