
C H A P T E R  V
MOTOR O IL  REMOVAL FROM WASTEWATER BY CONTINUOUS 
FROTH FLOTATION USING EXTENDED SURFACTANT: EFFECTS 

OF OPERATIONAL PARAMETERS AND A IR  BUBBLE SIZE

5.1 A b stra c t

T h e  o b je c t iv e  o f  th i s  s tu d y  w a s  to  in v e s t ig a te  th e  b u b b le  c h a r a c te r is t ic s  a n d  
in te r f a c ia l  a r e a  o f  b u b b le s  in  f lo ta t io n  c o lu m n  a n d  th e  e f f ic ie n c y  o f  m o to r  o il 
r e m o v a l  f r o m  th e  w a t e r  u n d e r  m ic r o e m u ls io n  c o n d i t io n s  b y  c o n t in u o u s  f ro th  
f lo ta t io n .  C i 4-i5( P O ) 5S 0 4 N a  ( b r a n c h e d  a lc o h o l  p r o p o x y la te  s u lfa te ,  s o d iu m  sa lt)  w a s  
u s e d  a s  a  s u r f a c ta n t  to  fo rm  a  W i n s o r ’s ty p e  I I I  m ic r o e m u ls io n  w i th  m o to r  o il. T h e  
e f f e c ts  o f  s u r f a c ta n t  c o n c e n t r a t io n  a n d  N a C l  c o n c e n t r a t io n ,  w h e r e  th e  m in im u m  
s u r f a c ta n t  c o n c e n t r a t io n  c a n  f o r m  th e  W in s o r ’s ty p e  I I I  m ic r o e m u ls io n ,  o r  c r i t ic a l  
m ic r o e m u ls io n  c o n c e n t r a t io n  ( C p C ) ,  w e r e  s tu d ie d . A f te r  th a t ,  th e  c o n t in u o u s  f ro th  
f lo ta t io n  e x p e r im e n ts  w e r e  p e r f o r m e d  to  in v e s t ig a te  th e  e f f ic ie n c y  o f  m o to r  o il 
r e m o v a l  u s in g  C i 4- i5( P 0 ) 5S 0 4 N a  u n d e r  m ic r o e m u ls io n  c o n d it io n s .  T h e  e f f e c ts  o f  
s u r f a c ta n t  c o n c e n t r a t io n  a n d  h y d r a u l ic  r e te n t io n  t im e  ( H R T )  o n  th e  o il r e m o v a l  w e r e  
in v e s t ig a te d .  F r o th  p ro d u c t io n  r a t e  w a s  fo u n d  to  b e  a  c ru c ia l  p a r a m e te r  a f f e c t in g  th e  
f r o th  f lo ta t io n  e f f ic ie n c y .  B u b b le  s iz e  d is t r ib u t io n  a n d  b u b b le  a x ia l  v e lo c i ty  w e r e  
a l s o  m e a s u r e d  in  o r d e r  to  c o r r e la te  w i th  th e  p e r f o r m a n c e  o f  th e  f r o th  f lo ta t io n  
p ro c e s s .
K e y w o r d s :  B u b b l e  s iz e  d i s t r i b u t i o n ,  C o n t in u o u s  f r o t h  f l o t a t i o n ,  M ic r o e m u l s io n ,  
M o t o r  o i l  r e m o v a l

5 .2  In tro d u c tio n
M o to r  o il is  w id e ly  u s e d  f o r  lu b r ic a t io n  a ll m o v in g  p a r ts ,  e s p e c ia l ly  in te rn a l  

c o m b u s t io n  e n g in e s .  I t  a lso  fu n c t io n s  to  c a r ry  h e a t  a w a y  f ro m  th e  m o v in g  e n g in e  
p a r t s ,  a s  w e l l  a s  t o  c le a n  a n d  p r o te c t  th e  in te r n a l  s u r fa c e . M o s t  m a c h in e s  in  in d u s tr ia l  
p r o c e s s e s  s u c h  a s  c o m p r e s s o r s ,  p u m p s  a n d  tu r b in e s  r e q u i r e  m o to r  o il a s  a  lu b r ic a n t  to  
c o v e r  a ll  m o v in g  s u r fa c e s ,  a n d  t o  r e d u c e  th e  f r ic t io n , a n d  w e a r  b e tw e e n  th e m  (1 ). A s
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a  re s u l t ,  m o to r  o il is  o f te n  fo u n d  t o  p r e s e n t  in  in d u s tr ia l  w a s te w a te r s  w h ic h  c a n  a f f e c t  
th e  p e r f o r m a n c e  o f  w a s te w a te r  t r e a tm e n t  p la n ts . T h is  is  b e c a u s e  m o to r  o il c a n n o t  b e  
d e g ra d e d  b io lo g ic a l ly .  I t  m u s t  b e  r e m o v e d  p r io r  to  e n te r in g  a n  e x is t in g  b io lo g ic a l  
t r e a tm e n t  p la n t .

F r o th  f lo ta t io n  is  a  s u r f a c ta n t - b a s e d  s e p a ra t io n  p r o c e s s  (2 -4 ) .  I t  w a s  f i r s t  u s e d  
in  o r e  p ro c e s s in g ,  a n d  i t  h a s  b e e n  p o in te d  o u t  to  b e  a  p r o m is in g  te c h n iq u e  f o r  o ily  
w a s te w a te r  t r e a tm e n t  (3 -1 2 ) .  F r o th  f lo ta t io n  p r o c e s s  is  s u i ta b le  fo r  t r e a t in g  
w a s te w a te r  c o n ta in in g  s u s p e n d e d  s o l id s  a s  w e l l  a s  o i ls  in  b o th  e m u ls io n  a n d  
d is s o lv e d  f o r m s  s in c e  i t  h a s  s e v e ra l  a d v a n ta g e s ,  in c lu d in g  r a p id  o p e ra t io n , lo w  s p a c e  
r e q u i r e m e n t  f o r  e q u ip m e n t  s e t -u p , h ig h  re m o v a l  e f f ic ie n c y ,  f le x ib i l i ty  o f  th e  
a p p l ic a t io n  t o  v a r io u s  p o l lu ta n t s  a t  v a r y in g  s c a le s , a n d  lo w  o p e r a t in g  c o s t  (1 3 ) .

In  a  f r o th  f lo ta t io n  o p e ra t io n ,  a  p r o p e r  ty p e  a n d  c o n c e n t r a t io n  o f  a  s u r f a c ta n t  
is  f i r s t  a d d e d  to  o ily  w a s te w a te r ,  a n d  a ir  is  in t ro d u c e d  in to  th e  s y s te m  in  o r d e r  to  
g e n e r a te  f in e  b u b b le s .  T h e  s u r f a c ta n t  a d d e d  te n d s  to  a d s o rb  p r e f e r e n t ia l ly  a t  th e  
a i r /w a te r  in te r f a c e  w i th  t h e  h y d r o p h i l i c  p a r t  o r  h e a d  g r o u p s  in  th e  w a te r  a n d  th e  
h y d r o p h o b ic  p a r t  o r  ta i l  g r o u p s  in  t h e  a ir . A s  a  r e s u l t ,  o il c o n c e n t r a te s  a t  th e  b u b b le  
s u r f a c e s  w h i l e  th e y  r i s e  th r o u g h  th e  s o lu t io n  to  fo rm  fo a m  o r  f r o th  a t th e  to p  o f  th e  
f lo ta t io n  cell* w h ic h  is  c o n t in u o u s ly  s k im m e d  o ff. T h e  f o r m a t io n  o f  s ta b le  b u b b le  
p a r t ic le  a g g r e g a te s  is  r e q u i r e d  in  th e  f r o th  f lo ta t io n  o p e r a t io n  in  o r d e r  to  a c h ie v e  h ig h  
s e p a ra t io n  e f f ic ie n c y  (1 4 ) .

