
ENVIRONMENTAL TECHNOLOGY FOR OIL POLLUTION

FREE AND EMULSIFIED OIL REMOVAL BY BUBBLE  
ACCELERATED FLOTATION (BAF)

J.V.M. J o v i n e 1’. M. C o l i c 1’. D .E .  M o r s e 1', and  J.D. M ille r1

Z P M  Inc.. 5 7 7 0  T h o n iw o o d  I)i . S u ite  C . G o lc ia . CA  931 17. U SA  
U n iv e rs ity  o f  U tah , D ep a rtm en t o f  M e ta llu rg ica l E n g in ee rin g . 135 S 1460 F, R m .4 1 2 , S alt L ak e  C ity .

’ U tah .1"8 4 1 12-0114 , U SA

ABSTRACT

O p e ra tio n a l d a ta  from  fu ll-sc a le  fie ld  a p p lic a tio n s  an d  p ilo t te sts  u s in g  the  B u b b le  
A c c e le ra ted  F lo ta tio n  ( B A R  sy s te m  for th e  tre a tm en t o f  w a s te w a te r  a re  p re sen ted . T h e  
co m p a c t B A F  sy s te m  b a se d  on  Ihe a ir -sp a rg e d  h y d ro cy c lo n e  te c h n o lo g y  w as d e s ig n e d  to 
re m o v e  p o llu ta n ts  from  in d u s tr ia l w as te  an d  p ro cess  w ate r.
C ru d e  o il and  v e g e tab le  o il levels  in w a te r w e re  re d u c e d  n o n -c h e m ic a lly  by  6 1 -6 6 %  and  
w ith  pH  co n tro l an d  n o c c u la n ls  - a b o v e  T he sy stem  w as e f fe c tiv e  al low  s ta r l in g  
c o n c e n tra t io n  o f  oil (< 1 0  P P M ) an d  e ffe c tiv e  in the rem oval o f  o il at in itia l c o n c e n tra tio n s  
> 3 0  c/<. S im ila r  red u c tio n s  w ere  reco rd e d  for T S S  an d  m ic ro b io lo g ic a l a g e n ts  in a w ide  
v a r ie ty  o f  in d u s tr ia l p ro cess  am i w as tew ate r. D ue lo h ig h  a ir /w a te r  ra tio , sm all b u b b le  size , 
and  rap id  rem o v a l o f  a ir  from  the sy stem , V O C s w ere  a lso  e ffe c tiv e ly  rem o v ed .
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INTRODUCTION

