
CHAPTER II 
LITERATURE REVIEW

2.1 Surfactants

The general structure of a surfactant includes a structural group that has 
strong attraction with a solvent, known as a lyophilic group (solvent-loving), together 
with a group that has little attraction with the solvent, called the lyophobic group 
(solvent-hating). This is known as an amphipathic structure, as shown Figure 2.1. 
When the solvent is water, one usually calls a hydrophilic or head group and hydro- 
phobic or tail group. Due to the amphipathic structure of a surfactant in aqueous so
lution, the significant adsorption tends to adsorb at the air-water interface with the 
hydrophobic tail moving out from the water, resulting in the reduction of Gibbs free 
energy of the system (Holmberg et al, 2003). Another important property of surfac
tants is to form aggregates, known as micelles. The lowest surfactant concentration 
to form a micelle is called the critical micelle concentration (CMC) (Porter, M.R., 
1994). The dual functionality, hydrophobic and hydrophilic, provides the basis for 
characteristics useful in cleaning and detergent formulation, including surface ten
sion modification, foam, and separation (Rosen, 2004).

Hydrophilic head 
group
(Lyophobic) Hydrophobic tail group 

(Lyophilic)

Figure 2.1 Schematic of a surfactant molecule.

Surfactants are generally classified according to the nature of the hydrophil
ic group as follows:
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1. Anionic surfactants. The surface-active portion of the molecule bears a 
negative charge, for example, RC 6 H 4 ร O jN a+ (alkylbenzene sulfonate),
CI2H25ร0 3Na+ (sodium dodecyl sulfate).

2. Cationic surfactants. The surface-active portion of the molecule bears a 
positive charge, for example, RN (CH 3 )j c r  (quaternary ammonium chloride).

3. Nonionic surfactants. The surface-active portion of the molecule bears no 
apparent ionic charge, for example, RCOOCH2CHOHCCH2OH (monoglyceride of 
long-chain fatty acid).

4. Zwitterionic surfactants. Both positive and negative charges are present 
in the surface-active portion, for example, RN+H2CH2COO” (long-chain amino ac
id).

2.2 Foam

2.2.1 Foam Formation
Foam is a colloidal gas phase dispersed in a liquid phase. It is pro

duced when air or another gas is introduced beneath the surface of a liquid and then 
the liquid is expanded to enclose the gas with a network of interconnected liquid 
films called lamellae (Rosen, 2004). In order to form foam, two conditions must be 
fulfilled (Holmberg et al., 2003). Firstly, surface activity of a foaming solution must 
be sufficiently high. Because the foam formation involves the expansion of air-water 
interface, the amount of newly created surface will be greater at a lower surface ten
sion (Adamson and Gast, 1997). Therefore, a surfactant is required to reduce the sur
face tension and cause the formation of foam faster than its breakdown, as shown in 
Figure 2.2. Secondly, the liquid film must provide sufficiently high foam stability as 
described in section 2.2.3.
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Figure 2.2 Formation of foam (Rosen, 2004).

2.2.2 Structure of Foam
Foam contains a high-volume fraction of gas dispersed in a liquid. 

The structure of gas cell consists of thin liquid fdm and there are two-side films 
which are called the lamellae of the foam where three bubbles generally meet. The 
joining area of the bubbles is called the Plateau border or Gibbs triangle, as shown in 
Figure 2.3. Most of the water in the foam is found in the plateau border. Thus, the 
plateau border will play an important role in the drainage of water (Adamson and 
Gast, 1997).

Figure 2.3 Plateau border at point of meeting of three bubbles (Rosen, 2004).
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Foam can be categorized into two types as follows:
1. Spherical foam (Kugelschaums). A fresh foam consists of nearly 

spherical gas bubbles separated by rather thick films of viscous liq
uid produced, as shown in Figure 2.4a. It is known as wet foam.

2. Polyhedral gas cells (Polyederschaums). After a long period of 
time, foam contains mostly gas phase separated by thin films with 
polyhedral shape as shown in Figure 2.4b. It is considered as dryer 
foams.

In a foam fractionation column, foam structure is changed along the
column due to the liquid film drainage process. The spherical structure (low gas con
tent) near the base of the column (bubble zone) is changed into polyhedral foam 
(high gas content) at the upper part of the column, as shown in Figure 2.5.

a) Kugelschaums b) Polyederschaums

Figure 2.4 Structure of foam (Rosen, 2004).

พ

Figure 2.5 Schematic of foam structure in a column (Tadros, 2005).
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2.2.3 Foam Stability
The foam stability is mainly dependent on several factors including 

liquid film drainage and thin film stability. Another factor affecting foam stability is 
originated from the fact that the gas pressure inside the bubble is inversely propor
tional to the size of the bubble. Therefore, gas molecule will diffuse from a smaller to 
a larger bubble, causing bubble coalescence. This phenomenon is called Ostwald ri
pening or disproportionation. With polyhedral foam with planar liquid lamella, the 
pressure difference between the bubbles is not large and hence the Oswald ripening 
effect is not responsible for the foam instability.

2.2.3.1 Liquid Film Stability
The stability of thin liquid film (lamellae) of foam is mainly 

governed by two factors: surface elasticity and disjoining pressure. The surface elas
ticity or Gibbs elasticity, E, is defined as the increase in surface tension, y, as the sur
face area, A, is increased (Schramm, 2005).

E =  A ร  (2-ใ )

ity becomes
For a foam lamella, there are two such surfaces and the elastic

E = 2 - ^ 7 (2.2)dlnA v '

The Gibbs elasticity was introduced as a variable resistance to 
surface deformation during thinning and is a measure of the ability of the film to ad
just its surface tension in an instant stress (Tadros, 2005). When a foam lamella is 
stretched, the surfactant concentration at the newly create surface (stretch part) is 
suddenly lowered, thus resulting in an increased surface tension and hence, restoring 
force as depicted in Figure 2.6 (Holmberg et ai, 2003).
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Figure 2.6 S u r fa c e  e la s t ic ity  o f  fo a m  f ilm  (H o lm b e r g  et al., 2 0 0 3 ) .

H o w e v e r , th e  G ib b s  e la s t ic ity  a p p lie s  to  th e  c a s e  w h e r e  th ere  
are in s u ff ic ie n t  su rfa cta n t m o le c u le s  in  th e  b u lk  s o lu t io n  ( l iq u id  la m e lla e )  to  d if fu se  
to  th e  n e w  su r fa c e  an d  lo w e r  th e  su r fa ce  te n s io n . In o th er  w o rd , it c a n  a p p ly  o n ly  for  
th e  c a se  that th e  su r fa c e  d if fu s io n  o f  a d so rb ed  su rfa cta n t m u st  b e  fa s te r  than  th e  sur
factan t d if fu s io n  fro m  th e  b u lk . T h is  is  c le a r ly  n o t th e  c a s e  w ith  m o s t  su rfa cta n t f ilm s  
(T ad ros, 2 0 0 5 ) .  In ord er to  o b ta in  f ilm  e la s t ic ity , th e  d if fu s io n  o f  th e  su r fa ce  a c t iv e  
c o m p o n e n t  fro m  th e  b u lk  (fr o m  th e  in ter ior  o f  th e  la m e lla  f i lm )  to  th e  n e w ly  crea ted  
su r fa ce  is  n o t a l lo w e d  b e fo r e  th e  f ilm  retracts b e c a u se  it w i l l  d e s tr o y  th e  su rfa ce  te n 
s io n  gra d ien t an d  p rev en t r e sto r in g  fo r c e . T h at is  a r e a so n  w h y  su r fa c ta n ts  w ith  v e r y  
h ig h  C M C  (h ig h  fra c tio n  o f  u n im er) w i l l  n o t  p r o d u ce  s ta b le  fo a m  b e c a u s e  th e  h ig h  
b u lk  c o n c e n tr a t io n s  p r o m o te  th e  su rfa cta n t d if fu s io n  fro m  th e  in ter ior  o f  th e  la m e lla  
f ilm  (H o lm b e r g  et a l, 2 0 0 3 ) .