F r o m  p r e v io u s  w o i k  (7 ) , t h e  m a x im u m  re m o v a l  o f  o r th o d ic h lo r o b e n z e n e  w a s  
f o u n d  to  c o r r e s p o n d  to  t h e  u l t r a lo w  in te r f a c ia l  te n s io n  ( IF T )  c o n d i t io n  w h e n  th e  
s y s te m  is  in  th e  W in s o r ’s ty p e  I I I  m ic r o e m u ls io n  re g io n . T h is  is  t h e  in i t ia l  p o in t  o f  
o u r  re s e a r c h  g r o u p  to  c o n t in u e  s tu d y in g  th e  r e la t io n s h ip  b e tw e e n  th e  W in s o r ’s ty p e  
I I I  m ic r o e m u ls io n  a n d  t h e  f ro th  f lo ta t io n  e f f ic ie n c y  w i th  d i f f e r e n t  ty p e s  o f  o i l s  
b e c a u s e  a  m ic r o e m u ls io n  h a s  s u p e r io r  c h a r a c te r is t ic s  s u c h  a s  r e la t iv e ly  la rg e  
in te r f a c ia l  a re a ,  h ig h  s o lu b i l i z a t io n  c a p a c ity ,  a n d  u l t r a lo w  IF T  (1 5 ) . L a te r ,  C h a v a d e j  
e t  a l. (8 )  f o u n d  th a t  t h e  m o s t  o r th o d ic h lo r o b e n z e n e  r e m o v e d  d u r in g  th e  f ro th  
f lo ta t io n  o p e r a t io n  c a m e  f r o m  th e  e x c e s s  o il  p h a s e  r a th e r  th a n  f r o m  th e  m id d le  p h a s e  
in  th e  W in s o r ’s ty p e  I I I  m ic r o e m u ls io n  s y s te m . T h is  p r o v e s  th a t  it  is  th e  u l t r a lo w  EFT 
c o r r e s p o n d in g  to  th e  p r e s e n c e  o f  a  W in s o r ’s t y p e  I I I  m ic r o e m u ls io n  w h ic h  is  
r e s p o n s ib le  f o r  e f f ic ie n t  f lo ta t io n ;  t h e  fo rm a tio n  o f  a  th i rd  p h a s e  ( m id d le  p h a s e )
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u n d e r  th is  c o n d i t io n  is  c o in c id e n ta l  to  h ig h  o il  r e m o v a l .  Y a n a ta t s a n e e j i t  e t  a l. (9 )  
f o u n d  th a t  e th y lb e n z e n e  r e m o v a l  f r o m  w a t e r  b y  f ro th  f lo ta t io n  w a s  e f f i c ie n t  o n ly  
w h e n  b o th  lo w  IF T  a n d  g o o d  f r o th in g  w e r e  p r e s e n t .  T h e  im p o r ta n c e  o f  f r o th  s ta b i l i ty  
w a s  a ls o  o b s e r v e d  b y  C a r re  e t  a l. (1 6 ) . M o r e o v e r ,  Y a n a ta ts a n e e j i t  e t  a l. (1 0 )  
p r o p o s e d  f o u r  s e q u e n tia l  s te p s  in  th e  m e c h a n is m  o f  o il r e m o v a l  b y  f r o th  f lo ta t io n . 
F i r s t ly ,  a i r  b u b b le s  a r e  g e n e r a te d  th r o u g h  th e  l iq u id  s o lu t io n , a n d  o il d r o p le t s  a d h e re  
to  th e  s u r fa c e  o f  th e  a i r  b u b b le s .  T h e  s e c o n d  s te p  is  th e  f o r m a t io n  o f  o il f i lm s  o n  th e  
s u r f a c e s  o f  th e  a ir  b u b b le s  w h i le  t h e  a ir  b u b b le s  a re  r is in g  t h r o u g h  th e  s o lu t io n . T h e  
th i r d  s te p  is  th e  r is in g  o f  th e  a ir  b u b b le s  w i th  a t ta c h e d  o il f i lm s  to  t h e  to p  o f  th e  
s o lu t io n .  T h e  f o u r th  s te p  is  th e  e m e r g e n c e  o f  th e  a i r  b u b b le s  f r o m  th e  l iq u id  p h a s e  to  
f o r m  f ro th . In  b o th  th e  th i rd  a n d  f o u r th  s te p s , h ig h  s ta b i l i ty  o f  th e  o i l - f i lm  c o v e r e d  a ir  
b u b b le s  is  n e c e s s a ry .  F o r  s u c c e s s fu l  s e p a ra t io n ,  h ig h  s ta b i l i ty  o f  th e  f ro th  is  n e e d e d  
in  o r d e r  to  y ie ld  d ry  f r o th  w ith  h ig h  o il c o n te n t .  F r o th  f o r m a t io n  a n d  f r o th  s ta b il i ty  
in f lu e n c e  t h e  f r o th  p r o d u c t io n  r a te ,  w h ic h  n e e d s  to  b e  s u f f ic ie n t  f o r  g o o d  s e p a ra t io n , 
n o  m a t te r  h o w  w e l l  th e  o il a t t a c h e s  to  th e  a i r  b u b b le s  r is in g  th r o u g h  t h e  s o lu t io n . 
Y a n a ta t s a n e e j i t  e t  a l. (1 1 )  c o r r e la te d  th e  p e r fo r m a n c e  o f  b a tc h  f ro th  f lo ta t io n  to  
r e m o v e  d ie s e l  o il f r o m  w a te r  w i th  th e  s y s te m  IF T , f ro th  c h a r a c te r is t ic s ,  a n d  
c o a le s c e n c e  t im e  b e tw e e n  o il d ro p le ts .  T h e  r e s u l ts  in d ic a te d  th a t  b o th  I F T  a n d  f ro th  
c h a r a c te r is t ic s  h a d  to  b e  o p t im iz e d  to  a c h ie v e  a  h ig h  e f f ic ie n c y  o f  o il r e m o v a l  in  a  
f r o th  f lo ta t io n  o p e ra t io n .  H o w e v e r ,  th e  c o a le s c e n c e  t im e  b e tw e e n  o il d r o p le t s  w a s  n o t 
a  s ig n i f ic a n t  p a r a m e tc i  fo r  a  s u c c e s s fu l  f r o th  f lo ta t io n  o p e ra t io n .  In  a d d it io n , 
W a tc h a r a s in g  e t  a l. (1 2 )  f i r s t ly  in v e s t ig a te d  o ily  w a s te w a te r  t r e a tm e n t  b y  a  
c o n t in u o u s  f r o th  f lo ta t io n  o p e ra t io n .  A  b r a n c h e d  a lo c o h o l  p r o p o x y la te  s u lfa te , 
s o d iu m  s a l t  ( C i4-i5( P 0 ) s S 0 4 N a ) , a n  e x te n d e d  s u r f a c ta n t  w a s  u s e d  to  fo rm  
m ic r o e m u ls io n s  w i th  d ie s e l  o il in  th i s  s tu d y . T h e  f is h  d ia g r a m  w h ic h  is  p lo t te d  
b e tw e e n  m ic r o e m u ls io n  ty p e  a n d  s u r f a c ta n t  c o n c e n t r a t io n  w a s  c o n s t r u c te d  to  
d e te r m in e  th e  c r i t ic a l  m ic r o e m u ls io n  c o n c e n t r a t io n  ( C |iC ) ,  t h e  lo w e s t  s u r f a c ta n t  
c o n c e n t r a t io n  t o  fo rm  a  W in s o r ’s t y p e  I I I  m ic ro e m u ls io n .  T h e  o b ta in e d  v a lu e  o f  th e  
C p C  w a s  th e n  s e le c te d  a s  a  b a s e  c o n d i t io n  t o  ru n  th e  c o n t in u o u s  f r o th  f lo ta t io n  
e x p e r im e n ts .  U n l ik e  th e  b a tc h  m o d e  o f  o p e r a t io n ,  th e  C i 4-i5( P O ) 5SC>4N a  s y s te m  
a lo n e  w a s  n o t  a b le  t o  g e n e r a te  s ta b le  f r o th  f o r  th e  c o n t in u o u s  f r o th  f lo ta t io n
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o p e ra t io n .  H e n c e ,  s o d iu m  d o d e c y l  s u l f a te  (S D S )  w a s  a d d e d  a s  a  f r o th  b o o s te r .  I t  w a s  
c o n c lu d e d  th a t  n o t  o n ly  t h e  lo w  IF T , b u t  a lso  f r o th  fo r m a t io n  a n d  f r o th  s ta b i l i ty  w e r e  
n e e d e d  fo r  h ig h  o il r e m o v a l  in  th e  f r o th  f lo ta t io n  o p e ra t io n .

T h e  p r e s e n c e  o f  a  g a s  p h a s e  d is p e r s e d  in  a  c o n t in u o u s  l iq u id  in  th e  f ro th  
f lo ta t io n  c o lu m n  p la y s  a  s ig n i f ic a n t  ro le  in  in f lu e n c in g  t h e  m a s s  t r a n s f e r  s u r f a c e  a re a . 
S m a ll  b u b b le s  a n d  a  h o m o g e n e o u s  g a s  d is t r ib u t io n  th r o u g h o u t  th e  c o lu m n  a r e  
d e s ir e d  to  m a x im iz e  th e  m a s s - t r a n s f e r  in te r f a c ia l  a r e a  o f  th e  s y s te m  (1 7 , 18). T h e  
b u b b le  s iz e  d is t r ib u t io n  in  th e  f r o th  f lo ta t io n  c o lu m n  c a n  b e  u s e d  t o  d e te r m in e  th e  
m a s s  t r a n s f e r  in te r f a c ia l  a r e a  (1 9 ) . T h e  in te r f a c ia l  a d s o r p t io n  o f  s u r f a c ta n ts  is  a  
c ru c ia l  m e c h a n is m  s te p , c a u s in g  th e  r e d u c t io n  o f  s u r f a c e  te n s io n  w h ic h  c o r r e la te s  
w i th  th e  f r o th e r  b e h a v io u r  in  th e  f lo ta t io n  p ro c e s s  p e r f o r m a n c e  (2 0 ) .  H o w e v e r ,  in  
m a n y  in te r f a c ia l  p r o c e s s e s ,  s u c h  a s  fo a m in g , e q u i l ib r iu m  c o n d i t io n s  a re  n o t  a t ta in e d  
a n d  d y n a m ic  I F T  p la y s  a  m a jo r  r o le  a f f e c t in g  th e  p r o c e s s  p e r f o r m a n c e  (2 1 ) . T h e  
im p o r ta n c e  o f  s u c h  d y n a m ic  IF T  is  p o in te d  o u t  to . b e  e s s e n t ia l  f o r  d e e p ly  
u n d e r s ta n d in g  o f  in te r f a c ia l  p r o c e s s e s  in c lu d in g  f ro th  f lo ta t io n .  M o r e o v e r ,  th e  b u b b le  
r i s in g  v e lo c i ty  a n d , c o n s e q u e n t ly ,  th e  a v e ra g e  r e s id e n c e  t im e  o f  a i r  b u b b le s  h a v e  to  
b e  c o n s id e re d  f o r  o p e ra t io n  a n d  d e s ig n  o f  a f r o th  f lo ta t io n  u n i t  (2 2 , 2 3 ) .

In  th i s  w o r k ,  t h e  r e la t io n s h ip  b e tw e e n  th e  b u b b le  c h a r a c te r i s t ic s  a n d  
in te r f a c ia l  s u r f a c e  a r e a  o f  a i r  b u b b le s  in  th e  f r o th  f lo ta t io n  c o lu m n  a n d  th e  e f f ic ie n c y  
o f  m o to r  o il r e m o v a l  f r o m  w a te r  u n d e r  m ic r o e m u ls io n  c o n d i t io n s  b y  c o n t in u o u s  f ro th  
f lo ta t io n  w a s  in v e s t ig a te d .  C i 4- i5( P 0 ) 5S 0 4 N a  (b ra n c h e d  a lc o h o l  p r o p o x y la te  s u lfa te ,  
s o d iu m  s a l t)  w a s  u s e d  to  fo rm  m ic r o e m u ls io n s  w i th  m o to r  o il. T h e  e f f e c ts  o f  
s u r f a c ta n t  c o n c e n t r a t io n  a n d  N a C l c o n c e n t r a t io n  w e r e  s tu d ie d  in  t h e  m ic r o e m u ls io n  
p h a s e  s tu d y  in  o r d e r  to  d e te r m in e  th e  m in im u m  s u r f a c ta n t  c o n c e n t r a t io n  to  fo rm  a  
W in s o r ’s t y p e  I I I  m ic r o e m u ls io n ,  o r  c r i t ic a l  m ic r o e m u ls io n  c o n c e n t r a t io n  ( C |iC ) .  
N e x t ,  th e  c o n t in u o u s  f r o th  f lo ta t io n  e x p e r im e n ts  w e r e  p e r f o r m e d  t o  in v e s t ig a te  th e  
e f f ic ie n c y  o f  m o to r  o il  r e m o v a l  f r o m  w a te r  a t  d i f f e r e n t  s u r f a c ta n t  c o n c e n t r a t io n s  a n d  
h y d r a u l ic  r e t e n t io n  t im e s  (H R T ) .  M o r e o v e r ,  b u b b le  s iz e  d is t r ib u t io n  a n d  b u b b le  a x ia l  
v e lo c i ty  w e r e  a ls o  m e a s u r e d  in  o r d e r  to  c o r r e la te  w i th  th e  p e r f o r m a n c e  o f  th e  f ro th  
f lo ta t io n  p ro c e s s .
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5 .3  E x p e r im e n ta l S ec tio n

5 .3 .1  M a te r ia ls
A  b r a n c h e d  a lc o h o l  p r o p o x y la te  s u lfa te , s o d iu m  s a l t  ( C i4-i5( P 0 ) 5S 0 4 ) 

w i th  2 8 .7 %  a c t iv e  in  l iq u id  fo rm  w a s  s u p p l ie d  b y  S a so l N o r th  A m e r ic a  In c .,  T e x a s , 
U S A . I t  is  a n  e x te n d e d  a n io n ic  s u r f a c ta n t  h a v in g  1 4 -1 5  c a r b o n  a to m s  a n d  5 g r o u p s  o f  
p r o p y le n e  o x id e  (P O )  w i th  s u lf a te  a s  th e  h y d r o p h i l ic  g r o u p .  M o to r  o il w a s  s e le c te d  a 
m o d e l  c o n ta m in a n t  o il w h ic h  is  c o m m e r c ia l ly  a v a i la b le  f o r  u s e  in  g a s o l in e  e n g in e s ,  
ty p e  S A E  1 0 W -3 0  w i th  s y n th e t ic  g u a rd  (C a s tro l  G T X ) .  I t  c o n s is t s  o f  a  b a s e  
lu b r ic a t in g  o il ( a  c o m p le x  m ix tu r e  o f  h y d r o c a rb o n s ,  8 0  t o  9 0 %  b y  v o lu m e )  a n d  
p e r f o r m a n c e  e n h a n c in g  a d d i t iv e s  (1 0  to  2 0 %  b y  v o lu m e )  (2 4 ) .  A n a ly t ic a l  g ra d e  
s o d iu m  c h lo r id e  ( N a C l)  w i th  9 9 %  p u r i ty  w a s  o b ta in e d  f r o m  L a b s c a n  A s ia  C o .,  L td . 
A ll  c h e m ic a ls  w e r e  u s e d  a s  r e c e iv e d  w i th o u t  f u r th e r  p u r i f ic a t io n .  D e io n iz e d  w a te r  
w a s  u s e d  to  p r e p a r e  a ll a q u e o u s  s o lu t io n s .