F r e q u e n t l y  o i l - i n - w a t e r  e m u l s i o n s  c o n ta in  d r o p le t s  w h ic h  a re  v e ry  s m al l  (<  10 m i c r o n s )  an d  
s ta b i l i z e d  w i th  p o w e r fu l  e m u l s i f y i n g  a g en t s .  D e m u l s i f i c a l i o n  an d  oil e x t r a c t io n  f r o m  s u ch  
s y s t e m s  p re s en t  p a r t i c u l a r  p r o b le m s ,  th e  s o lu t io n s  to  w h ic h  h a v e  to  b e  e c o n o m i c a l l y  fe a s ib l e .  In 
g e n e r a l ,  d o t a t i o n  s y s t e m s  fo r  w a te r  t r e a tm e n t  a re  u sed  to  remove  as  m a n y  c o n t a m i n a n t s  f r o m  the 
w a te r ,  as  p o s s ib le .  D e s ig n  fe a tu re s  a n d  o p e r a t in g  c o n d i t i o n s  o f  s u ch  e q u i p m e n t  a re  g e a r e d  to w a r d  
th e  e f f e c t iv e  s e p a r a t i o n  o f  c o n t a m i n a n t s  f r o m  w a te r  b y  a t t a c h in g ,  o r  i m m o b i l i z i n g ,  c o n t a m i n a n t s  
o n  b u b b le s .  T h e s e  b u b b l e - c o n t a m i n a n t  a g g r e g a t e s  f loa t  to  th e  s u r f a c e  o f  th e  t r e a te d  w a t e r  w h e r e  
ih e y  a re  s k i m m e d  off .  t h e r e b y  r e m o v i n g  th e  c o n t a m i n a n t s  w'ilh th e  Iro th .  D i f f e r e n c e s  b e t w e e n  
th e  p r e d o m i n a n t  f lo t a t io n  m e t h o d s  g e n e r a l ly  h a v e  b e e n  d e t e r m i n e d  b y  c o n t r o l  o f  b u b b l e  s ize .  In 
e a r ly  f l o t a t i o n  d e v ic e s  c o a r s e  b u b b le s  (2  to  5 m m )  w e r e  i n t r o d u c e d  in to  th e  w 'ater to  b e  t r e a t e d  by 
b l o w i n g  a i r  t h r o u g h  c a n v a s  o r  o t h e r  p o r o u s  m a te r ia l .  F r o th  f lo t a t io n  o r  m o d i f i c a t i o n s  l ike  
I n d u c e d  A i r  F lo t a t i o n  (1AF) p r o d u c e d  re la t iv e ly  l a rg e  b u b b le s  (1 m m )  a n d  D i s s o lv e d  A i r  
F l o t a t i o n  ( D A F )  p r o d u c e d  b u b b le s  in  ih e  2 0 - 1 0 0  p m  range .  R e c e n t  i m p r o v e m e n t s  o f  s u ch  
t e c h n i q u e s  w e r e  d i s c u s s e d  by  J a m e s o n  [I J a n d  an im p r o v e d  v e r s io n  o f  I A F  w e r e  d e s c r i b e d  w h ic h  
s h o w e d  p r o m i s e  for ih e  r e m o v a l  o f f a l s  oil a n d  g re a s e  f r o m  w a s t e w a te r .  T h e s e  s y s t e m s  r e q u i r e d  
l a rg e  l o w - t u r b u l e n c e  t a n k s  to  p e rm i t  th e  b u b b l e s  to  t r a v e r s e  th e  w a t e r  in o r d e r  to  c o m e  in to  
c o n ta c t  w i th  th e  c o n t a m i n a n t s .  S m a l l e r  b u b b le s  r e q u i r e  m o r e  r ise  l im e  in th e  b u lk  f lu id ,  t h e r e b y  
in c r e a s i n g  th e  t a n k  v o lu m e .  C o a l e s c i n g  p la te s ,  ba f f le s  a n d  v a r io u s  m e c h a n ic a l  m e a n s  h a v e  b e en  
u s e d  to  c o n t r o l  th e  t u r b u l e n c e  in s id e  th e se  ta n k s ,  so  tha t  b u b b l e - c o n t a m i n a n t  a g g r e g a t e s  a re  not 
r e - e n t r a i n e d  in to  th e  b u lk  f lu id  as  a re su l t  o f  th e  w a te r  f lo w in g  th r o u g h  it, bu t  in s te ad ,  c a n  r ise  to 
th e  su rface .

T h e  b e n e f i t s  o f  s u c h  w a s t e w a t e r  f lo t a t io n  s y s t e m s  in c lu d e  th e  a b i l i ty  to  r e m o v e  T o ta l  
S u s p e n d e d  S o l i d s  (T S S ) .  F a ts ,  O i l s  &  G r e a s e  ( F O G )  as  w e l l  as  p a r t i c u l a t e  b o u n d  C h e m i c a l
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O x y g e n  D e m a n d  ( C O D )  f r o m  
w a te r .  T o  n e u t r a l i z e  e l e c t r o s t a t i c  
s u r f a c e  c h a r g c s  on  p a r t i c l e s  a n d  
e m u l s i o n s .  pH  c o n t r o l l i n g  
a g e n t s ,  c o a g u l a n t s  an d  p o l y ­
e l e c t r o ly t e s  o f te n  a re  a d d e d  lo 
p r e v e n t  e le c t r o s t a t i c  r e p u l s io n  o f  
th e  p a r t i c l e s  f r o m  b u b b le s  and 
e a c h  o th e r .  T h e s e  c h e m ic a l  
a g e n t s  d r a m a t i c a l l y  e n h a n c e  th e  
p e r f o r m a n c e  o f  f lo ta t ion  s y s te m s  
b y  c r e a t i n g  l a rg e  in s o lu b le  
c o n t a m i n a n t  a g g r e g a t e s  tha t  a re  
a m e n a b l e  to  f lo t a t io n .  In D A F  
an d  I A F  s y s t e m s  e l a b o r a t e  
a c c o m m o d a t i o n s  a r e  m a d e  to  
p e rm it  a d e q u a t e  c o n t a c t  t im e  
a n d  m i x i n g  o f  t h e s e  c h e m ic a l  
a g e n t s  w i th  t h e  w a t e r  b e in g  
t r e a t e d  b e f o r e  it e n t e r s  the  
f l o t a t io n  tan k s .