F or th e  se c o n d  fa c to r , d is jo in in g  p ressu re  (su r fa c e  fo r c e s ) , i f  
th e  fo a m  f ilm s  re m a in  s ta b le  d u rin g  th e  d ra in a g e  p r o c e s s , th e y  m a y  ap p ro ach  a  v e r y  
th in  f ilm  in  th e  ran g e  o f  100 n m  w h e r e  th e  su r fa ce  fo r c e  b e c o m e s  s ig n if ic a n t. T h e  
g a s  b u b b le s  an d  th e  liq u id  f i lm s  b e tw e e n  th e m  w o u ld  b e  s ta b iliz e d  b y  th e su r fa ce  
fo r c e s  crea ted  w h e n  th e  tw o  ch arg ed  in te r fa c e s  ap p ro a ch  e a c h  o th er  an d  th eir  e le c 
tr ica l d o u b le  la y e r s  o v e r la p . T h e  su r fa ce  fo r c e  is  c a l le d  d is jo in in g  p r essu re , n, w h ic h  
is  th e  su m  o f  th ree  fo r c e s  in c lu d in g  e le c tr o s ta t ic  d o u b le  la y e r  r e p u ls io n  (nei), v a n  der  
w a a ls  a ttraction  (n vdw), an d  ster ic  fo r c e  (Hst) (T a d ro s , 2005).
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n =  n ei +  rivdw +  n st (2 .3 )

A t lo w  e le c tr o ly te  c o n c e n tr a t io n s , th e  d o u b le  la y er  rep u ls io n  
p re d o m in a te s  an d  n ei can  c o u n terb a la n c e  th e  L a p la ce  c a p illa r y  p ressu re  (ca p illa ry  
su c t io n  e f fe c t  at P la tea u  b ord er), p c=  n e|. W h e n  th e c a p illa r y  p ressu re  is  co u n terb a l
a n c e , th e  d ra in in g  liq u id  f ilm  r e a c h e s  e q u ilib r iu m  sta te . T h is  is  a m a in  m e c h a n ism  for  
p rev en t th in  fo a m  f ilm  from  rupture (W a n g  and  Y o o n , 2 0 0 8 )  an d  fo a m  c o lla p s e  (T a -  
d r o s , 2 0 0 5 ) .  M o r e o v e r , an eq u ilib r iu m  f ilm  h a s a  lo w e r  p r o b a b ility  o f  rupture than a  
d ra in in g  f ilm  o f  m u c h  larger th ic k n e ss  (W a n g  and  N a rsim h a n , 2 0 0 7 ) .

2.2.3.2 Liquid Film Drainage
L iq u id  f i lm  d ra in a g e  is  a n o th er  im p o rta n t fac tor , a ffe c t in g  th e  

fo a m  sta b ility . D u r in g  la m e lla e  liq u id  d ra in in g  o f f , th e  fo a m  m a y  c o l la p s e  im m e 
d ia te ly  or reach  m e ta sta b le  s ta te  d e p e n d in g  o n  liq u id  f i lm  d ra in a g e . T h e  foam  w il l  
reach  th e  m e ta s ta b le  sta te  w ith  an  eq u ilib r iu m  f ilm  i f  th e  t im e  s c a le  o f  th e  liq u id  film  
d ra in a g e  is  m u c h  sh orter  than  th e  f ilm  rupture t im e  (W a n g  an d  N a rsim h a n , 2 0 0 7 ) .  
T h is  im p lie s  that fa st liq u id  f ilm  d ra in a ge  and h ig h  th in  liq u id  f ilm  s ta b ility  lea d  to  
th e  eq u ilib r iu m  f ilm . A fte r  r e a c h in g  e q u ilib r iu m , th e  fo a m  s ta b ility  is  m a in ly  a ffe c te d  
b y  th e  d is jo in in g  p ressu re  as m e n tio n e d  a b o v e .

Figure 2.7 R e d u c tio n  o f  fo a m  f ilm  d ra in a g e  b y  p a r tic le  trap p ed  in  th e  p la tea u  b ord er  
(H o lm b e r g  et al., 2 0 0 3 ) .
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T h e liq u id  d ra in a g e  o f  th e  fd m  can  b e  d e te r m in e d  b y  c o n s id e r 
in g  tw o  fo r c e s  a c t in g  o n  fo a m . T h e  first is  th e  g ra v ita tio n a l fo r c e  c a u s in g  d ra in a ge  o f  
th e  liq u id  b e tw e e n  th e  air b u b b le s . It is  d o m in a n t in  v e r y  th ic k  la m e lla e  w h e n  th e  
fo a m  is  first fo r m e d . T h e  d ra in a g e  ca n  b e  red u c e d  b y  e ith e r  in c r e a s in g  th e  v is c o s ity  
o f  th e  b u lk  liq u id  or b y  a d d in g  p a r tic le s  (H o lm b e r g  et al., 2 0 0 3 ) .  T h e se  p a r tic le s  can  
b e  trap p ed  in to  th e  p la tea u  b ord er le a d in g  to  a  lo c a l in c r e a se  in  v is c o s it y ,  as sh o w n  in  
F ig u re  2 .7 . T h ic k e n e r s  are o f te n  ad d ed  to  in c r e a se  th e  b u lk  v i s c o s it y  w h e n  v ery  sta 
b le  fo a m s are d e s ir a b le . A t  a  h ig h  c o n c e n tr a tio n  o f  su rfa cta n t, th e  v is c o s it y  o f  th e  
b u lk  s o lu t io n  is  a ls o  h ig h  an d , th ere fo re , th e  d ra in a g e  rate in  th e  la m e lla e  d e c r e a se s .

T h e  se c o n d  is  c a p illa r y  su c tio n  fo r c e  o r ig in a te d  fro m  th e fact  
that h y d ro sta tic  p ressu re  in  th e  p la tea u  b ord er  is  lo w e r  th a n  in  th e  la m e lla e . T h is  
fo r c e  is  m o re  d o m in a te  for p o ly h e d r a l fo a m  w ith  th in  liq u id  f i lm  b e c a u se  th e  drai
n a g e  d u e  to  g ra v ita tio n a l fo r c e  w i l l  g ra d u a lly  b e  rep la ced  b y  th e d ra in a g e  d u e  to th e  
c a p illa r y  su c tio n  (F lo lm b erg  et al., 2 0 0 3 ) .  S in c e  th e  -curvatu re in  th e  la m e lla e  is  
m u c h  grea ter  th an  that at th e  p la tea u  b ord ers, th ere  is  a  g rea ter  p ressu re  a c ro ss  th e  
in te r fa c e  in  th e s e  r e g io n s  th an  e ls e w h e r e  in  th e  fo a m . S in c e  th e  g a s  p ressu re  in s id e  
o n  in d iv id u a l g a s  c e l l  is  e v e r y w h e r e  th e sa m e , th e  liq u id  p ressu re  in s id e  th e  la m e lla e  
at th e  h ig h ly  c u r v e d  P la tea u  B o rd er  (p o in t  A )  m u st b e  lo w e r  th an  in  th e  a d jacen t, le s s  
c u r v e d  r e g io n s  (p o in t  B ) . T h u s, th e  c o n t in u o u s  p h a se  liq u id  d ra in s from  th e  th in  f ilm  
(p o in t  B ) to  th e  a d jo in in g  P la tea u  B o rd ers (p o in t  A ) , a s  s h o w n  in  F ig u re  2 .3 b . T h e  
d if fe r e n c e  p ressu re  (A P ) can  b e  e x p r e s se d  b y  th e f o l lo w in g  e q u a tio n :

AP =  y [ 1 /R a +  1/R b] (2 .4 )

w h e r e  Y is  su r fa c e  te n s io n , R A an d  R b are th e  rad ii o f  th e  cu rva tu re  o f  th e  la m e lla e  at 
p o in t  A  an d  B , r e s p e c t iv e ly . T h e  grea ter  th e  d if fe r e n c e  b e tw e e n  R A an d  R b , th e  great
er  th e  p ressu re  d if fe r e n c e  c a u s in g  d ra in a g es (R o s e n , 2 0 0 4 ) .

In th e  p r o c e s s  o f  w a ter  d ra in a g e , fo a m  is  a lw a y s  u n d er  d y n a m 
ic  c o n d it io n s  an d  th e  M a ra n g o n i e f fe c t  ta k e s  su rfactan t d if fu s io n  from  th e b u lk  s o lu 
t io n  to  th e  n e w ly  crea ted  su r fa ce  in to  a c c o u n t  in  ord er  to  d e sc r ib e  a m e c h a n ism  re
tard in g  th e  liq u id  f i lm  d ra in a g e  ( f ilm  th in n in g )  and  p r o v id in g  fo a m  sta b ility . T h e
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v is c o u s  d rag fro m  th e  b u lk  resu lts  in  th e  fo r m a tio n  o f  a  su rfa cta n t c o n c e n tr a tio n  gra
d ie n t o n  a  b u b b le  su r fa c e  as illu stra ted  in  F ig u re  2 .8  (T a n  et al, 2 0 0 6 ) .  T h is  su rface  
te n s io n  gra d ien t c a u s e s  th e  sp rea d in g  o f  su rfa cta n t m o le c u le s  fro m  r e g io n s  o f  lo w  to  
h ig h  su rfa ce  te n s io n  at th e  a ir - l iq u id  in ter fa ce , le a d in g  to  th e  m o v e m e n t  o f  th e  u n der
ly in g  la y e r  o f  liq u id  in  th e  f ilm . T h is  is  o p p o s ite  to  th e  d ra in a g e  d ir e c tio n  o f  th e  th in  
liq u id  f i lm , r e su lt in g  in  retard ation , th u s p r o v id in g  tra n sien t s ta b ility  to  th e  fo a m . A t  
a  v e r y  h ig h  su rfa cta n t co n c e n tr a tio n , the su r fa ce  te n s io n  d if fe r e n c e  p resen t o n  the  
b u b b le  su r fa ce  d im in ish e s  d u e  to  th e  fast a d so rp tio n  o f  su rfa cta n t m o le c u le s  from  the  
b u lk  to  r e g io n s  o f  h ig h  su r fa ce  te n s io n  o n  th e  b u b b le  an d  th e  M a ra n g o n i e f fe c t  is d i
m in ish e d . T h is  m a y  c a u s e  th e  fo a m  to  c o lla p s e . T h e  m a x im u m  in  fo a m a b ility  at in 
term ed ia te  c o n c e n tr a t io n s  is  l ik e ly  to  b e  re la ted  to  th e  in f lu e n c e  o f  b u lk  su rfactant  
c o n c e n tr a tio n  o n  th e  M a ra n g o n i e f fe c t  (P u g h , 1 9 9 6 ). O n  th e  o n e  h an d , at lo w  su rfa c
tant c o n c e n tr a t io n s , th e  su r fa ce  te n s io n  gra d ien t p resen t o n  th e  su r fa c e  is  n o t large  
e n o u g h  to  c a u se  s ig n if ic a n t  M a ra n g o n i f lo w . A n  o p tim a l c o n c e n tr a t io n  ra n g e  e x is ts  
w h e r e  m a x im u m  fo a m a b ility  o c c u r s  (T an  et al, 2 0 0 6 ) .  M o r e o v e r , b u lk  d if fu s io n  
c o e f f ic ie n t  is  o n e  o f  th e  re le v a n t p ara m eters in  th e  d ra in a g e  o f  su rfa cta n t so lu tio n  
(B u z z a c c h i et al, 2 0 0 6 ) .