5 .3 .2  M e th o d s
T h is  w o r k  w a s  d iv id e d  in to  f iv e  m a in  p a r ts .  T h e  f i r s t  p a r t  w a s  a  s tu d y  

o f  m ic r o e m u ls io n  f o rm a t io n  o f  m o to r  o il w i th  a q u e o u s  s o lu t io n s  o f  v a r y in g  
s u r f a c ta n t  a n d  N a C l  c o n c e n t r a t io n s .  T h e  s e c o n d  p a r t  w a s  a  d y n a m ic  s u r f a c e  te n s io n  
m e a s u r e m e n t .  F o r  th e  th i rd  p a r t ,  c o n tin u o u s  f ro th  f lo ta t io n  e x p e r im e n ts  w e r e  
c o n d u c te d  a t v a r io u s  s u r f a c ta n t  c o n c e n t r a t io n s  a n d  h y d r a u l ic  r e te n t io n  t im e s  (H R T ) . 
T h e  f o u r th  p a r t  w a s  a  s tu d y  o f  a i r  b u b b le  s iz e  d is t r ib u t io n  in  th e  f ro th  f lo ta t io n  
c o lu m n . T h e  f in a l  p a r t  w a s  f r o th  c h a r a c te r is t ic s  e x p e r im e n ts .

5 .3 .2 .1  M ic r o e m u ls io n  F o r m a tio n  S tu d ie s
A  q u a n t i ty  o f  5 m l o f  m o to r  o il w a s  a d d e d  to  a  s e r ie s  o f  v ia ls  

c o n ta in in g  5 m l o f  a  s u r f a c ta n t  s o lu t io n  h a v in g  d i f f e r e n t  s u r f a c ta n t  c o n c e n t r a t io n s  
a n d  s a l in i t ie s .  A f te r  th a t ,  e a c h  v ia l  w a s  s h a k e n  g e n t ly  b y  h a n d  f o r  1 m in  a n d  th e n  
e q u i l ib r a te d  in  a  te m p e r a tu r e - c o n t r o l le d  in c u b a to r  (B in d e r ,  K B 4 0 0 /E 2 )  fo r  4  w e e k s  a t 
3 0 ° c .  T h e  e q u i l ib r iu m  s ta te  w a s  c o n s id e re d  t o  b e  a t ta in e d  w h e n  t h e  v o lu m e  o f  e a c h  
p h a s e  o f  t h e  m ic r o e m u ls io n  s y s te m  w a s  in v a r ia n t .  T h e  m e a s u r e m e n t  o f  p h a s e  h e ig h t  
w a s  c o n d u c te d  b y  u s in g  a  c a th e to m e te r ,  m o d e l  T C - I I  f r o m  T i ta n  T o o l  S u p p ly , In c .,
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a t ta c h e d  to  a  d ig im a t ic  h e ig h t  g a u g e , m o d e l  1 9 2 -6 3 1 , f ro m  M itu y o ,  w i th  ะt  0 .0 0 2  m m  
a c c u ra c y . T h e  I F T  b e tw e e n  th e  m o to r  o il a n d  th e  v a r io u s  s u r f a c ta n t  s o lu t io n s  w a s  
m e a s u r e d  u s in g  a  s p in n in g  d ro p  t e n s io m e te r  (K riis s , S I T E  0 4 ) .

A t a  v e ry  lo w  s u r f a c ta n t  c o n c e n t r a t io n ,  i t  w a s  d if f ic u l t  to  
v is u a l ly  o b s e r v e  w h ic h  m ic r o e m u ls io n  ty p e  w a s  p re s e n t  s in c e  th e  p h a s e  v o lu m e  o f  
a n y  m id d le  p h a s e  fo rm e d  w a s  so  s m a ll .  T h e re fo re ,  e le c t ro ly t ic  c o n d u c t iv i ty  w a s  u s e d  
to  d e te rm in e  th e  m ic r o e m u ls io n  ty p e  in s te a d  (2 5 , 2 6 ) . F o r  e a c h  c o n d it io n ,  th e  
e le c t r o ly t ic  c o n d u c t iv i ty  w a s  m e a s u r e d ,  u n d e r  g e n t le  s t i r r in g  w i th  a  m a g n e t ic  s t i r re r , 
b y  u s in g  a c o n d u c t iv i ty  m e te r  ( E u te c h  In s tr u m e n ts ,  C O N I  1 & C O N 1 1 0 ) a t  ro o m  
te m p e r a tu r e  (2 6 ± 1 ° C ) . S in c e  th e  a q u e o u s  p h a s e  c o n ta in e d  a  c e r ta in  c o n c e n t r a t io n  o f  
s o d iu m  c h lo r id e ,  th e  in v e r s io n  w a s  e a s i ly  m o n i to r e d  b y  a  c h a n g e  o f  tw o  o r  m o re  
o r d e r s  o f  m a g n i tu d e  in  c o n d u c t iv i ty  ( m S /c m  o r  p S /c m )  (2 5 ) . H ig h  c o n d u c t iv i ty  
in d ic a te s  a  W in s o r ’s ty p e  I o r  I I I  m ic r o e m u ls io n  w h i l e  a  lo w  v a lu e  im p l ie s  a 
W in s o r ’s t y p e  I I  m ic r o e m u ls io n  (2 6 ) .  T h e  r e s u l ts  o b ta in e d  f ro m  th e  c o n d u c t iv i ty  a n d  
I F T  m e a s u r e m e n ts  a n d  v is u a l  o b s e r v a t io n  w e r e  u s e d  to  p lo t  th e  m ic r o e m u ls io n  p h a s e  
d ia g r a m  o r  c o n d i t io n s  w h e r e  W in s o r ’s ty p e  I, I I  an d  I I I  m ic r o e m u ls io n s  e x is t .  W h e n  
p lo t te d  a s  s u r f a c ta n t  c o n c e n t r a t io n  v s . s a l in i ty  ( o r  v ic e  v e r s a ) ,  th e s e  p h a s e  p lo ts  a re  
c a l le d  f is h  d ia g r a m s .  T h e  f is h  d ia g r a m s  a re  g e n e ra l ly  u s e d  to  d e te rm in e  a  m in im u m  
s u r f a c ta n t  c o n c e n t r a t io n  r e q u i r e d  to  fo rm  a  W in s o r ’s t y p e  I I I  m ic r o e m u ls io n  w h ic h  is  
k n o w n  as  th e  c r i t ic a l  m ic r o e m u ls io n  c o n c e n t r a t io n  ( C p C ) .

5 .3 .2 .2  D y n a m ic  S u r fa c e  T e n s io n  M e a s u r e m e n t

D y n a m ic  s u r f a c e  t e n s io n  w a s  m e a s u r e d  b y  u s in g  th e  
m a x im u m  b u b b le  p r e s s u r e  m e th o d  (2 1 , 2 7 ) .  T h e  d y n a m ic  s u r f a c e  te n s io n ,  e s p e c ia l ly  
a t  s h o r t  p e r io d s ,  c o r r e s p o n d in g  to  th e  a g e  o f  a i r  b u b b le s  (2 8 ) ,  w a s  r e p o r te d ly  a n  
im p o r ta n t  p r o p e r ty  fo r  th e  e v a lu a t io n  o f  f r o th  f lo ta t io n  p r o c e s s  p e r f o r m a n c e  (2 2 -2 3 ) .  
In  th i s  s tu d y , d y n a m ic  s u r f a c e  te n s io n  m e a s u r e m e n ts  w e r e  c a r r ie d  o u t  u s in g  a  b u b b le  
p r e s s u r e  t e n s io m e te r  (K r i is s , B P 2 ) .  T o  o p e r a t e  th e  b u b b le  p r e s s u r e  t e n s io m e te r ,  a  g a s  
b u b b le  w a s  g e n e r a te d  u s in g  a  c a p i l la ry  tu b e .  D u r in g  th i s  p ro c e s s ,  t h e  p r e s s u r e  in s id e  
th e  a ir  b u b b le  w a s  m o n i to r e d  a n d  r e c o r d e d  w i th  t im e  u n t i l  t h e  b u r s t  o f  th e  a i r  b u b b le .  
T h e  m a x im u m  r a t e  o f  d e c r e a s e  in  s u r f a c e  te n s io n  (dyt/dt)m ax is  c a lc u la te d  u s in g  th e
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d y n a m ic  s u r f a c e  t e n s io n  d a ta  (2 7 ) . T h e r e  a re  f o u r  re g io n s  o f  th e  c h a n g e  in  d y n a m ic  
s u r f a c e  te n s io n  w i th  b u b b le  s u r f a c e  l i f e t im e  th a t  c o n s is t s  o f  in d u c t io n ,  r a p id  fa ll, 
m e s o - e q u i l ib r iu m , a n d  e q u il ib r iu m . T h e  f i r s t  t h r e e  r e g io n s  a re  im p o r ta n t  in  h ig h  
s p e e d  d y n a m ic  p r o c e s s e s  s u c h  a s  f ro th in g . T h e  d y n a m ic  s u r f a c e  te n s io n , Yt, a t  a 
c o n s ta n t  s u r f a c ta n t  c o n c e n t r a t io n  c a n  b e  e x p r e s s e d  b y  th e  r e la x a t io n  f u n c t io n  (2 9 ) :