In i t ia l ly .  A i r - S p a r g e d
H y d r o c y c l o n e s  ( A S H )  w e re  
d e v e l o p e d  fo r  a p p l i c a t i o n s  in 
m in e ra l  f l o t a t i o n  [2].  O n e  o f  th e  
m a j o r  a d v a n t a g e s  o f  th e  A S H  is 
th a t  th e  a i r  f l o w  is n o t  l im i t ed  to  
s u c h  a  g re a t  e x t e n t  a n d  th e re fo re  
th e  n u m b e r  d e n s i t y  o f  b u b b le s  
fa r  e x c e e d s  tha t  o f  a n y  o t h e r  F'S- I. Cut-away view of  a bubble  chamber (modified air-sparged 
f l o t a t io n  s y s te m .  A i r - t o - w a t e r  hydrocyclone)

ra t io s  o f  2/1 to  100/1 a re
ro u t i n e ly  a c h i e v e d  w i th  th e  A S H .  w h i l e  D A F  s y s t e m s  c a n  n o t  a c h i e v e  a  r a t io  e x c e e d i n g  0 .1 5 /1 .  
B e c a u s e  th e  b u b b l e s  a re  s h e a r e d  f r o m  th e  i n s id e  wall  o f  th e  p o r o u s  tu b e  in  th e  A S H  s y s t e m ,  t h e y  
a re  b r o k e n  in to  s ig n i f i c a n t ly  s m a l l e r  s ize s  th a n  b u b b le s  g e n e r a t e d  in  t r a d i t io n a l  s p a r g e d  o r  
m e c h a n i c a l  s y s t e m s .  T h e  A S H  b u b b l e s  a r e  c o m p a r a b l e  in  s i z e  to  t h o s e  e n c o u n t e r e d  in  D A F s .  In 
A S H  a n d  B A F  s y s t e m s ,  th e  b u b b le - s i z e  d i s t r i b u t io n  is m o s t ly  d e p e n d e n t  o n  th e  v e lo c i ty  o f  th e  
w a t e r  t r a v e l i n g  a l o n g  th e  i n s id e  w a ll  o f  th e  p o r o u s  s p a r g e  tu b e .  T h i s  is  a  c ru c ia l  o p e r a t i o n a l  
p a r a m e t e r ,  p e r m i t t i n g  c o n t ro l  o f  th e  b u b b l e - s i z e  d i s t r ib u t io n .  T h e  w a te r  f l o w  ra te  a n d  s u r f a c t a n t  
c o n c e n t r a t i o n  h a v e  a  g r e a t e r  im p a c t  on  th e  b u b b le - s i z e  d i s t r i b u t io n  th a n  th e  t u b e  p o r e  s ize .  In a 
r e c e n t  s tu d y  o f  th e  A S H  [3] th e  m e a n  r a d iu s  o f  th e  b u b b le s ,  e x i t i n g  th e  b o t t o m  o f  t h e  s p a r g e  tu b e ,  
w a s  5 0 - 1 5 0  p m .  T h e  m i n i m u m  b u b b l e  r a d iu s  r e c o rd e d  w a s  10 p m ,  w h ic h  r e p r e s e n t e d  the  
d e t e c t i o n  l im i t  o f  th e  a n a ly t ic a l  p r o c e d u r e ,  h o w e v e r ,  th e  b u b b le - s i z e  d i s t r i b u t io n  c l e a r ly  e x t e n d e d  
b e l o w  th is  lim it .