Figure 2.8 (a ) S u r fa c ta n ts  at th e  a ir - l iq u id  in te r fa c e  in  th e  a b s e n c e  o f  th in  f i lm  drai
n a g e . (b ) S u r fa ce  te n s io n  gra d ien t o n  th e  su r fa c e  is  crea ted  a s  th e  su r fa c ta n ts  are d is 
p la c e d  d u e  to  th e  b u lk  v is c o u s  d rag  fo rce  in  th e  p r e se n c e  o f  d ra in a g e , ( c )  T h e  M aran 
g o n i e f fe c t  re su lts  in  a d e c r e a se  in  th e  n et d ra in a g e  rate (T a n  et al, 2 0 0 6 ) .
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2.3 Surfactant Adsorption at Air-Water Interface

T h e  r e d u c tio n  in  su rfa ce  te n s io n  resu lts  fro m  a stro n g  a d so rp tio n  o f  th e  su r
fa ctan t m o le c u le s  at th e  a ir -w a te r  in ter fa ce . T h e  su r fa ce  e x c e s s  c o n c e n tr a tio n  o f  su r
fa ctan t is  re la ted  to  th e  su rfactan t co n ce n tr a tio n  o f  th e  b u lk  liq u id  as d e sc r ib e d  b y  the  
G ib b s a d so rp tio n  eq u a tio n . F or a  d ilu te  s o lu t io n  o f  a  su rfa cta n t, th e  a d so rp tio n  is  re
la ted  to  th e  c h a n g e  in  su r fa ce  te n s io n  as d e sc r ib e d  b y  th e  G ib b s  e q u a tio n ,

1  dY 
n R T d ln  c (2 .5 )

w h e r e  r  is  th e  su rfa cta n t su r fa ce  e x c e s s  co n c e n tr a tio n , y  is  th e  b u lk  su rfa ce  te n s io n , 
c  is  th e  b u lk  su rfa cta n t co n c e n tr a tio n , R  is  th e  g a s  co n sta n t, ท is  eq u a l to  2  and  l f o r  
io n ic  su rfactan t in  a b se n c e  and  p r e se n c e  o f  large e x c e s s  o f  s im p le  so d iu m  sa lt ( i.e . 
N a C l) , r e sp e c t iv e ly , and  T  is  the a b so lu te  tem p era tu re  (R o s e n , 2 0 0 4 ) .

A t  b e lo w  th e  C M C , th e  su r fa ce  e x c e s s  c o n c e n tr a tio n  ( s lo p e  o f  y - lo g  C ) in 
c r e a se s  as th e  b u lk  c o n c e n tr a tio n  in c r e a se s . F or  su rfactan t c o n c e n tr a t io n s  b e lo w  but 
n ear th e  C M C , th e  s lo p e  o f  th e  c u r v e  i s  e s s e n t ia lly  co n sta n t (R o s e n , 2 0 0 4 ) ,  in d ic a tin g  
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  su rfa cta n t h as r e a c h ed  a  co n sta n t m a x im u m  
v a lu e  (T m), o fte n  in  th e  ord er o f  3 X 1 0 ’ 10 m o l /c m 2.

2.4 Adsorptive Bubble Separation

T h e a d so r p tiv e  b u b b le  sep a ra tio n  m e th o d s  b a se d  o n  th e  s e le c t iv e  ad so rp tio n  
or a tta ch m en t o f  m a ter ia ls  o n  th e  su r fa ces  o f  g a s  b u b b le s  r is in g  th ro u gh  a  so lu t io n  or  
su s p e n s io n  (L e m lic h , 1 9 7 2 ). I f  a m ateria l to  b e  r e m o v e d  ( c o ll ig e n d )  is  n o n -su r fa c e  
a c t iv e , a  su ita b le  su rfa cta n t (c o lle c to r )  h as to  b e  ad d ed  to  in teract w ith  it an d  b rin g  it 
to  a d so rb  at th e  b u b b le  su r fa ce . (S e b b a , 1 9 6 2 ). T h e  c o l l ig e n d  is  tran sferred  fro m  the  
s o lu t io n  in to  fo a m  or fro th  and are r e m o v e d  fro m  th e liq u id .

T h e  m o s t  w id e ly  a c c e p te d  c la s s if ic a t io n  o f  th e  v a r io u s  a d so rp tiv e  b u b b le  
sep a ra tio n  m e th o d s  is  s h o w n  in F ig u re  2 .9  (P erry  and G reen , 2 0 0 7 ) .  A m o n g  th e m e 
th o d s  o f  fo a m  se p a ra tio n , fo a m  fra c tio n a tio n  u su a lly  im p lie s  th e  r e m o v a l o f  d is-
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s o lv e d  (o r  s o m e t im e s  c o l lo id a l)  m a ter ia ls  (P erry  and  G reen , 2 0 0 7 ) .  O n  th e  o th er  
hand, f lo ta t io n  u su a lly  im p lie s  th e  r em o v a l o f  s o l id  p a rticu la te  m a te r ia ls . For rem o v a l 
o f  io n s , se v e r a l c a te g o r ie s  o f  th e  flo ta tio n  are as f o l lo w s  (L a za r id is  et a l, 2 0 0 4 ):

Adsorptive bubble 
separation methods

Foamseparation

Foam
fractionation

Flotation

Non-foaming 
adsorptive bubble 

separation

Figure 2.9 C la s s if ic a t io n  for  th e  a d so rp tiv e  b u b b le  sep a ra tio n  m e th o d s .

1. Ion flotation. N o n -su r fa c e  a c t iv e  io n s  are r e m o v e d  fro m  an  a q u e o u s  s o lu 
t io n  b y  a d d in g  an  o p p o s ite ly  ch arg ed  io n ic  su rfactan t to  form  io n  p airs or  
s o lu b le  c o m p le x e s  w h ic h  are a d so rb ed  at th e  s o lu t io n -v a p o r  in ter fa ce  
( D o y le ,  2 0 0 3 ) .  H ere  th e  ad d ed  su rfa cta n t p er fo rm s th e  dual r o le s  o f  
fro th er an d  c o lle c to r  (R u b io  et al, 2 0 0 2 ) .

2 . Precipitate flotation. T h e  io n s  r e m o v e d  are im m o b il iz e d  as su rfa ce  a c t iv e  
p r e c ip ita te s  ( f in e  p a r tic le )  b y  ad d in g  th e  c o lle c to r s  or  a n o th er  s p e c ie s  in  a 
su ff ic ie n t  a m o u n t w h ic h  can  reach  th e ir  s o lu b ility  p r o d u cts . T h e  p r e c ip i
ta te s  are th e m s e lv e s  f lo a ta b le  and r e m o v e d  b y  a tta ch m en t at th e  b u b b le  
su r fa ce  o f  fro th  (D o y le ,  2 0 0 3 ;  A le x a n d r o v a  and G r ig o r o v , 1 9 9 6 ).

3 . Sorptive flotation or adsorptive particulate flotation. T h e  io n s  rem o v e d  
are s c a v e n g e d  from  a q u e o u s  so lu t io n  in to  b o n d in g  a g e n t ( i.e . sorb en t). 
A fte r  th e  so rp tio n , the m e ta l- lo a d e d  so rb en t p a r tic le s  are sep ara ted  from  
th e  treated  an d  c le a n  so lu t io n  b y  a d so rp tio n  o n  th e  r is in g  b u b b le s  (Z am -  
b o u lis  et a l, 2 0 0 4 ) .



16

4 . Foam fractionation. T h is  m e th o d  is  s im ila r  to io n  f lo ta t io n  but u se s  an  
e x c e s s  o f  a  su rfactan t (fo r  fro th in g ) or a  p rop er fro th er to  p ro d u ce  a sta b le  
fo a m  (R u b io  et al, 2 0 0 2 ) .