Yt =  Ym +  (Yo - Ym)/{ 1 +  ( t / t* ) x) [ 1 ]

w h e r e  Yt is  th e  d y n a m ic  s u r f a c e  t e n s io n  a t  a n y  t im e ,  Yo is th e  s o lv e n t  (w a te r )  s u r fa c e  

te n s io n ,  Ym is  t h e  m e s o - e q u i l ib r iu m  s u r f a c e  te n s io n ,  t  is  th e  t im e  th a t  Yt a t ta in e d , t*  is 

th e  t im e  w h e n  Yt a t ta in e d  a  h a l f  v a lu e  b e tw e e n  Yo a n d  Ym, a n d  X is  a  c o n s ta n t .  T h e  X 
a n d  t*  v a lu e s  a r e  c a lc u la te d  b y  th e  c u r v e  f i t t in g . T h e  d if f e r e n t ia l  fo rm  o f  E q . [1 ] 
b e c o m e s

dy, =  - ( T o - ฟ  W t A T ' / t * ]  [2 ]
dT [1 + (t/t ๆ ๆ2

T h e n , (dY t/d t)maxis  d e r iv e d  f ro m  s u b s t i tu t in g  t*  fo r  t  in  E q .[ 2 ]  a s  e x p re s s e d  in  E q . [3 ], 

dyt =  X (Yo -  Ym) =  - (dYt/dt)max [3]
d t  4 t*

5 .3 .2 .3  F r o th  F lo ta t io n  E x p e r im e n ts
F ig u r e  5 .1  s h o w s  a  s c h e m a tic  o f  th e  c o n t in u o u s  f ro th  f lo ta t io n  

u n i t  u s e d  in  th i s  s tu d y . T h e  f r o th  f lo ta t io n  c o lu m n  w a s  m a d e  o f  a  g la s s  c y l in d r ic a l  
t u b e  w i th  5 c m  in s id e  d ia m e te r  a n d  1 2 0  c m  h e ig h t ,  a n d  it  w a s  o p e r a te d  in  c o n t in u o u s  
m o d e . C o m p r e s s e d  a i r  w a s  f i r s t  f i l te r e d  to  r e m o v e  a ll p a r t ic le s ,  w a te r ,  a n d  o il b e fo re  
e n te r in g  th e  f r o th  f lo ta t io n  c o lu m n . T h e  f lo w  r a t e  o f  th e  f i l te r e d  a i r  w a s  r e g u la te d  b y  
a  m a s s  f lo w  c o n t r o l l e r  (A a lb o rg ,  G F C 1 7 1  ร ). T h e  f i l te r e d  a i r  w a s  in t r o d u c e d  in to  th e  
b o t to m  o f  th e  c o lu m n  th r o u g h  a  s in te r  g la s s  d is k  w i th  p o r e  d ia m e te r s  o f  a b o u t  
1 6 -4 0  p m . A  w e l l - m ix e d  s o lu t io n ,  c o n ta in in g  5 0 0  p p m  m o to r  o il  w i th  d if f e r e n t
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s u r f a c ta n t  a n d  N a C l  c o n c e n t r a t io n s ,  w a s  fe d  c o n t in u o u s ly  a t  a  d e s ir e d  f lo w  r a te  in to  
th e  f r o th  f lo ta t io n  c o lu m n  b y  u s in g  a  p e r is ta l t ic  p u m p  (M a s te r f le x ,  E a s y - lo a d  II) . T h e  
le v e l  o f  th e  s o lu t io n  in  th e  c o lu m n  w a s  a d ju s te d  b y  a  th r e e - w a y  f le x ib le  o u t le t  t u b e  in  
o r d e r  to  v a ry  t h e  f ro th  h e ig h t .  T h e  a i r  b u b b le s  a s c e n d in g  th r o u g h  th e  s o lu t io n  in  th e  
c o lu m n  g e n e r a te d  f r o th  w h ic h  o v e r f lo w e d  f ro m  th e  to p  o f  th e  c o lu m n  a n d  w a s  
c o l le c te d  in  a  f r o th  r e c e iv e r ,  a n d  th e n  th e  c o l la p s e d  f ro th  w a s  a n a ly z e d  f o r  m o to r  o il 
a n d  s u r f a c ta n t  c o n c e n t r a t io n s  in  th e  f ro th .  In  a d d it io n , l iq u id  e f f lu e n t  s a m p le s  w e r e  
a ls o  c o l le c te d  f o r  th e  a n a ly s is  o f  m o to r  o il c o n c e n t r a t io n  a n d  s u r f a c ta n t  c o n c e n t r a t io n  
b y  u s in g  th e  m e th y le n e  c h lo r id e  e x t r a c t io n  m e th o d  (3 1 )  a n d  th e  t i t r a t io n  m e th o d  w i th  
m e th y le n e  b lu e  c h lo r id e  ( 3 2 ) ,  r e s p e c t iv e ly . A ll  f ro th  f lo ta t io n  e x p e r im e n ts  w e r e  
c a r r ie d  o u t  a t r o o m  t e m p e r a tu r e  o f  26±l°c. E a c h  e x p e r im e n t  w a s  ru n  u n ti l  th e  
s y s te m  r e a c h e d  s te a d y  s ta te .  T h e  s te a d y  s ta te  w a s  ju s t i f ie d  w h e n  th e  c o n c e n t r a t io n s  
o f  m o to r  o il  in  th e  f ro th  a n d  l iq u id  e f f lu e n t  s a m p le s  b e c a m e  in v a r ia n t .  T h e  r e p o r te d  
d a ta  o b ta in e d  u n d e r  s te a d y  s ta te  c o n d i t io n s  w e r e  a v e ra g e d  f r o m  a t l e a s t  t h r e e  s a m p le s  
f r o m  e a c h  ru n  t o  e v a lu a te  t h e  p ro c e s s  p e r f o r m a n c e .

A: Compressor 
B: Water filter 
C: Air regulator 
D: Oil flit er 
E: Mass flow controller 
F: Sintered glass disc 
G: Flotation column 
H: Froth receiver 
I: Effluent receiver 
J: Feed tank 
K: Peristaltic pump

F i g u r e  5 .1  S c h e m a t i c  o f  t h e  f r o t h  f l o t a t i o n  a p p a r a t u s  w i t h  a  c o n t i n u o u s  m o d e  

o f  o p e r a t i o n  u s e d  in  t h i s  s tu d y .
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5 .3 .2 .4  M e a s u r e m e n t  o f  A i r  B u b b le  S iz e  D i s tr ib u t io n  in  F ro th
F lo ta t io n  C o lu m n
T h e  m e a s u r e m e n t  o f  th e  a ir  b u b b le  s iz e  d is t r ib u t io n  in  th e  

s tu d ie d  f r o th  f lo ta t io n  c o lu m n  w a s  c a r r ie d  o u t  b y  p h o to g r a p h ic  m e th o d .  Im a g e s  o f  
th e  a i r  b u b b le s  w e r e  t a k e n  b y  u s in g  a  c o lo r  v id e o  c a m e ra  (S o n y , S S C - D C 5 8 A P /1 ) ,  
c o n n e c te d  to  th e  o p t ic a l  l e n s  ( O P T E M ) . A  l ig h t  g e n e r a t io n  u n i t  (P h o to n ic ,  P L  3 0 0 0 )  
w a s  u s e d  to  o b ta in  c le a r - c u t  im a g e s . T h e  l ig h t  s o u r c e  w i th  s e m i- r ig id  f ib e r  o p tic  l ig h t  
g u id e s  a n d  le n s e s  p e r m i t s  th e  l ig h t  b e a m  to  b e  d ir e c te d  to  a n y  s p e c i f ic  p o s i t io n .  In  
o rd e r  t o  m in im iz e  t h e  e f f e c t  o f  t h e  c u r v a tu r e  o f  th e  f ro th  f lo ta t io n  c o lu m n  o n  th e  
im a g e s  t a k e n  b y  th e  c a m e ra ,  th e  p o in t  o n  th e  c e n te r l in e  o f  t h e  c o lu m n  w a s  u s e d  fo r  
ta k in g  t h e  p h o to g r a p h s  a t  t h r e e  d i f f e r e n t  a x ia l  p o s i t io n s  a lo n g  th e  c o lu m n  fo r  
d i f f e r e n t  o p e r a t in g  c o n d i t io n s .  F ig u r e  5 .2  s h o w s  ty p ic a l  p h o to g r a p h s  ta k e n  a t  th r e e  
d if f e r e n t  h e ig h ts .  O n e  h u n d r e d  im a g e s  w e r e  t a k e n  a t  a  t im e  in te r v a l  o f  1 ร. F o r  
o b ta in in g  a  s u f f ic ie n t ly  r e p r e s e n ta t iv e  b u b b le  s iz e  d is t r ib u t io n ,  a t  le a s t  5 0 0  b u b b le s  
w e r e  f i t te d  a n d  t h e  I m a g e - P r o  P lu s  s o f tw a r e  (v e r s io n  5 .1 )  w a s  u s e d  to  e v a lu a te  th e  
d ia m e te r  o f  e a c h  in d iv id u a l  b u b b le  a n d  th e n  b o th  a v e ra g e  d ia m e te r  a n d  d ia m e te r  s iz e  
d is t r ib u t io n  o f  a i r  b u b b le s  w e r e  o b ta in e d  (3 0 ) .

F i g u r e  5 .2  P h o to g r a p h s  t a k e n  f ro m  th r e e  d if f e r e n t  h e ig h ts  o f  th e  f lo ta t io n  c o lu m n .

5 .3 .2 .5  F r o th  C h a r a c te r is t ic  E x p e r im e n ts

T h e  f ro th  c h a r a c te r is t ic  e x p e r im e n ts  w e r e  in d e p e n d e n t ly  
c o n d u c te d  in  a  g la s s  c y l in d e r  h a v in g  th e  s a m e  in s id e  d ia m e te r  a s  th e  f ro th  f lo ta t io n
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c o lu m n . A  q u a n t i ty  o f  2 5 0  m l o f  th e  s o lu t io n  s a m p le  w i th  m o to r  o il a n d  v a r io u s  
s u r f a c ta n t  a n d  N a C l  c o n c e n t r a t io n s  w a s  t r a n s f e r r e d  to  th e  c o lu m n . A f te r  th a t ,  f i l te re d  
a i r  a t  a  c o n s ta n t  f lo w  r a te  o f  0 .1  L /m in  w a s  in t ro d u c e d  in to  th e  b o t to m  o f  th e  c o lu m n  
th r o u g h  a  s in te r e d  g la s s  d is c  to  g e n e r a te  f in e  b u b b le s  th r o u g h  th e  s o lu t io n . W h e n , fo r  
e a c h  ru n , th e  m a x im u m  f r o th  h e ig h t  w a s  a c h ie v e d  an d  r e c o r d e d ,  th e  a ir  f lo w  w a s  
th e n  te r m in a te d .  T h e  ra t io  o f  m a x im u m  f r o th  h e ig h t  to  in i t ia l  s o lu t io n  h e ig h t  is  
d e f in e d  a s  th e  f r o th  f o r m a t io n  w h i l e  th e  t im e  r e q u i r e d  f o r  th e  f r o th  v o lu m e  to  
c o l la p s e  to  h a l f  o f  th e  m a x im u m  f r o th  h e ig h t  is  d e f in e d  a s  f r o th  s ta b i l i ty  ( t i  2) A ll  

e x p e r im e n ts  w e r e  c a r r ie d  o u t  a t  ro o m  te m p e r a tu r e  (2 6 ± 1 ° C ) .