5 . Adsorbing colloid flotation. T h is  m e th o d  in v o lv e s  th e  r e m o v a l o f  m eta l 
io n s  b y  a d so rp tio n  o n to  or c o -p r e c ip ita t io n  w ith  a p r e c ip ita te  a c tin g  as a 
carrier. T h e  lo a d e d  carrier is  th en  f lo a te d , u su a lly  a s s is te d  w ith  a su ita b le  
“ c o l le c to r ”  su rfactan t (Ju rk iew icz , 2 0 0 6 ;  H u a n g  and  W an g , 1 9 8 8 ).

A m o n g  th e  th ree  flo ta tio n  tech n iq u es: io n , p rec ip ita te , an d  so r p tiv e  f lo ta 
t io n , io n  f lo ta t io n  sh o w e d  th e  h ig h e st  co p p er  r e c o v e r y  w ith  th e  lo w e s t  resid u a l c o p 
per c o n c e n tr a tio n  (L a za r id is  et al, 2 0 0 4 ) .

2 .4 .1  P r in c ip le s  o f  F o a m  F ractio n a tion
F oa m  fra ctio n a tio n  is  an a d so r p tiv e  b u b b le  sep a ra tio n  p r o c e ss  in  

w h ic h  a  su r fa ce  a c t iv e  s p e c ie s ,  w h ic h  can  a d so rb s  p r e fe r e n tia lly  at th e  b u b b le  su r
fa c e , are sep ara ted  s e le c t iv e ly  from  a liq u id  s o lu t io n , d e p e n d in g  o n  th e  d if fe r e n c e  in  
su r fa ce  a c t iv ity  o f  th e  in d iv id u a l sp e c ie s . It can  b e  u se d  to  r e m o v e  d is s o lv e d  m a te 
r ia ls from  a  h o m o g e n e o u s  so lu t io n , i .e ., p o llu ta n ts  fro m  w a ste w a te r  and  g ro u n d w ater  
(J oh n  an d  E d w ard , 1 9 9 6 ). T h is  p r o c e ss  o ffe rs  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  as co m p a red  to  the o th er trea tm en t p r o c e s se s :  lo w  sp a c e  and  
e n erg y  req u irem en t; s im p lic ity  in d e s ig n , o p era tio n  an d  sc a le -u p ; lo w  ca p ita l and  o p 
era tin g  c o s t s  (W o n g  et al, 2 0 0 1 ) .  N o t  o n ly  su rfa cta n ts  are r e m o v e d  b y  th e a d so rp tio n  
at th e  a ir - l iq u id  in te r fa c e s , but o th er m atters that ca n  form  a c o m p le x  w ith  th e  su r fa c 
tan ts ten d  to  a lso  b e  co n cen tra ted  (Y a p ija k is  and W a n g , 2 0 0 5 ) .

In a fo a m  fra c tio n a tio n  o p era tion  ( s e e  F ig u re  2 .1 0 ) ,  air is in trod u ced  
b en ea th  th e  s o lu t io n  su r fa ce  at th e  b o tto m  o f  th e  fo a m  fra c tio n a tio n  c o lu m n  to  g e n e r 
ate r is in g  p n e u m a tic  fo a m . T h e  su rfa ce  a c t iv e  so lu te s , w h ic h  ca n  a d so rb  at th e  b u b b le  
su rfa ce  o f  th e  g en era ted  fo a m , are carried  u p w ard  w ith  th e r is in g  fo a m  and  th en  le a v e  
th e  c o lu m n . N o t  o n ly  m ater ia l ad so rp tio n  o n  b u b b le  su r fa c e , m o s t  liq u id  m u st b e  s e 
parated  fro m  th e  fo a m  b y  liq u id  f ilm  d ra in a ge , c a u s in g  th e  liq u id  to  b e  d rain ed  o f f  at 
th e  b o tto m  and m ateria l en r ich m en t at th e  top  o f  th e  c o lu m n . O n c e  th e  fo a m  c o l 
la p se s , co n ce n tr a tio n  o f  th e  so lu te  in  c o lla p se d  fo a m  so lu t io n  c a lle d  fo a m a te  is  h ig h er  
than that in  fe e d , d e p e n d in g  on  d e g r e e  o f  liq u id  f ilm  d ra in a g e , b u b b le  su r fa ce  area
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f lu x , and a d so rp tio n  d en sity .
D u r in g  the liq u id  f ilm  d ra in a g e  p r o c e s s , th e  m a ss  tra n sfer  b e tw e e n  in 

ternal r e f lu x  liq u id  (d ra in in g  liq u id )  w h ic h  is  a su rfa cta n t rich  stream  an d  u p w ard  e n 
tra in ed  liq u id  in  fo a m  p h a se  w h ic h  is a su rfactan t lea n  stream  (D a r to n  et al, 2 0 0 4 ) .  I f  
m o st  su rfa cta n t m o le c u le s  ca n  b e  re c o v e r e d  b ack  fro m  th e d r a in in g  liq u id , in s ig n if i
can t a m o u n t o f  su rfactan t m o le c u le s  are le ft  as r e s id u e  in  e ff lu e n t . H e n c e , th e  liq u id  
d ra in a g e  is  n e c e s sa r y  for in d u c in g  sep a ra tio n  and e n r ic h m e n t to  o c c u r  b e c a u se  it re 
d u c e s  th e  liq u id  c o n te n t in  th e  fo a m  p h a se  w ith o u t s ig n if ic a n t  w ith d r a w in g  o f  su r fa c 
tant m o le c u le s  from  th e fo a m  p h ase . H o w e v e r , fo a m  c o l la p s e  m u st b e  a v o id e d  d u rin g  
th e  liq u id  f i lm  d ra in a ge  b e c a u se  o f  r e le a s in g  o f  th e  a d so rb ed  su r fa c ta n t m o le c u le s .  
T h is  is  a r o le  o f  su rfactan t to  p r o v id e  s u ff ic ie n t ly  h ig h  fo a m  f ilm  s ta b ility  w ith  fa st  
liq u id  f ilm  d ra in age .

BUBBLE SURFACTANT

rAIR
(c)

F O A M

A IR(d)

Figure 2.10 P r in c ip le  o f  fo a m  fraction a tio n .

Foum.ite:
Er.vuinod liquid • Crdupsec ftii'imc ,v f

4

r AI
Foam phase

Figure 2.11 M a teria l b a la n ce  around  fo a m  p h ase .
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2 .4 .2  M o le  B a la n c e  in  F o a m  F ra c tio n a tio n  C o lu m n
A  m o le  b a la n ce  o f  a su rfactan t in  th e  c o l la p s e d  fo a m  at th e  to p  o f  c o l 

u m n  u n d er s te a d y  sta te  c o n d it io n , w h ic h  is  th e  m o la r  f lo w  rate o f  fo a m a te  (C fV f) is  
eq u a l to  th e  su m  o f  th e  m a ss  tran sfer  b y  th e  b u lk  liq u id  and  th e  a d so r p tiv e  transports  
(D a t io n  et al, 2 0 0 4 ) ,  as sh o w n  in  F igu re  2 .1 1 :

CfVf = CeVf + Ar (2.6)

w h e r e  V f is  th e  v o lu m e tr ic  f lo w  rate o f  c o l la p s e d  fo a m , c e is  th e  su rfa cta n t c o n c e n 
tration  in  th e  b u lk  liq u id  or in  th e  e fflu e n t, C f is  th e  su rfa cta n t c o n c e n tr a t io n  in th e  
c o lla p s e d  fo a m , A  is  th e  f lo w  rate o f  th e  in ter fa c ia l area  o f  th e  g e n e r a te d  fo a m , and  r  
is  th e  su r fa ce  e x c e s s  c o n cen tra tio n . T h e term  A T  in d ic a te s  th e  a m o u n t o f  su rfa ce  ad 
so rp tio n  o n  th e b u b b le  su r fa c e , k n o w n  a s th e  a d so r p tiv e  tran sp ort. B y  p e r fo rm in g  
o v e r a ll m o le  b a la n ce  (VjCj =  V f C f +  v ec e) u n d er s te a d y  sta te  c o n d it io n , th e  in p u t  
m o le s  o f  th e  su rfa cta n t is  eq u a l to  the su m  o f  the m o le s  o f  th e  su r fa c ta n t in  the fo a 
m a te  and in  th e  e ff lu e n t , a s  s h o w n  in E q u a tio n  2 .7 :

QV; = ceve + CeVf + Ar (2.7)

w h e r e  Vj and  v e are th e  v o lu m e tr ic  f lo w  rates o f  th e  fe e d  and  th e  e f f lu e n t , r e sp e c 
t iv e ly . W e  c a n  rearran ge E q u a tio n  2 .7  to  o b ta in  the m o le  b a la n c e  in  term s o f  resid u a l  
fa c to r  b y  d iv id in g  E q u a tio n  2 .7  w ith  CjVj to  y ie ld  th e  fo llo w in g :

( 2 .8 )

T h e  p r o c e ss  sep a ra tio n  p er fo rm a n ce  o f  th e  fo a m  fr a c tio n a tio n  c o lu m n  
is  u su a lly  a s s e s s e d  b y  u s in g  % su rfactan t r eco v ery ;  e n r ic h m e n t ratio; an d  sep ara tio n  
factor , d e sc r ib e d  as fo llo w :

% S u r fa c ta n t  r e c o v e r y  =  X 1 0 0CjVj (2.9)
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( 2 . 1 0 )

( 2 . 1 1 )

E q u a tio n  2 .6  su g g e s ts  that an in crea se  in  th e  su rfa cta n t r e c o v e r y  is  g o 
v ern ed  b y  b o th  b u lk  liq u id  tran sp ort and a d so r p tiv e  tran sp ort. A r e d u c tio n  in  A r is  
r e sp o n s ib le  fo r  an  in c r e a se  in th e  resid u a l fac to r  (Ce/C,), as d e sc r ib e d  b y  E q u a tio n  2 .8 , 
as w e l l  as for  a d e c r e a se  in  su rfactan t r e c o v e r y , as d e sc r ib e d  b y  E q u a tio n  2 .6 . W ith  
a id  o f  E q u a tio n  2 .8  and o v e r a ll m a ss  b a la n c e  (V j =  V f  +  ve) u n d er  s te a d y  s ta te  c o n d i
t io n , th e  b u lk  liq u id  transport term  (CeVf), n o r m a liz e d  b y  fe e d  m o la r  f lo w  rate (CjVj), 
can  b e  e x p r e s se d  as

N o r m a l iz e d  b u lk  liq u id  t r a n s p o r t  =  ( l  — ^ - )  j  (2 .1 2 )

E q u a tio n  2 .1 2  su g g e s ts  that th e  n o r m a liz e d  b u lk  liq u id  tran sp ort is  an u p w ard  stream  
o f  la m e lla  liq u id  w ith  u n ad sorb ed  m o le c u le s . T h u s , th e  b u lk  liq u id  tran sp ort in c r e a s
e s  a m o u n t o f  u n a d so rb ed  m ateria l in  fo a m a te . A t larger v a lu e  o f  n o r m a liz e d  a d so rp 
t iv e  transport (Ar/CiVj), E q u a tio n  2 .1 2  su g g e s ts  that le s s  a m o u n t o f  su rfa cta n ts  are  
tran sferred  b y  th e  b u lk  liq u id  e v e n  at large fo a m a te  v o lu m e tr ic  ratio  (Vf/Vj) as sh o w n  
in  F ig u re  2 .1 2 .

I  0.0

0.0 0.2 0.4 0.6 0.8 1.0 1 2
Foamate volumetric ratio (Vf/Vj)

Figure 2.12 D e p e n d e n c e  o f  n o r m a liz e d  b u lk  liq u id  tran sp ort on  fo a m a te  v o lu m e tr ic  
ratio  as d e sc r ib e d  b y  E q u a tio n  2 .1 2 .
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%  S u r fa c ta n t  r e c o v e r y  =  [ ^  +  ^ -  G )') ( ^ ) ]  X 1 0 0  ( 2 .1 3 )

E q u a tio n  2 .1 3  su g g e s ts  that th e  su rfactan t r e c o v e r y  is  m a in ly  g o v e r n e d  b y  th e ad 
so r p tiv e  tran sp ort at lo w  b u lk  liq u id  tran sp ort and  b y  th e  b u lk  liq u id  tran sp ort at lo w  
a d so rp tiv e  tran sp ort as illu stra ted  in  F ig u re  2 .1 3 . A t n o r m a liz e d  a d so r p tiv e  transport 
a p p ro a ch in g  u n ity , th e  la m e lla e  liq u id  c o n ta in s  n o  su r fa c ta n t an d  th u s  liq u id  film  
d ra in a ge  or liq u id  en tra in m en t d o e s  n ot a f fe c t  th e  su rfa cta n t r e c o v e r y . O n  th e  o th er  
h an d , at s ig n if ic a n tly  lo w  n o r m a liz e d  a d so r p tiv e  tran sp ort, th e  la m e lla e  liq u id  c o n 
ta in  a s ig n if ic a n t  a m o u n t o f  su rfactan t and th u s th e  su r fa c ta n t r e c o v e r y  sh o u ld  b e d e 
c r e a se d  w ith  an in c r e a se  in  liq u id  f ilm  d ra in a g e  an d  in c r e a se d  w ith  in c r e a s in g  liq u id  
en tra in m en t in  fo a m .

Combing Equation 2.6, 2.8, and 2.9, one can obtain % surfactant re
covery as a function of foamate volumetric ratio and normalized adsorptive transport
(Ar/CjVi) as shown in Equation 2.13

> 80 
8

AI7CjV( = 1.0 
Ar/c(V|-=n)๚' ” 
AT/CjVj = 0.6 
Ai7CjV| = <M̂  

AI7C|V| = 0,2 
AI7C|V| = 0.1

'S'

0 0
Foamate volumetric ratio (Vf/Vj)

Normalized adsorptive transport (APCjVj)

F ig u re  2 .13  D e p e n d e n c e  o f  % su rfactan t r e c o v e r y  o n  fo a m a te  v o lu m e tr ic  ratio  and  
n o r m a liz e d  a d so r p tiv e  transport as d e scr ib ed  b y  E q u a tio n  2 .1 3 .

B y  a p p ly in g  th e  o v e r a ll m o le  b a la n c e , m a s s  b a la n c e , and  E q u a tio n  2 .8 ,  
th e  en r ic h m e n t ratio  and  sep ara tio n  factor  as a  fu n c t io n  o f  n o r m a liz e d  a d so rp tiv e  
transport (A r /C jV j)  and fo a m a te  v o lu m e tr ic  ra tio  (Vf/Vj) ca n  b e  d e sc r ib e d  a s  fo llo w :

E n r ic h m e n t  r a t io  = (2 .1 4 )
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S e p a r a t io n  fa c to r  =
Ar Normalized Adsorptive 

Normalized Bulk liquid (2 .1 5 )

E q u a tio n s  2 .1 4  an d  2 .1 5  su g g e s t  that th e  b u lk  liq u id  tran sp ort w il l  c o n tr ib u te  to the  
su rfa cta n t r e c o v e r y  b ut d o e s  n o th in g  in  term s o f  true sep a ra tio n  and  w i l l  a c tu a lly  re
d u ce  th e en r ic h m e n t ratio  and sep a ra tio n  fa c to r  d u e  to  d ilu t io n  o f  a d so rb ed  m o le c u le s  
b y  en tra in ed  liq u id . O n  th e o th er  h an d , th e  a d so r p tiv e  tran sp ort m e c h a n ism  is  r e sp o n 
s ib le  for an in c r e a se  in  e n r ich m en t ratio  and sep a ra tio n  factor .

Column 
wall

Downcomer

Tray -

-'V - —\A -

Tray 
spacing

downcomer 
A/eir

Air flow

F ig u r e  2 .1 4  S c h e m a tic  o f  b u b b le  ca p s  tray.

M u ltis ta g e  fo a m  fra c tio n a tio n  w ith  b u b b le  c a p s  is b a s ic a lly  a n a lo g o u s  
to  a d is t illa t io n  u n it. F or th e  d is t i l la t io n  u n it, a v a p o r  p h a se  is  in  e q u ilib r iu m  w ith  an  
a q u e o u s  p h a se  in  e a c h  tray, w h ile  a fo a m  p h a se  is  in  e q u ilib r iu m  w ith  an a q u e o u s  
p h a se  for  th e  fo a m  fra ctio n a tio n  sy s te m , as illu stra ted  in  F ig u re  la .  In m u lt is ta g e  
fo a m  fra c tio n a tio n  w ith  fe e d  p o s it io n  o n  th e top  tray, su r fa c ta n t m o le c u le s  fo u n d  in  a 
lo w e r  tray d e r iv e d  from  d ra in in g  liq u id  (c o n ta in in g  r e s id u a l su rfa cta n t) v ia  d o w n c o 
m er ca n  b e  r e c o v e r e d  b a ck  to  th e  to p  tray. T h e  r is in g  fo a m  fro m  th e  lo w e r  tray w ill  
p a ss  th e  b u b b le  c a p s  o f  th e  u p p er  tray, r e su lt in g  in  in c r e a s in g  su rfa cta n t c o n c e n tr a 
t io n  in th e  liq u id  p o o l o f  th e  u p p er  tray. T h u s, th e  e f f lu e n t  su rfa cta n t co n ce n tr a tio n
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b e c o m e s  v e r y  lo w  w h i le  m o st  o f  su rfactan t m o le c u le s  w il l  b e  carr ied  u p w ard  b y  r is 
in g  fo a m  to  th e  to p  tray. Internal b u b b le  c o a le s c e n c e  w ith in  th e  r is in g  fo a m  b e fo r e  
p a ss in g  th ro u gh  th e  b u b b le  ca p s  is  a ls o  lik e ly  to  b e  o ccu rred  d u e  to  su d d e n  c h a n g e  in  
f lo w  c r o ss  s e c t io n a l area, r e su lt in g  in  in c r e a s in g  in tern a l r e f lu x  and  en h a n ced  
en r ic h m e n t ratio  (M a rtin  et a l, 2 0 1 0 ) .