5.4  R esu lts  an d  D iscu ss io n

I n  a ll  e x p e r im e n ts ,  th e  s u r f a c ta n t  a n d  N a C l  c o n c e n t r a t io n s  a r e  e x p re s s e d  in  
w e ig h t  p e r c e n t  ( w t .% )  p e r  v o lu m e  o f  th e  a q u e o u s  p h a s e  c o n s is t in g  o f  w a te r ,  s a lt, a n d  
s u r f a c ta n ts  ( n o t  i n c lu d in g  t h e  o il  p h a s e ) .

5 .4 .1  P h a s e  B e h a v io r s
A  lo w  o r  u l t r a lo w  o i l /w a te r  I F T  c a n  g re a t ly  e n h a n c e  th e  p e r fo r m a n c e  

o f  f r o th  f lo ta t io n ,  a s  m e n t io n e d  in  o u r  p r e v io u s  s tu d ie s  ( 7 - 1 2 ) .  T h e  u s e  o f  e x te n d e d  
s u r f a c ta n ts  c a n  f o r m  m ic r o e m u ls io n s  w i th  a  v a r ie ty  o f  o i ls  w i th o u t  a d d e d  a lc o h o l  a t  
ro o m  te m p e r a tu r e  (3 3 ) . H e n c e ,  C i4 - i5 ( P 0 ) 5 S 0 4N a  w a s  s e le c te d  to  fo rm  
m ic r o m u ls io n s  w i th  m o to r  o il  in  th e  p r e s e n t  s tu d y . I t  is  o f  in te r e s t  to  k n o w  a  
m in im u m  s u r f a c ta n t  c o n c e n t r a t io n  r e q u i r e d  t o  e x h ib i t  a  W in s o r ’s  t y p e  I I I  

m ic r o e m u ls io n  w h ic h  is  k n o w n  a s  th e  c r i t ic a l  m ic r o e m u ls io n  c o n c e n t r a t io n  (C f tC )  
(3 4 ) . T h is  is  b e c a u s e  u n d e r  th i s  W in s o r ’s t y p e  i n  m ic r o e m u ls io n  c o n d it io n ,  th e  
s y s te m  e x h ib i t s  u l t r a lo w  IF T , r e s u l t in g  in  h ig h  o il r e m o v a l  (7 ) .  F ig u r e  5 .3  s h e w s  th e  
r e la t io n  b e tw e e n  c o n d u c t iv i ty  a n d  m ic r o e m u ls io n  ty p e  a t  d i f f e r e n t  s a l in i t ie s  o f  th e  
m o to r  o il s y s te m  w i th  C i4- i5( P 0 ) 5S 0 4 N a . A t  lo w  s a l in i t ie s  o r  in  th e  W i n s o r ’s t y p e  I 
r e g io n ,  t h e  c o n d u c t iv i ty  in c r e a s e s  s te a d i ly  w i th  s a l in i ty .  T h is  is  b e c a u s e  th e  
m ic r o e m u ls io n  c o n s is t s  o f  o il d r o p le t s  d is p e r s e d  in  th e  a q u e o u s  s o lu t io n  w h ic h  is  th e  
c o n t in u o u s  p h a s e . I n  th e  W i n s o r ’s ty p e  I I I  r e g io n ,  th e  s y s te m  h a s  tw o  c o n tin u o u s
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W in s o r  W in s o r  W in so r
T y p e  I  T y p e  i n  T y p e  ท

F ig u re  5 .3  E le c tr o ly t ic  c o n d u c t iv i ty  o f  d i f f e r e n t  m ic r o e m u ls io n  s y s te m s  a t  d if f e r e n t  
N a C l  c o n c e n t r a t io n .

p h a s e s  o f  m o to r  o il  a n d  w a te r ,  r e s u l t in g  in  h ig h  c o n d u c tiv i ty .  H o w e v e r ,  th e  
c o n d u c t iv i ty  d e c r e a s e d  w i th  in c r e a s in g  s a l in i ty .  T h is  is  b e c a u s e  th e  b r in e  d r o p le t  
d is p e r s e d  in  o il  p h a s e .  A  f u r th e r  in c re a s e  in  s a l in i ty  r e s u l ts  in  th e  p h a s e  
t r a n s f o r m a t io n  f r o m  W i n s o r ’s ty p e  I I I  to  W in s o r ’s ty p e  II  m ic r o e m u ls io n s  w h ic h  
b r in e  d r o p le t s  c o m p le te ly  d is p e r s e  in  th e  o il p h a s e ,  le a d in g  to  lo w e r in g  t h e  s y s te m  
c o n d u c tiv i ty .  F ig u r e  5 .4  p r e s e n ts  th e  s u r f a c ta n t  c o n c e n t r a t io n / s a l in i ty  p h a s e  d ia g r a m  
( f is h  d ia g r a m )  s h o w in g  th e  r e g io n s  w h e r e  d i f f e r e n t  m ic r o e m u ls io n  ty p e s  e x i s t  f o r  th e  
m o to r  o i l /w a te r  m ic r o e m u ls io n  s y s te m  a t  a n  o i l - to - w a te r  r a t io  o f  1 :1 . T h e  f is h  
d ia g r a m  w a s  c o n s t r u c te d  b y  u s in g  t h e  v is u a l  o b s e r v a t io n  a t  v e r y  h ig h  s u r f a c ta n t  
c o n c e n t r a t io n s  a n d  th e  c o n d u c t iv i ty  a n d  IF T  d a ta  a t  lo w  s u r f a c ta n t  c o n c e n t r a t io n s .  
T h e  e le c t r ic a l  c o n d u c t iv i ty  o f  th e  m ic r o e m u ls io n  w a s  im m e d ia te ly  m e a s u r e d ,  u n d e r  
g e n tle  m a g n e t ic  s t i r r in g . U n d e r  th e s e  c o n d i t io n s ,  t h e  o b ta in e d  v a lu e  o f  c o n d u c t iv i ty  
r e m a in e d  c o n s ta n t  f o r  a  lo n g  t im e , a n d  w a s  f o u n d  to  b e  r e la t iv e ly  s te a d y  (±  5 % ). In  
a d d it io n , th e  IF T  o f  th e  s y s te m  w a s  m e a s u r e d  b y  th e  s p in n in g  d r o p  t e n s io m e te r  to
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e x a m in e  th e  e x i s te n c e  o f  th e  W in s o r ’s ty p e  I I I  m ic r o e m u ls io n s .  T h e  p lo t s  o f  EFT a s  a 
f u n c t io n  o f  s u r f a c ta n t  c o n c e n t r a t io n  a n d  s a l in i ty  a r e  n o t  p r e s e n te d  h e re  b u t  a v a i la b le  
e l s e w h e r e  (3 5 ) . F o r  a  g iv e n  s u r f a c ta n t  c o n c e n t r a t io n  in  th e  r a n g e  o f  0 .5 - 5  w t .%  in  
th i s  s tu d y , a n  in c r e a s e  in  s a l in i ty  ( k n o w n  a s  s a l t  s c a n )  r e s u l ts  in  a  p h a s e  
t r a n s f o r m a t io n  f r o m  a  W in s o r ’s t y p e  I to  a  T y p e  I I I ,  th e n  to  a  T y p e  II  m ic r o e m u ls io n ,  

a s  s h o w n  in  F ig u r e  5 .4 . F o r  th e  m o to r  o il  s y s te m , th e  C ( iC  o f  0 .5  w t .%  C ) 4- 
i 5( P 0 ) s S 0 4 N a  w a s  fo u n d  a t  5 w t .%  sa l in i ty . A  C ] 4-i5( P 0 ) 5S 0 4 N a  c o n c e n t r a t io n  o f
0 .5  w t .%  o r  th e  C p C  w a s  s e le c te d  a s  a  b a s e  c o n d i t io n  t o  r u n  th e  f r o th  f lo ta t io n  
e x p e r im e n ts .  A  m in im u m  s u r f a c ta n t  c o n c e n t r a t io n  is  p r e f e r a b le  f o r  f r o th  f lo ta t io n  
o p e r a t io n  b e c a u s e  o f  c o s t  a n d  e n v ir o n m e n ta l  r e a s o n s .

F i g u r e  5 .4  M ic r o e m u ls io n  p h a s e  d ia g r a m  ( F is h  d ia g r a m )  o f  C i 4- is (P 0 ) 5S 0 4 N a  a s  a  
f u n c t io n  o f  s a l in i ty  a t  a n  o i l - to - w a te r  r a t io  o f  1:1 a n d  3 0 ° c .
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5 .4 .2  In te r fa c ia l  T e n s io n  (TFT)
F ig u r e  5 .5  s h o w s  th e  c o m p a r is o n  b e tw e e n  th e  e q u i l ib r iu m  IF T  a n d  th e  

d y n a m ic  I F T  a t d if f e r e n t  N a C l  c o n c e n t r a t io n s .  T h e  e q u i l ib r iu m  I F T  w a s  m e a s u r e d  
f r o m  th e  m ic r o e m u ls io n  s a m p le  t a k e n  a f te r  e q u i l ib ra t io n .  T h e  d y n a m ic  IF T  
m e a s u r e m e n t  w a s  c a r r ie d  o u t  a f te r  a  f r e s h  m o to r  o il d r o p le t  w a s  in t r o d u c e d  in to  th e  
s p in n in g  d r o p  te n s io m e te r  a n d  s ta r t in g  t o  e x te n d  a c c o r d in g  to  th e  s p in n in g  s p e e d . 
T h is  s im u la te d  c o n d it io n  w a s  r e f e r r e d  t o  th e  s i tu a t io n  w h e n  s u r f a c ta n t  m o le c u le s  in  
t h e  s o lu t io n  to  a d s o rb  a t  th e  a i r  b u b b le  in te r f a c e s  in  t h e  f r o th  f lo ta t io n  c o lu m n . T h e  
d if f e r e n c e s  b e tw e e n  th e  e q u i l ib r iu m  I F T  a n d  th e  d y n a m ic  I F T  w e r e  in s ig n if ic a n t ,  
s u g g e s t in g  th a t  th e  e q u i l ib r iu m  IF T  c a n  b e  u s e d  to  c o r r e la te  t o  th e  p r o c e s s  
p e r f o r m a n c e  o f  c o n t in u o u s  f r o th  f lo ta t io n . T h is  r o b u s t  f e a tu r e  o f  IF T  is  v e r y  u s e f u l  in  
t h e  d e s ig n  a n d  o p e r a t io n  o f  a  f r o th  f lo ta t io n  u n i t  t o  t r e a t  a n  o ily  w a s t e w a te r  w i th o u t  
o b ta in in g  th e  e q u il ib r iu m  IF T .

F i g u r e  5 .5  E q u i l ib r iu m  I F T  a n d  d y n a m ic  IF T  a s  a  f u n c t io n  o f  s a l in i ty  a t  3 0 ° c .
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5 .4 .3  A ir  B u b b le  S iz e  D i s t r ib u t io n  in  F r o th  F lo ta t io n  C o lu m n
A  n u m b e r  o f  s tu d ie s  w e r e  c o n d u c te d  to  in v e s t ig a te  a i r  b u b b le  s iz e  in  

f r o th  f lo ta t io n  c o lu m n s , r a n g in g  f r o m  th e  e v a lu a t io n  o f  id e a l iz e d  s in g le  b u b b le - s in g le  
p a r t ic le  s y s te m s  in  l a b o r a to r y - s c a le  c o lu m n s ,  t o  la r g e - s c a le  in d u s tr ia l  f lo ta t io n  u n i t s  
(2 0 , 3 7 -4 8 ) .  T h e  p r e s e n c e  o f  s u r f a c ta n t  p la y s  a  c ru c ia l  r o le  a f f e c t in g  t h e  s iz e  o f  th e  
a i r  b u b b le s  in  f lo ta t io n  c o lu m n . T h e  a i r  b u b b le s  a re  s ta b i l iz e d  b y  th e  in te r f a c ia l  
a d s o r p t io n  o f  s u r f a c ta n t  m o le c u le s  d u r in g  th e  r i s in g  s te p  a n d  th e  c o a le s c e n c e  a r i s in g  
f r o m  b u b b le  c o l l i s io n  is  r e d u c e d  b y  th e  r e p u ls iv e  f o r c e  b e tw e e n  th e  a ir  b u b b le s  (2 0 ) .

T h e  s u r f a c ta n t  a d s o r p t io n  a t  a n  a i r /w a te r  in te r f a c e  is  t h e  p r im a r y  
m e c h a n is m  a f f e c t in g  th e  f lo ta t io n  p e r f o r m a n c e  a n d  so  it  w o u ld  b e  e x p e c te d  th a t  th e  
m e a s u r e m e n t  o f  s u r f a c e  te n s io n  s h o u ld  p r o v id e  a  u s e fu l  b a s is  f o r  th e  in te r p r e ta t io n  o f  
s u r f a c ta n t  b e h a v io r .  H o w e v e r ,  m a n y  s u b - p r o c e s s e s  in  f lo ta t io n  o c c u r  o v e r  s h o r t  
p e r io d s .  T h e re fo re ,  t h e  in te r a c t io n  o f  t h e  s u r f a c ta n t  w i th  th e s e  s u b - p r o c e s s e s  m a y  
w e l l  o c c u r  u n d e r  c o n d i t io n s  w h e r e  t h e  s u r f a c e  te n s io n  is  n o t  y e t  to  r e a c h  e q u il ib r iu m . 
T h e r e f o r e ,  th e  d y n a m ic  s u r f a c e  te n s io n  b e c o m e s  m o re  a p p r o p r ia te  to  a id  th e  
in t e r p r e ta t io n  o f  th e  p r o c e s s  p e r f o r m a n c e  o f  f r o th  f lo ta t io n  p r o c e s s  (2 0 ) .

F i g u r e  5 .6  D y n a m ic  s u r f a c e  t e n s io n  o f  C i 4- i5( P 0 ) s S 0 4 N a  s o lu t io n s  a t  d if f e r e n t  
c o n c e n t r a t io n s ,  5 w t .% N a C l ,  a n d  3 0 ° c .



99

F ig u r e  5 .6  s h o w s  th e  d y n a m ic  s u r f a c e  te n s io n  o f  C i 4- i5( P 0 )s S 0 4 N a  
s o lu t io n  a t  d if f e r e n t  c o n c e n t r a t io n s .  T h e  s u r f a c ta n t  c o n c e n t r a t io n  s l ig h t ly  in f lu e n c e d  
t h e  d y n a m ic  s u r f a c e  te n s io n  in  th e  s tu d ie d  r a n g e  o f  t im e  a n d  s u r f a c ta n t  c o n c e n t r a t io n .  
I t  is  s e e n  c le a r ly  th a t  th e  lo w e r  th e  s u r f a c ta n t  c o n c e n tr a t io n , t h e  lo n g e r  th e  t im e  
n e e d e d  to  e s ta b l i s h  th e  e q u i l ib r iu m  v a lu e  o f  s u r f a c e  te n s io n  ( 4 9 ) .  F r o m  F ig u r e  5 .6 , 
t h e  ra p id  fa l l  o f  d y n a m ic  s u r f a c e  te n s io n  s h if ts  t o  a  s h o r te r  t im e  w i th  in c re a s in g  
C i 4- i5( P 0 ) 5S 0 4 N a  c o n c e n tr a t io n . H e n c e , th e  v a lu e  o f  t* te n d e d  t o  d e c r e a s e  w i th  th e  
in c r e a s e  in  C i 4. i5( P 0 ) s S 0 4 N a  c o n c e n tr a t io n .

[C 14-,5(P O )5 S 0 4 Na] (w t.% )

F i g u r e  5 .7  E f f e c t  o f  s u r f a c t a n t  c o n c e n t r a t i o n  o n  (d y t/ d t ) max

F ig u r e  5 .7  s h o w s  th e  e f f e c t  o f  C i 4-i5( P 0 ) 5S 0 4 N a  c o n c e n t r a t io n  o n  
(d y t/d t ) max w h ic h  r e p r e s e n ts  th e  d y n a m ic  a d s o r p t io n  o f  th e  s u r f a c ta n t  o n  th e  b u b b le s  
in te r f a c e  T h e  fa ll r a t e  o f  d y n a m ic  s u r f a c e  te n s io n  w a s  fo u n d  to  in c r e a s e  a lm o s t  
l in e a r ly  w i th  in c r e a s in g  C i 4-i5( P 0 ) 5S 0 4 N a  c o n c e n tra t io n . T h e  h ig h e r  th e  s u r f a c e  
te n s io n  g r a d ie n t ,  th e  f a s t e r  th e  c o m p e n s a t io n  o f  s u r fa c e  te n s io n  a t  th e  a i r - w a te r  
in te r f a c ia l  r e g io n  b e c a u s e  o f  t h e  f a s te r  m o v e m e n t  o f  s u r f a c ta n t  m o le c u le s  a lo n g  th e  
in te r f a c e  f r o m  a  r e g io n  o f  lo w  s u r fa c e  t e n s io n  to  o n e  o f  h ig h  s u r f a c e  t e n s io n  a n d  th e
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m o v e m e n t  o f  s u r f a c ta n t  f ro m  th e  th in - f i lm  r e g io n  in to  th e  n e w - d e p le te d  s u r f a c ta n t  
r e g io n  (5 0 ) .

T h e  a d d i t io n  o f  s u r f a c ta n ts  c a n  a l te r  t h e  f r o th in g  s y s te m  
c h a r a c te r i s t ic s  a n d  e n h a n c e  th e  s ta b i l i ty  o f  t h e  f ro th . S u r f a c ta n ts  h a v e  t h e  e f f e c t  o f  
r e d u c in g  th e  s u r fa c e  te n s io n  o f  th e  s y s te m , t h e r e f o r e  lo w e r in g  t h e  w o r k  r e q u i r e d  fo r  
t h e  in i t ia l  fo r m a t io n  o f  th e  f ro th . M o r e o v e r ,  t h e  p r e s e n c e  o f  s u r f a c ta n t  c a n  r e ta r d  th e  
b u b b le  c o a le s c e n c e  o w in g  to  th e  r e p u ls iv e  fo rc e  b e tw e e n  t h e  a d s o rb e d  s u r f a c ta n t  
l a y e r s  o f  a i r  b u b b le s .  C o n s e q u e n t ly ,  th e  b u b b le  s iz e  d e c re a s e d  w i th  a n  in c r e a s e  in  th e  
s u r f a c ta n t  d o s a g e  (2 3 , 5 1 -5 3 ) .
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F i g u r e  5 .8  A v e ra g e  d ia m e te r  o f  a i r  b u b b le s ,  e q u i l ib r iu m  s u r f a c e  te n s io n ,  a n d  f ro th
f o r m a t io n  a t  d if f e r e n t  s u r f a c ta n t  c o n c e n t r a t io n .
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F ig u r e  5 .8  s h o w s  th e  e f f e c t  o f  C i4 - i5 (P 0 )5 S 0 4N a  c o n c e n t r a t io n  o n  
e q u i l ib r iu m  s u r f a c e  te n s io n ,  f r o th  fo rm a tio n , a n d  b u b b le  s iz e . In te r e s t in g ly ,  f ro th  
f o r m a t io n  a n d  a v e ra g e  d ia m e te r  o f  a ir  b u b b le s  w e r e  fo u n d  to  h a v e  a  s im i la r  t r e n d  
w i th  r e s p e c t  t o  C i4-i5( P 0 ) 5S 0 4 N a  c o n c e n tr a t io n s .  A n o th e r  r e a s o n  f o r  th e  l im ite d  
v a lu e  o f  e q u i l ib r iu m  s u r f a c e  te n s io n  d a ta  in  th e  in te r p r e ta t io n  o f  f lo ta t io n  f r o th e r  is  
t h e  fa c t  th a t  m a n y  o f  th e  s u b - p r o c e s s e s  in  f lo ta t io n  o c c u r  o v e r  v e r y  s h o r t  t im e  s c a le s  
(2 0 ) .

5 .4 .3 .1  E f f e c t  o f  S u r f a c ta n t  C o n c e n t r a t i o n

F ig u r e  5 .9  i l lu s t r a te s  a  c o m p a r is o n  o f  th e  e v o lu t io n  o f  a i r  
b u b b le  s iz e  d is t r ib u t io n  in  f lo ta t io n  c o lu m n  b e tw e e n  a  s u r f a c ta n t - f r e e  s y s te m  
( p u r e  w a te r )  (F ig u re  5 .9 a )  a n d  s u r f a c ta n t  s y s te m s  a t  d i f f e r e n t  s u r f a c ta n t  c o n c e n t r a t io n  
( F ig u r e  5 .9 b - 5 .9 e )  a s  a  fu n c t io n  o f  a x ia l  lo c a t io n  o f  f lo ta t io n  c o lu m n . I t  s h o w e d  th a t  
t h e  a ir  b u b b le  s iz e  d is t r ib u t io n  o f  th e  s u r f a c ta n t - f r e e  s y s te m  w a s  la r g e r  th a n  th e  a i r  
b u b b le  s iz e  d is t r ib u t io n  o f  t h e  s u r f a c ta n t  s y s te m  d u e  t o  th e  e f f e c t  o f  s u r f a c e  
a d s o rp tio n .  T h e  s u r f a c ta n t  a d s o rp tio n  o n  th e  a ir  b u b b le  s u r f a c e  r e d u c e s  th e  s u r f a c e  
te n s io n  a t  t h e  a i r - w a te r  in te r f a c e ,  w h ic h  w o u ld  c o n s e q u e n t ly  r e d u c e  th e  h o ld in g  
f o r c e s  d u r in g  b u b b le  f o r m a t io n  a s  w e l l  a s  d e c r e a s e  th e  c o a le s c e n c e  r a t e  o f  a i r  
b u b b le s  a s  e x p la in e d  b e fo re .