2 .4 .3  L iteratu re R e v ie w  o n  S u rfa cta n t R e c o v e r y  U s in g  F o a m  F ra ctio n a tio n
G r ie v e s  and  W o o d , ( 1 9 6 4 )  fou n d  that tem p era tu re  h ad  su b tle  e f fe c t  on  

the sep a ra tio n  p e r fo r m a n c e  o f  c o n tin u o u s  fo a m  fr a c tio n a tio n . T h a ra p iw a tta n a n o n  et 
al, ( 1 9 9 6 )  in v e s t ig a te d  a s in g le  c o n tin u o u s  m o d e  o f  fo a m  fr a c tio n a tio n  to  r e m o v e  
su rfa cta n ts  from  w a ter . T h e  e n r ic h m e n t ratio  o f  su rfa cta n t d e c r e a s e d  w ith  in c r e a s in g  
air f lo w  rate and su rfa cta n t c o n c e n tr a tio n , but w ith  d e c r e a s in g  p o r e  s iz e  o f  th e  sp a rg 
er. K u m p a b o o th  et al, ( 1 9 9 9 )  fou n d  that th e  fo a m  f lo w  rate, fo a m  w e tn e s s  and  su r
factan t r e c o v e r y  in cre a se d  but th e  e n r ic h m e n t ra tio  d e c r e a se d  w ith  in c r e a s in g  sa lt 
co n c e n tr a tio n . Y a m a g iw a  et a l, ( 2 0 0 1 )  fo u n d  th at th e  e x te r n a l fo a m  r e flu x  w a s  e s 
sen tia l fo r  e n h a n c in g  sep ara tio n  e f f ic ie n c y  o f  fo a m  fr a c t io n a tio n  w h e n  trea tin g  a 
h ig h ly  fo a m in g  s o lu t io n  o f  p o ly (V in y l A lc o h o l) .

F or m u lt is ta g e  m o d e , B o o n y a s u w a t  et al. ( 2 0 0 3 )  s tu d ie d  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 rfa cta n t, an d  s o d iu m  d o d e c y l su lfa te  
(S D S ) , an  a n io n ic  su rfa cta n t, form  w a te r  b y  u s in g  m u lt is ta g e  fo a m  fra c tio n a tio n  w ith  
v a r io u s  n u m b ers o f  s ta g e s  ra n g in g  fr o m  1 to  4 . T h e  se p a r a 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 P C  fro m  w a te r  w a s  fo u n d  to  b e  m u ch  
h ig h er  th an  that in  a s in g le -s ta g e  s y s te m , e s p e c ia l ly  in  term s o f  th e  e n r ic h m e n t ratio  
and % r e c o v e r y  o f  th e  C P C  (B o o n y a s u w a t  et a l, 2 0 0 3 ) .  D a t io n  et al ( 2 0 0 4 )  fou n d  
that th e  e f fe c t  o f  liq u id  re f lu x  w a s  r e v e a le d  to  b e  im p o rta n t in  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  fra c tio n a tio n . C h u y in g sa k u lt ip , ( 2 0 0 4 )  in v e s t ig a te d  th e  e f fe c t s  o f  
fe e d  p o s it io n , r e c y c le  ra tio , and tray sp a c in g  o n  sep a ra tio n  e f f ic ie n c y  o f  C P C . T h e  
resu lts  s h o w e d  that fe e d  p o s it io n  is im p o rtan t for  p r o c e s s  p e r fo r m a n c e  and  th e  o p ti
m u m  fe e d  p o s it io n  is  th e  top  sta g e; h o w e v e r , th e  r e c y c le  ra tio  an d  tray  sp a c in g  a f
fe c te d  s lig h t ly  th e  sep a ra tio n  e f f ic ie n c y . T r ir o j ,(2 0 0 5 )  in v e s t ig a te d  th e  r e c o v e r y  o f  
su rfa cta n ts from  m ix e d  su rfactan t s o lu t io n  (C P C  and  T r ito n  X - 1 0 0 ) .  It w a s  fo u n d  that 
b oth  su rfactan t r e c o v e r y  and en r ic h m e n t ratio  o f  T rito n  X - 1 0 0  fro m  th e  m ix e d  s o lu 
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t io n  w er e  h ig h e r  than  th o se  o f  th e  C P C  d u e  to  p re feren tia l a d so r p tio n  o f  T riton  X -  
1 0 0 .

2.5 Ion Foam Fractionation

2 .5 .1  P r in c ip le  o f  F o a m  F r a c tio n a tio n  for  Io n  S ep a ra tio n
F o a m  fra c tio n a tio n  for io n  sep a ra tio n  c a n  a ls o  b e  c a lle d  io n  f lo ta tio n . 

Ion  f lo ta t io n , first d e sc r ib e d  b y  S eb b a , ( 1 9 6 2 ) ,  is  a  sep a ra tio n  t e c h n o lo g y  for  r e c o v e r 
in g  and r e m o v in g  m eta l io n s  from  a d ilu te  a q u e o u s  s o lu t io n . The io n  fo a m  fra ctio n a 
t io n  u se s  an e x c e s s  o f  a su rfactan t (fo r  fro th in g ) or  a p rop er  fro th er  to  p r o d u ce  a sta 
b le  fo a m  (R u b io  e t a h , 2 0 0 2 ) .  T h e  b a s ic  p r in c ip le  r e lie s  o n  th e  d ir e c t  in tera ctio n  b e 
tw e e n  io n ic  su rfa cta n t an d  an  o p p o s ite ly  ch a rg ed  m e ta l io n . T h e  m e c h a n ism s  o f  io n  
f lo ta tio n  and  io n  fo a m  fra c tio n a tio n  p r o c e s s  ca n  b e  su m m a r iz e d  in to  tw o  w a y s  
(D o y le ,  2 0 0 3 ;  Y u a n  el ai, 2 0 0 8 ) .  T h e  first is  a d so rp tio n . T h e  su rfa cta n t and  m eta l  
io n s  ad so rb  as m o n o la y e r  at th e  a ir -w a te r  in te r fa c e  th ro u g h  th e  e le c tr o s ta t ic  a d so rp 
t io n , p r o d u c in g  a fo a m  layer, as sh o w n  in  F ig u re  2 .1 4 .  T h e  s e c o n d  is  c o n g lu tin a tio n . 
F irst, s o lu b le  m e ta l-su r fa c ta n t  c o m p le x  c a lle d  su b la te  is  fo r m e d  in  th e  liq u id  and  
th en  c o n g lu tin a te  o n  th e  b u b b le s , p r o d u c in g  a fo a m  la yer . A fte r  th e  fo rm a tio n  o f  
h e a v y -m e ta l-c o n ta in in g  fo a m  b y  th e  tw o  p o s s ib le  m e c h a n is m s , th e  fo a m  are carried  
u p w ard s w ith  r is in g  air to  th e  fo a m  e x i t  at th e  top  o f  th e  c o lu m n  as d e sc r ib e d  b e fo r e  
in  s e c t io n  2 .4 .1 .  T h e  c o lla p s e d  fo a m  s im p ly  c o n ta in s  b o th  su rfa cta n t and  h e a v y  m eta l  
at v ery  h ig h  c o n c e n tr a t io n s  d u e  to  liq u id  f ilm  d ra in a g e  m e c h a n ism .
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" S u r f a c t a n t  a d s o r p t i o n "

Air inlet

F ig u r e  2 .1 5  C o -a d so r p tio n  o f  su rfactan t an d  m eta l m e c h a n is m  fo r  io n  sep a ra tio n  in  
io n  fo a m  fr a c tio n a tio n .

2 .5 .2  K in e t ic s  o f  Io n  F o a m  F ra c tio n a tio n
A  se r io u s  lim ita tio n  o f  b a tch  io n  f lo ta t io n  p r o c e s s e s  h a s b e e n  th eir  