( a )  S u r f a c t e n t - f f e e  s y s t e m  ( p u r e  w a t e r )

0.1
2 0.08 
jr 0.06
I  0.04 
£ 0 02

0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 400 0 500 1000 1500 2000 2500 3000 3500 4000Bubble diameter (pm) Bubble diameter (pm) Bubble diameter (pin)

[C i4 -i5 (P O )> S O < N a ] =  0  w t .%
0.08 [N a Q J  — 5 w t . s

o i l  c o n te n t  =  500  p p m
0 .06  - 1 a ir  f lo w  ra te  =  3 00  m L /m in

1 ,  fj a x ia l lo c a t io n  = to p
0.04

0.02

0.00



102

( b )  0 .3  w t . %  C i 4 . i 5 ( P 0 ) 5S 0 4N a

0.2
0.15

0.1
0.05

0

lC i4 - i5 (P O )5 S O « N a ] =  0 .3  w t .%  
[ N a d ]  =  5 w t .%  
o i l  c o n te n t  =  500 p p m  
a ir  f lo w r a te  =  300 m L /m in  
a x ia l lo c a t io n  =  b o t to m
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F i g u r e  5 .9  T h e  e v o lu t io n  o f  b u b b le  s iz e  d is t r ib u t io n  in  f r o th  f lo ta t io n  c o lu m n  
b e tw e e n  a  s u r f a c ta n t - f r e e  s y s te m  (p u r e  w a te r )  a n d  a  s u r f a c ta n t  s y s te m  
a s  a  f u n c t io n  o f  s u r f a c ta n t  c o n c e n t r a t io n  a n d  a x ia l  lo c a t io n .
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In  th is  s tu d y , f iv e  p a r a m e te r s  a re  u s e d  to  e lu c id a te  th e  
s e p a r a t io n  p e r f o r m a n c e  o f  f r o th  f lo ta t io n  w h ic h  a re  a v e ra g e  a i r  b u b b le  s iz e  d ia m e te r ,  
S a u te r  m e a n  d ia m e te r ,  a ir  b u b b le  s u r f a c e  a r e a  f lu x , a i r  b u b b le  n u m b e r  f lu x , a n d  
a r i th m e t ic  m e a n  o f  s p e c i f ic  s u r f a c e  a r e a  o f  a i r  b u b b le s  in  a  f lo ta t io n  c o lu m n  (5 4 -6 0 ) . 
A ll  o f  th e s e  a i r  b u b b le  p a r a m e te r s  a re  n e e d e d  to  b e  ta k e n  in to  c o n s id e ra t io n  fo r  th e  
s c a le  u p  o f  a  f r o th  f lo ta t io n  c o lu m n  a p a r t  f r o m  b a s ic  p r o c e s s  p a r a m e te r s  su c h  a s  
s u r f a c ta n t  c o n c e n t r a t io n ,  h y d r a u l ic  r e t e n t io n  t im e , e tc . F o r  e x a m p le , d if fe re n t  
f lo ta t io n  c o lu m n  s iz e s  c a n  p r o v id e  s u b s ta n t ia l ly  s im i la r  f lo ta t io n  p e r f o r m a n c e  w h e n  
th e  o p e r a t in g  v a r ia b le s  a re  a d ju s te d  to  m e e t  th e  s a m e  a ir  b u b b le  s u r f a c e  a r e a  f lu x  
(5 5 ) .

[4 ];
T h e  a v e ra g e  a ir  b u b b le  s iz e  d ia m e te r ,  dave, is  d e f in e d  b y  E q .

dave =  £ d i  /  I N [4 ]

w h e r e  dj is  d ia m e te r  o f  a i r  b u b b le  i ( p m ) ,  N  is  a  to ta l  n u m b e r  o f  a i r  b u b b le s  (5 5 ) .

E q . [5 ];
T h e  S a u te r  m e a n  d ia m e te r  is a ls o  ca ll th e  d 32 a n d  is  d e f in e d  a s

d32 = Xnd,3/Xndi2 [5]

w h e r e  d 32 is  S a u te r  m e a n  d ia m e te r  (p m ) ,  di is  t h e  e q u iv a le n t  s p h e r ic a l  d ia m e te r  (p m ) ,  
ท is  th e  n u m b e r  o f  b u b b le s  (5 6 , 5 7 ).

T h e  a i r  b u b b le  s u r f a c e  a r e a  f lu x  o f  th e  a i r  b u b b le s  is  d e f in e d  a s  
th e  to ta l  s u r f a c e  a r e a  o f  a ir  b u b b le s  th a t  r i s e  a c ro s s  a  g iv e n  p la n e  p e r  s e c o n d  d e v id e d  
b y  t h e  c r o s s - s e c t io n a l  a r e a  o f  t h e  f lo ta t io n  c o lu m n . T h e  a i r  b u b b le  s u r f a c e  a r e a  f lu x  is  
c a lc u la te d  f r o m  th e  s iz e  d i s t r ib u t io n  o f  a ir  b u b b le s  d u r in g  th e  f lo ta t io n  o p e ra t io n . T h e  
a v e r a g e  a i r  b u b b le  d ia m e te r  w h ic h  d e te r m in e d  f ro m  th e  b u b b le  s iz e  d is t r ib u t io n  is  
u s e d  to  c a lc u la te  th e  to ta l  s u r f a c e  a r e a  o f  a i r  b u b b le s  c ro s s in g  th e  p la n e  p e r  s e c o n d  
(5 4 ) .  A  h ig h e r  a i r  b u b b le  s u r f a c e  a re a  f lu x  m e a n s  a  h ig h e r  p o s s ib i l i ty  fo r  o il to  
a d h e re  to  th e  a i r  b u b b le s ,  w h ic h  s u b s e q u e n t ly  r e s u l t s  in  a  h ig h e r  o il r e m o v a l .
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T h e  a i r  b u b b le  n u m b e r  f lu x , N (Z ) ,  is  c a lc u la te d  b a s e d  o n  th e  
g a s  v o lu m e tr ic  f lo w  ra te ,  Qg, d iv id e d  b y  th e  c ro s s - s e c t io n a l  a r e a  o f  a  f r o th  f lo ta t io n  
c o lu m n  a n d  th e  a v e r a g e  v o lu m e  o f  a ir  b u b b le s ,  Ac. T h e  a v e r a g e  v o lu m e  o f  a ir  
b u b b le s  is  c a lc u la te d  f r o m  th e  S a u te r  m e a n  d ia m e te r ,  d t t .  T h e  b u b b le  n u m b e r  f lu x  
e x p r e s s e d  b y  E q . [6 ] (5 8 ) :

N ( Z )  =  G a s  v o lu m e tr ic  f lo w  r a te
B u b b le  v o lu m e  X C r o s s - s e c t io n a l  a r e a  

=  Qg =  2 4 Q g [6]
ใ!/6 d 332 X ใ!/4 d 2c d 332 x d 2c

T h e  s p e c i f ic  s u r f a c e  a r e a  o f  a i r  b u b b le s  i s  a n o th e r  p ra c t ic a l  
p a r a m e te r  to  in d ic a te  th e  f ro th  f lo ta t io n  p e r f o r m a n c e  b e c a u s e  t h e  s e p a r a t io n  o r  th e  
m a s s  t r a n s f e r  o c c u r s  o n  th e  s u r fa c e  o f  th e  r i s in g  ฟ r  b u b b le s .  T h e  la r g e r  t h e  s p e c if ic  
s u r f a c e  a re a , th e  h ig h e r  t h e  p o s s ib i l i ty  fo r  o il a t t a c h m e n t  a t th e  a i r  b u b b le  s u r fa c e s . 
T h e  s p e c i f ic  s u r f a c e  a r e a  o f  a i r  b u b b le s  is  c a lc u la te d  b a s e d  o n  th e  a i r  b u b b le  s iz e  
d is t r ib u t io n  d a ta .  I t  d e f in e d  a s  th e  r a t io  o f  s u r f a c e  a r e a  to  v o lu m e  o f  b u b b le  a s  E q .

[ ท

Sb =  z  a ;/V i [7 ]
N

w h e r e  Sb is  a  a r i th m a t ic  m e a n  o f  s p e c i f ic  s u r f a c e  a r e a  (m 2/m 3), a; is  s u r f a c e  a r e a  o f  
b u b b le  i (m 2), Vi is  v o lu m e  o f  b u b b le  i (ท!3)  (5 6 ) .

F ig u r e  5 .1 0  r e p r e s e n ts  a  c o m p a r is o n  o f  t h e  a i r  b u b b le  s iz e  
p a r a m e te r s  b e tw e e n  t h e  s u r f a c ta n t - f r e e  s y s te m  ( p u r e  w a te r )  a n d  th e  s u r f a c ta n t -  
c o n ta in in g  s y s te m . T h e  r e s u l ts  s h o w e d  th a t  t h e  p r e s e n c e  o f  s u r f a c ta n t  r e s u l te d  in  
lo w e r in g  th e  a v e r a g e  a i r  b u b b le  d ia m e te r ,  a n d  th e  S a u te r  m e a n  d ia m e te r  b u t  
in c r e a s in g  th e  a i r  b u b b le  s u r f a c e  a r e a  f lu x , th e  a i r  b u b b le  n u m b e r  f lu x  a n d  th e  
s p e c i f ic  s u r f a c e  a r e a  o f  a i r  b u b b le s .  T h e  r e s u l t s  c a n  b e  e x p la in e d  in  th a t ,  th e  
s u r f a c ta n t  a d s o r p t io n  a t  t h e  g a s / l iq u id  in te r f a c e  s ta b i l iz e s  th e  l iq u id  f i lm  s u r ro u n d in g  
a  b u b b le ,  a n d  to  r e d u c e  t h e  b u b b le  c o a le s c e n c e .  T h e  h ig h e r  th e  a i r  b u b b le  s u r f a c e
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area and the specific surface area of air bubbles, the higher the oil attachment on the 
air bubbles, leading to higher oil removal (20,47). This correlation will be discussed 
later.

ร Surfactant-free system ■  [C14-15(P0)5'S04Na] = 0.5 wt.%
Axial location : middle

(เทท) (xitr-2) (เทท) (xl0A-3) (l/m2 ร)) (xlOA-7)
Average diameter Sauter mean diameater, d32 Bubble number flux

(m7m3) (Xl0*2)
Arithmatie mean of specific surface area

Figure 5.10 Comparison of bubble size parameters between the surfactant-free 
system (pure water) and surfactant-containing system.