r e la tiv e  s lo w  o p e r a tio n  d u e  to  s lo w  k in e t ic s  o f  io n  f lo ta t io n  ( D o y le ,  2 0 0 3 ) .  It tak es  
th irty  to  h u n d red s  m in u te s  to  reach  1 0 0  % r e m o v a l o f  io n  fo r  b a tch  test . F or  c o n t i
n u o u s  fo a m  fr a c tio n a tio n , the r e c o v e r y  e f f ic ie n c y  d e p e n d s  o n  th e  r e s id e n c e  t im e  
w ith in  th e  c o lu m n . In s o m e  c a s e , it is  n e c e ssa r y  to  u s e  m o r e  th a n  o n e  c o lu m n  c o n 
n e c te d  in  s e r ie s  to  a c h ie v e  r e a so n a b le  h ig h  r e c o v e r y  e f f ic ie n c y . A lth o u g h  eq u ilib r iu m  
a d so rp tio n  d e n s it ie s  in  n o n tu rb u len t s y s te m s  d e te r m in e d  b y  su r fa c e  te n s io n  r e la x a 
t io n  e x p e r im e n ts  ca n  b e  se v e r a l m in u te s , th e  tu rb u len ce  e n c o u n te r e d  in  ty p ica l f lo ta 
t io n  s y s te m s  is  l ik e ly  to  r ed u ce  a p p r e c ia b ly  th e  t im e  n e e d e d  to  a c h ie v e  e q u ilib r iu m  
a d so rp tio n  d e n s it ie s . M o rg a n  et al. ( 1 9 9 2 )  e s tim a te d  that it w o u ld  ta k e  o n ly  ab ou t 0.1  
ร to  a c h ie v e  th e  e q u ilib r iu m  a d so rp tio n . L iu  ( 2 0 0 1 )  e s t im a te d  that it w o u ld  tak e  ab o u t  
0 .2 , 2  and  8  ร to  reach  th e  e q u ilib r iu m  a d so rp tio n  fo r  c o p p e r  f lo ta t io n  w ith  d o d e c y l-  
su lfa te , te tr a d e c y lsu lfa te  and  h e x a d e c y ls u lfa te , r e s p e c t iv e ly . B o th  o f  th e se  resu lts  
su g g e s t  that e v e n  b u b b le s  w ith  r e la t iv e ly  sh ort r e s id e n c e  t im e s  in  io n  f lo ta tio n  s y s 
te m s  can  h a v e  e q u ilib r iu m  a d so rp tio n  d e n s it ie s . I f  th e  a d so r p tio n  d e n s ity  o f  c o lle c to r
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and  c o l l ig e n d  at th e  v a p o r - s o lu t io n  in te r fa c e  are at e q u ilib r iu m  w ith  th e  so lu t io n , the  
r e s id e n c e  t im e  o f  s o lu t io n  n e e d e d  to  a c h ie v e  c o m p le te  r e m o v a l c o u ld  o n ly  b e  im 
p ro v ed  b y  in c r e a s in g  th e  in ter fa c ia l area f lu x  (D o y le ,  2 0 0 3 ) .

B e c a u se  th e  m o la r  f lo w  rate o f  fo m a te  d e p e n d s  o n  th e  su rfa ce  area o f  
g a s  b u b b le s , it m ig h t  b e  a d v a n ta g e o u s  to  h a v e  e x tr e m e ly  sm a ll b u b b le s  p ro d u ced  b y  
a  p o ro u s  m ater ia l ( D o y le ,  2 0 0 3 ) .  H o w e v e r , sm a lle r  b u b b le s  re su lt  in  w etter  fo a m s for  
a  g iv e n  g a s  f lo w  rate, le a d in g  to a lo w e r  en r ic h m e n t ra tio . A  lo n g e r  r e s id e n c e  t im e  o f  
th e  fo a m  b y  h a v in g  a  lo n g e r  fo a m  h e ig h t  is  n e e d e d  fo r  in c r e a s in g  liq u id  f ilm  d rai
n a g e . T h e  p r o b le m  o f  io n  f lo ta tio n  e q u ip m e n t is  that m o s t  o f  th e  so lu t io n  in  th e  c o l 
u m n  w o u ld  b e  u n a b le  to  in teract w ith  th e  b u b b le s  b e c a u s e  th e  b u b b le s  w o u ld  a lread y  
b e  satu rated  w ith  th e  c o l le c to r  and  io n  d u rin g  th e  fir st f e w  te n th s  o f  a m eter  o f  th e  
c o lu m n . C o n se q u e n t ly , a  ta ll c o lu m n  m a y  o ffe r  litt le  or  n o  e n h a n c e m e n t in  so lu t io n  
th ro u gh p u t o v e r  a sh ort c o lu m n  o f  th e  sa m e  d ia m eter  ( D o y le ,  2 0 0 3 ) .

2 .5 .3  R e c o v e r y  o f  M eta l P rod u ct fro m  F o a m a te
F or io n  flo ta tio n  to  b e  e c o n o m ic a l ly  v ia b le , b o th  th e  m eta l and th e  

c o lle c to r  c a n  b e  r e c o v e r e d  from  th e  fo a m  (S r e e n iv a sa r a o  and  D o y le ,  1 9 9 7 ). T h e  
c h e m ic a l p r e c ip ita tio n  in  fo rm s o f  h y d r o x id e s  and  s u lf id e s  and  e le c tr o ly s is  are a v a il
a b le  to  r e c o v e r  h e a v y  m e ta ls  and su rfa cta n ts  from  th e  c o lla p s e d  fo a m . T h e  p rec ip ita 
t io n  r e a c tio n s  o f  h y d r o x id e s  and s u lf id e s  are rep resen ted  as:

( R S 0 4) 2 M + 2 N a 0 H  ->  2 R S 0 4N a + M ( 0 H ) 2 (ร) ( 2 .1 6 )
( R S 0 4) 2 M + N a 2S ->  2 R S 0 4N a + M S ( s )  (2 .1 7 )

H o w e v e r , th e  r e c o v e r y  e f f ic ie n c y  o f  m e ta ls  fro m  th e  fo a m a te  b y  th e  
c h e m ic a l p r e c ip ita t io n  w a s  fo u n d  to  b e  m u c h  lo w e r  th an  that c a lc u la te d  from  th e  s o 
lu b ility  p ro d u cts  b e c a u s e  o f  th e  c o m p le x a t io n  o f  th e  h e a v y  m e ta l c a t io n s  an d  d o d e -  
c y ls u lfa te  ( D o y le ,  2 0 0 3 ) .

E le c tr o ly s is  s e e m s  to  b e  m o re  p r o m is in g  fo r  r e c o v e r in g  m e ta ls  and re
g en e r a tin g  c o lle c to r . T h is  p r o c e s s  h a s b e e n  u sed  to  d e c o m p o s e  p r e c io u s  m e t a l-  
c o lle c to r  c o m p le x e s  ( D o y le ,  2 0 0 3 ) .  F or io n  f lo ta tio n  w ith  d o d e c y ls u lfa te  w ith  d iv a 
len t ca tio n , th e  r e le v a n t c a th o d ic  r e a c tio n  w o u ld  b e
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( R S 0 4)2M  +  2 e  ->  M  +  2 R S 0 4‘ (2 .1 0 )

T h e  a n o d e  r ea c tio n  w o u ld  b e  o x id a t iv e  d e c o m p o s it io n  o f  w ater:

H 20  -> ( l / 2 ) 0 2 +  2 H + +  2 e  (2 .1 1 )

B e c a u s e  th e  la ter r ea c tio n  a c id if ie s  th e  s o lu t io n , c o n d it io n in g  o f  re 
c o v e r e d  strea m  is  n e e d e d  b y  a d d in g  b a se  ( i.e . N a O H ). A  c o n c e p tu a l d ia gram  o f  fo a m  
fra c tio n a tio n  o f  io n s  in teg ra ted  w ith  th e  r e c o v e r in g  u n it  (F F -E le c tr o ly s is )  can  b e  d e 
p ic te d  in  F ig u r e  2 .1 5 . T h e  F F -E le c tr o ly s is  p r o c e s s  req u ires  e le c tr ic a l e n e r g y  (fo r  air  
c o m p r e sso r , p u m p , and  e le c tr o ly s is  u n it) an d  c h e m ic a ls  ( fo r  m a k e -u p  su rfactant and  
N a O H ). T h e  cu rren t e f f ic ie n c ie s  w e r e  r ep o r ted ly  arou n d  6 0 - 6 5 % , w ith  n o  d e te c ta b le  
c h a n g e  in  d o d e c y ls u lfa te  (S r e e n iv a sa r a o  an d  D o y le ,  1 9 9 6 ) . T h e r e fo r e , th is  p r o c e ss  is  
e x p e c te d  to  c o n s u m e  sm a ll a m o u n t o f  c h e m ic a ls  and to  crea te  a s m a ll  am o u n t o f  C 0 2 

p er u n it o f  trea ted  w a ste w a te r .

F ig u r e  2 .1 6  A  c o n c e p tu a l d ia gram  o f  fo a m  fr a c tio n a tio n  o f  io n s  in teg ra ted  w ith  th e  
r e c o v e r in g  u n it  (F F -E le c tr o ly s is )  ( D o y le ,  2 0 0 3 ) .

H o w e v e r , th ere  are tw o  m a in  p r o b le m s , a f fe c t in g  th e  a c c o m p lish m e n t  
o f  th is  p r o c e ss :

1. T o  r e d u ce  w o r k  lo a d  o n  m eta l r e c o v e r y  u n it  ( e le c tr o ly s is ) ,  th e  v o lu 
m etr ic  f lo w  rate o f  fo a m a te  sh o u ld  b e  m in im iz e d  w h i le  th e  co n cen tra -
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t io n  o f  th e  m eta l in  e f f lu e n t  m e e ts  th e  d isc h a r g e  sta n d a rd s. H e n c e , th e  
p ro d u c e d  fo a m  sh o u ld  p r o v id e  h ig h  fo a m  f ilm  s ta b ility  and h ig h  liq 
u id  film  d ra in a ge .

2 . T o  r e d u ce  c o n su m p tio n  o f  m a k e -u p  su rfa cta n t, % su rfa cta n t r e c o v e r y  
s h o u ld  b e  h ig h .