Figure 5.11 Average bubble size diameter as a function of Ci4-i5(P0 )sS04Na 
concentration at three different axial locations ([motor oil] = 500 ppm; 
[NaCl] = 5 wt.%; air flow rate = 300 ml/min; and HRT = 30 min).
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Interestingly, Figure 11 shows an average bubble size diameter 
as a function of Ci4-i5(PO)5SC>4Na concentration at three different axial locations. 
For any given axial location, the average bubble size diameter decreased sharply with 
increasing Ci4-]5(P0 )5S04Na concentration in the range of 0-0.3 wt.%. Beyond the 
Ci4-i5(P0 )5S04Na concentration of 0.5 wt.% which is the C îC, the average diameter 
of air bubbles remained almost unchanged with increasing Ci4-i5(P0 )5S04Na 
concentration. Interestingly, for any given Ci4-i5(P0 )5S04Na concentration, an 
increase in the liquid height in the froth flotation column increased slightly the 
average diameter of air bubbles. As well, the trend of the Suater mean diameter as a 
function of C]4-i5(P0 )5S04Na concentration at all three different axial locations 
similar to the average bubble size diameter, with the optimum surfactant 
concentration of 0.5 wt.%, as shows in Figure 12. The smaller bubble diameter with 
increasing Ci4-i5(PO)5SC>4Na concentration results in the larger specific surface area, 
as shows in Figure 13 as well as the larger bubble surface area flux, as shows in 
Figure 14 and the bubble number flux as shows in Figure 15. The bubble number 
flux is inversely proportional to the Suater mean diameter, as defined in Eq. [6],

[ € 1415( P 0 ) 5S 0 4N a ] (w t% )
Figure 5.12 Sauter mean diameter as a function of Ci4-is(P0 )5S04Na concentration 

at three different axial locations ([motor oil] = 500 ppm; [NaCl] = 5 
wt.%; air flow rate = 300 ml/min; and URT = 30 min).



Ar
ith

ma
tic 

me
an 

of s
pec

ific
 su

rfa
ce 

are
a

1 0 7

[C1 4 ., 5 (P0 )5 S0 4 Na] (wt.%)
Figure 5.13 The specific surface area as a function of Ci4-i5(P0)sS04Na 

concentration at three different axial locations ([motor oil] = 
500 ppm; [NaCl] = 5 wt.%; air flow rate =-.300 ml/min; and HRT = 
30 min).

Figure 5.14 Bubble surface area flux as a function of Ci4-i5(P0)5S04Na 
concentration at three different axial locations ([motor oil] = 500 
ppm; [NaCl] = 5 wt.%; air flow rate = 300 ml/min; and HRT = 30 
min).



1 0 8

[C1 4 .1 5 (P0 )5 S0 4 Na] (wt.%)
Figure 5.15 Bubble number flux as a function of Ci4.i5(P0)5S04Na 

concentration at three different axial locations ([motor oil] = 
500 ppm; [NaCl] = 5 wt.%; air flow rate = 300 ml/min; and 
HRT = 30 min).

5.4.3.2 Effect o f Column Height
Figure 5.9 shows the bubble size distribution obtained at 

three axial positions (bottom, middle and top of the column). The bubble 
diameter increases with the increase in the distance from the bottom of the 
column due to the coalescence of smaller bubbles. The coalesced bubbles at 
the bottom go up due to their buoyancy and accumulate at the middle and the 
top of the column. In addition, because of the surfactant property as mentioned 
in the effect of surfactant concentration on the bubble size distribution, the 
bubbles would not break when they ascend through the top of the column. 
Figure 5.16 shows effect of axial location of flotation column on bubble size 
parameters of a surfactant-free system (Figure 5.16a) and a surfactant system
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(Figure 5.16b). The results of bubble size parameters in both the surfactant- 
free system and the surfactant system are in the same trend. According to the 
coalescence of smaller bubbles, the average bubble size diameter and Suater 
mean diameter increase with the increase in the distance from the bottom of 
the column. Consequently, the bubble surface area flux, bubble number flux, 
and arithmetic mean of specific surface area decrease with increasing of 
distance of axial location from bottom to top of the column as mentioned 
before in the effect of surfactant concentration on the bubble size distribution.
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Figure 5.16 Effect of axial location of flotation column on the bubble size 
parameters at (a) surfactant-free system; (b) 0.5 wt.% of
Ci4.]5(P0)5S04Na.

5.4.3.3 Bubble Axial Velocity
Figure 5.17 shows bubble axial velocity distribution as a 

function of surfactant conentration at bottom location of flotation column. The 
average bubble axial velocity is calculated from the bubble axial velocity 
distributions. An increase in Ci4-i5(P0)5S04Na caused a broader axial velocity 
distribution of air bubbles. The maximum axial velocity of air bubbles shifted to a 
lower value with increasing Ci4-!5(P0 )5S04Na concentration.
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Figure 5.18 shows the average axial velocity and the average 
residence time of air bubbles in the froth flotation column as a function of surfactant 
concentration with increasing Ci4-i5(P0 )5S04Na concentration, the average axial 
velocity increased whereas the average residence time of air bubbles decreased. It 
can be clearly stated that the bubble velocity profile is surfactant concentration 
dependent (59). From Figure 5.18, as the Ci4-i5(P0 )5S04Na concentration increases 
resulting in the decreasing of average bubble axial velocity associated with a 
decrease in bubble size due to the buoyancy force (60). These results correspond 
with the increase of the air bubble residence time in the froth flotation column. The 
air bubble residence time was influenced by the amount of surfactant concentration. 
It was found that the higher surfactant concentration, the longer air bubble residence 
time in the froth flotation column leading to the higher possibility for air bubble 
interfaces to contact and was adsorbed with oil droplets.

.ร
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Figure 5.18 Average bubble axial velocity as a function of surfactant.
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5.4.4 Froth Flotation Performance
Generally, high oil removal efficiency is a vital requirement for an 

effective froth flotation operation. If both oil and water are present in the froth with 
the same proportions as those in the influent, the separation of oil from water does 
not occur. Hence, for effective separation, the concentration of oil in the overhead 
froth has to be much higher than that in the feed. Consequently, in this study, both 
the removal and enrichment ratio of motor oil are used to evaluate the separation 
efficiency of the studied continuous froth flotation system. Motor oil removal is 
calculated based on the mass difference of motor oil in the feed and in the effluent. 
The enrichment ratio of motor oil is defined as the ratio of the concentration of motor 
oil in the liquid from the overhead froth to that in the feed solution. The higher the 
enrichment ratio of motor oil, the better the separation efficiency.

5.4.4.1 Effect o f  Surfactant Concentration
Figure 5.19 shows the effect of surfactant concentration on 

the process performance of continuous froth flotation operated at 5 wt.% NaCl, an air 
flow rate of 300ml/min, an oil concentration of 500 ppm and a hydraulic retention 
time (HRT) of 30 min. The maximum motor oil removal was achieved at 0.5 wt.% 
Ci4-i5(P0 )5S04Na which is the C|iC. The trend of motor oil removal as a function of 
Ci4-i5(P0 )5S04Na concentration was found to mirror the effect on froth production 
rate. For the Ci4.i5(P0 )sS04Na concentration in the range of 0.3 to 0.5 wt.%, the oil 
removal increases because there is more froth to produce with increasing surfactant 
concentration. Then, the oil removal decreases as the Ci4-i5(PO)sS04Na 
concentration increases from 0.5 to 1.0 wt.%. This may be because at higher Ci4- 
i5(P0 )sS04Na concentration, there is more water in the foam lamellae also known as 
wet froth. Consequently, froth with higher Ci4-i5(P0 )5S04Na concentration is heavier 
than that with lower Ci4-i5(P0 )5S04Na concentration leading to the collapse of froth 
much easier. When the Ci4-i5(P0 )5S04Na concentration further increases to 1.5 
wt.%, the oil removal increases again because the rate of froth production increases. 
Even though the increase in the Ci4-is(P0 )5S04Na concentration increases the 
thickness of foam lamella leading to the collapse of the froth, there is more easily to
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balance between the ability of the froth formation due to the high concentration of 
surfactant and the froth collapse due to the wet froth.

As the Ci4-i5(P0 )5S04Na concentration increases from 0.3 wt.% to
0.5 wt.%, the enrichment ratio slightly decreases because the concentration of 
surfactant at the froth decreases with increasing feed Ci4-i5(PO)5S04Na 
concentration. Hence, the foam lamellae with higher surfactant concentration 
becomes thicker than that with lower surfactant concentration leading to a large 
amount of water in the foam lamellae, so 0.5 wt.% C]4-i5(P0 )5S04Na results in the 
low enrichment ratio of motor oil. However, when the Ci4-i5(PO)5S04Na 
concentration further increases, the enrichment ratio slightly increases. This is 
because increasing surfactant concentration increases the hydrophobic region. Thus, 
the amount of oil content in the froth increases.
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Figure 5.19 Effect of Ci4-i5(P0 )5S04Na concentration on process parameters for 
continuous froth flotation operated at an air flow rate of 300 ml/min, a 
HRT of 30 min, a NaCl concentration of 5 wt.%, and an oil 
concentration of 500 ppm.
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When considering the bubble size diameter (Figure 5.11), it was 
found that at surfactant concentration 0.3 wt%, the average bubble size diameter is 
higher than the other condition. Therefore, it leads to the lower oil removal because 
of increasing in bubble size diameter resulting in the decrease in the specific area of 
gas-liquid interface that cause the low possibility for the oil adsorption while other 
three concentration of surfactant have the average bubble size diameter in the same 
range. Hence, it doesn’t affect too much on the oil removal efficiency. In terms of the 
average bubble axial velocity results (Figure 5.18), the bubble axial velocity decrease 
with increasing of surfactant concentration results in longer residence time of 
bubbles in the flotation column to encounter with oil droplets. Therefore, at high 
surfactant concentrations seems to be a suitable condition for the froth flotation 
performance. However, the froth characteristics play a more significant role than the 
bubble size characteristics and the average bubble axial velocity on the oil removal 
performance because the motor oil removal has the same trend as froth production 
rate as it was revealed in the previous work (11, \ 2 f

5.4.4.2 Effect o f  Hydraulic Retention Time (HRT)
The term of hydraulic retention time (HRT) is expressed as 

the holding or residence time of the liquid in the froth flotation column which is 
calculated from the liquid volume in the column divided by the feed flow rate. Figure
5.20 shows the effect of HRT on all process parameters of the continuous froth 
flotation unit operated under the base conditions. The motor oil removal decreases 
when HRT increases. Even though a higher HRT represents a longer residence time 
of motor oil in the flotation column to be adsorbed onto and coalesced with the rising 
air bubbles interface, a lower amount of surfactant can be carried into the column 
resulted in lower froth to produce with increasing HRT. In this study, the highest 
motor oil removal (61.5%) is achieved at 30 min HRT.

As the HRT increases from 30 min to 45 min, the enrichment 
ratio slightly increases. This is because a high HRT represents a lower feed flow rate 
resulting in more time of oil stay in the column as well as more time to be contacted 
and attached to the air bubbles and the froth at the top of the column. Therefore, in 
the collapsed froth contains a higher amount of oil and smaller water content with
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increasing HRT. However, when the HRT further increases, the enrichment ratio 
decreases. This may be because an increase in the HRT corresponds to a longer time 
for the froth rises to the top of the column leading to collapse of the froth. A similar 
trend of the enrichment ratio of surfactant was found in the studied range of HRT. 
This reason can be explained as described in the effect of HRT on the enrichment 
ratio of motor oil.
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Figure 5.20 Effect of HRT on process parameters for continuous froth flotation.
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