2 .5 .4  L itera tu re r e v ie w  o n  Ion  F o a m  F r a c tio n a tio n  and  Io n  F lo ta tio n
A lth o u g h  io n  fo a m  fra c tio n a tio n  h as m a n y  a ttr a c tiv e  fea tu res for  re

m o v in g  m eta l io n s  fro m  d ilu te  so lu t io n s  ( D o y le ,  2 0 0 3 ) ,  th ere  are a b o u t 3 0  p u b lic a 
t io n  p ap ers a v a ila b le  in  th e  p ast ten  y ea rs ( 1 9 9 9  -  2 0 0 9 ) .  A  f e w  o f  th e m  w er e  carried  
ou t in  c o n t in u o u s  m o d e  o f  o p era tion  and m o st  o f  th em  w e r e  te s te d  o n  lab oratory  
sc a le . M a n y  o f  th em  fo c u s e d  o n  s e le c t iv e  f lo ta t io n  u n d er  m ix e d  m eta l io n s  (L a za r id is  
et al, 2 0 0 4 ;  Q u  et al., 2 0 0 8 ;  D o y le , 2 0 0 3 ;  M o u s s a v i and  J a v id n eja d , 2 0 0 7 ;  P o la t and  
E rd ogan , 2 0 0 7 ) .

F o r  m o st  o f  b atch  io n  fo a m  fra c tio n a tio n  s tu d ie s , to  a c h ie v e  h ig h  re 
m o v a l, o p era tio n a l t im e  o f  th irty  to h u n d red s m in u te s  w a s  req u ired  b e c a u s e  o f  the  
s lo w  f lo ta t io n  k in e t ic s  as d e sc r ib e d  earlier . T h e  s lo w  f lo ta t io n  th e  k in e t ic s  o b se r v e d  
in  b a tch  m o d e  but in v is ib le  for  c o n tin u o u s  or  s e m i b a tch  o p e r a tio n  b e c a u s e  th e  b ack -  
f lu x  term  w o u ld  b e lo w e r  in  th e  la tter than  in  th e  fo rm er  (L iu  an d  D o y le ,  2 0 0 1 a ) .  
H o w e v e r , s o m e  a u x ilia r y  lig a n d s  can  b e  u se d  to  a c c e le r a te  k in e t ic  o f  io n  f lo ta tio n  
d u e  to  e n h a n c e d  G ib b s  free  e n e r g y  for  m o v in g  m eta l io n s  fro m  th e  b u lk  s o lu t io n  to  
ad so rb  at th e  a ir -w a te r  in te r fa c e  (C h a r e w ic z  et a l, 1 9 9 9 ; L iu  an d  D o y le ,  2 0 0 3 ) . B e 
s id e  s lo w  o p e r a tio n , a n o th er  m a in  p ro b lem  o f  b a tch  m o d e  w a s  th at a lm o s t  c o m p le te  
r e m o v a l (> 9 9 % ) a lw a y s  y ie ld e d  a  la rge  v o lu m e  o f  w e t  fo a m  w ith  a lo w  e n r ich m en t  
ratio  w h ile  a d ry  fo a m  p r o v id e  a lo w e r  r e m o v a l e f f ic ie n c y  (< 9 0 % ) (S c o r z e ll i  et al, 
1 9 9 9 ; P o la t an d  E rd ogan , 2 0 0 7 ) .

Q u  et al. ( 2 0 0 8 )  in v e s t ig a te d  th e  u s e  o f  c o n t in u o u s  fo a m  fra c tio n a tio n  
to  r e c o v e r  v a lu a b le  su rfa cta n t (S D S )  and  m eta l io n  (C d 2+) in  th e  p er m e a te  o f  m ic e l-  
la r -en h a n ced  u ltra filtra tio n  (M E U F ) w ith  an  in itia l c a d m iu m  c o n c e n tr a t io n  o f  10  
p p m . It w a s  fo u n d  that, a fter  th e  o p tim iz a tio n  o f  p r o c e ss  p a ra m eters  w ith  th e  su r fa c 
tant c o n c e n tr a t io n  o f  5 0 0  p p m , an e n r ic h m e n t ratio  o f  3 .1  w a s  a c h ie v e d  w ith  52%  
r e c o v e r y  o f  S D S , and 9 9 .3 5 %  r em o v a l o f  c a d m iu m . H o w e v e r , an  e n r ic h m e n t ratio
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fo r  th e  m eta l w a s  lo w  a b o u t 6 .7 . T h e  e f fe c t  o f  e th a n o l a s  c o -su r fa c ta n t  w a s  a lso  in 
v e s t ig a te d . T em p era tu re  h ad  a litt le  e f fe c t  o n  th e C d 2+ r e m o v a l.

S e le c t iv e  sep a ra tio n  o f  m ix e d  m e ta ls  b y  io n  f lo ta t io n  te c h n iq u e  w a s  
in v e s t ig a te d  (L iu  and  D o y le ,  2 0 0 1 b ) . T h e  s e le c t iv ity  w a s  fo u n d  to  b e  c o n tr o lle d  b y  
th e  d if fe r e n c e  a m o n g  th e ir  G ib b s  free  e n e r g y  a s so c ia te d  w ith  m o v in g  m eta l io n s  
fro m  th e b u lk  s o lu t io n  to  th e  a ir -w a te r  in ter fa ce . In o th e r  w o r d , a  s o lu te  w ith  h ig h er  
a ff in ity  to  th e  su rfa cta n ts  p r e fe r e n tia lly  a d so rb s  o n  th e  b u b b le  su r fa c e , w h e r e a s  a s o 
lu te  w ith o u t  a f f in ity  ( i .e . ,  n o n -ta rg et s o lu te )  e x is t s  o n ly  in  th e  in terstitia l liq u id  lo 
c a ted  in  fo a m  la m e lla e . T h e re fo re , th e  s e le c t iv ity  o f  a ta rg e t io n  c a n  b e  en h a n c e d  u s 
in g  c h e la tin g  a g e n t  to  in c r e a se  the G ib b s  free  e n e r g y  g a p  a m o n g  m e ta l io n s  (C h are-  
w ic z  et àl., 1 9 9 9 ; D o y le ,  2 0 0 3 ) .  A n  in c o m p le te  d ra in in g  o f  th e  in ters titia l w a ter  re
su lts  in  th e  c o n ta m in a tio n  o f  io n  o f  in terest in  fo a m a te  b y  a c c o m p a n y in g  n o n -ta rg et  
so lu te s . In ord er  to  in c r e a se  th e  s e le c t iv ity , liq u id  f ilm  d ra in a g e  s h o u ld  b e  en h a n c e d  
to  r e m o v e  u n fa v o r a b le  s o lu te s  e x is t in g  in th e  in terstitia l w a ter  (K in o sh ita  et al., 
2007). A d ju s tin g  pH  v a lu e  an d  a d d itio n  o f  in o r g a n ic  io n s  c a n  a lso  c h a n g e  th e a ff in ity  
o f  m eta l io n  to  su rfa cta n t d u e  to  th e  tra n sitio n  or c o m p le x a t io n  o f  m eta l sp e c ie s  
(M o u s s a v i an d  J a v id n eja d , 2 0 0 7 ) .

T h e  e f fe c t s  o f  v a r io u s  c h e m ic a l s p e c ie s  w e r e  a ls o  in v e s t ig a te d . T h e  e f 
fe c t  o f  ad d ed  N a C l an d  N a 2 S 0 4 o n  io n  f lo ta t io n  for  c a d m iu m  r e m o v a l w a s  in v e s t i
g a te d  ( S c o r z e ll i  et al., 1 9 9 9 ) . It w a s  fo u n d  that a d d in g  e ith e r  N a C l or  N a 2ร c >4 re
su lte d  in  d ra stic  re d u c tio n  o n  e ith er  f lo a ta b ility  o f  c a d m iu m  or  % m e ta l rec o v e r y . It 
ca n  b e  c o n c lu d e d  that a d d in g  s p e c ie s  that ca n  a lter  m e ta l io n s  to  b e  le s s  c h e m ic a l a f
f in ity  w ith  su rfa cta n t re su lts  in  d ram a tic  d e c r e a se  in  se p a ra tio n  e f f ic ie n c y  and  in 
c r e a s in g  th e  fin a l c o n c e n tr a t io n  o f  e fflu e n t.

T h ree  m a in  p h y s ic o -c h e m ic a l fa c to rs  a f fe c t in g  th e  p er fo r m a n c e  o f  
fo a m  fr a c tio n a tio n  sh o u ld  b e  tak en  in to  c o n s id e r a tio n . T h e  first is  th e  su r fa c e  a c t iv ity  
an d  a d so rp tio n  d e n s ity  o f  th e  m e ta l-su r fa c ta n t c o m p le x . T h e  se c o n d  is  th e  c h a ra c te 
r is t ic s  o f  fo a m  an d  fo a m  f ilm  in c lu d in g  liq u id  f ilm  d r a in a g e , fo a m  f i lm  s ta b ility , and  
th e  su r fa ce  area  o f  fo a m . L a stly , th e  c h e m ic a l a f f in ity  o f  m e ta l-c o n ta in in g  s p e c ie s  ( i.e . 
p o s it iv e  and n e g a tiv e  c o m p le x ;  free  m eta l io n )  is  d ir e c t ly  a f fe c te d  b y  th e  o th er  s o 
lu b le  s p e c ie s  w h ic h  ca n  react w ith  th e  m eta l io n  (K in o s h ita  et al., 2 0 0 7 ) .
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