B A F  t e c h n o l o g y  e v o l v e d  f r o m  A S H  s y s t e m s  to  a d d r e s s  o p e r a t io n a l  l im i t a t i o n s  r e s u l t i n g  f r o m  
th e  t r a d i t i o n a l  s t r e a m - s p l i t t i n g  a p p r o a c h  o f  h y d r o c y c lo n e s .  T h e  B A F  s y s t e m  n o  l o n g e r  i n c lu d e s  
an u n d e r f l o w  re s t r i c t io n  to  fo r c e  th e  f ro th  a n d  c o n t a m i n a n t s  t h r o u g h  th e  v o r te x  f i n d e r  in to  the  
o v e r f lo w .  In t h e  A S H ,  t h e  r e m o v a l  o f  t h e  f ro th  t h r o u g h  th e  o v e r f lo w ,  r e s u l t e d  in a  c o n t a m i n a t e d  
s t r e a m  w i th  re l a t i v e ly  lo w  c o n c e n t r a t i o n  o f  s o l id s .  R e m o v i n g  th e  u n d e r f l o w  re s t r i c t io n  in th e  
B A F  im p r o v e d  th e  o p e r a t io n a l  e a s e  a n d  c o n s i s t e n c y  [4],  T h e  f ro th  t o g e t h e r  w i th  th e  c l e a n e d  
w a t e r  a re  i n t r o d u c e d  in to  a  r e c e i v in g  ta n k  w i th  th e  p u r p o s e  o f  r a p id ly  i s o l a t i n g  b u b b l e - p a r t i c l e  
a g g r e g a t e s  f r o m  th e  c l e a n e d  w a t e r  a n d  p r o v i d i n g  a  ve ry  l o w  t u r b u l e n c e  e n v i r o n m e n t  fo r  f ro th  
a n d  b u b b l e - p a r t i c l e  n e t w o r k s  to  a c c u m u la t e .  T h e  f ro th  an d  b u b b l e - p a r t i c l e  a g g r e g a t e s  
a c c u m u l a t e  at  t h e  s u r f a c e  o f  th e  r e c e i v in g  t a n k  a n d  w a t e r  is d r a in e d  o u t  o f  th e  f ro th ,  r e s u l t i n g  in  a 
h ig h  s o l i d s  c o n c e n t r a t i o n  (1 2 - 2 5  %) in  th e  f ro th .  F u r t h e r m o r e ,  th e  c o m p a c t  t a n k  p e r m i t s  s m a l l e r

5KINNIN6 EI0SON Or- WATER IN5IDE POROUS TUBE
OUTER SHEL.-

AIR <JUB0LE5

AIR r-OKCCD THROUGH POROUS TUBE INTO WAtEK LAYER

CHAMBERS RANGE FROM 2-6 INCHES IN DIAMETER AND 3-5 FEET HIGH DEPENDING ON FLOW REQUIREMENTS & APPLICATION

107



ENVIRONMENTAL TECHNOLOGY FOR OIL POLLUTION

p a r t i c l e s  to  f loa t  to  t h e  s u r f a c e  
a n d  p r o v id e s  f lo w  c o n t r o l  Cor 
th e  s y s te m .  T h e  h y d r a u l i c  How 
ra te  t h r o u g h  th is  r e c e i v in g  tan k  
is m o r e  t h a n  10 fo ld  tha t  t h r o u g h  
a n y  D A F  s y s te m .  T h i s  w a s  o n lv  
p o s s i b l e  b e c a u s e  c o a g u l a t i o n ,  
f lo c c u la l i o n  an d  a t t a c h m e n t  o f  
b u b b l e s  to  m i c r o s c o p i c  p a r t i c le s  
h a d  a l r e a d y  o c c u r r e d  in s id e  the  
A S H  b u b b l e  c h a m b e r  an d  all 
b u b b l e - p a r t i c l e  a g g r e g a t e s  w e r e  
a l r e a d y  f o r m e d  b e fo re  
i n t r o d u c t io n  in to  th e  lank .  S e e  
F ig ,  1. U n l ik e  a n y  o th e r  
f l o t a t i o n  s y s t e m ,  th e  r e c e i v in g  
t a n k ' s  p u r p o s e  w a s  to  r e m o v e  
b u b b l e - p a r t i c l e  a g g r e g a t e s  f r o m  
th e  c l e a n e d  w a t e r  s t r e a m  a n d  not 
to  a c h i e v e  b u b b le - p a r t i c l e  
c o n ta c t  o r  to  f loat m ic r o s c o p i c  Fig. 2. Cross-sect ion through typical BA F system (bubble cham ber 
b u b b le s .  F u r t h e r  d e ta i l s  o f  th e  and notation tank) tank

s y s t e m  h a v e  b e e n  d e s c r i b e d  in O w e n  et a l . |4 ] .  S e e  F ig .  2.
A n o t h e r  f u n d a m e n t a l  a d v a n t a g e  o f  th e  B A F  s y s te m  is the h ig h  m ix i n g  e n e r g y  in th e  s p a r g e -  

t u b e .  F o r  th e  t e s t s  d e s c r i b e d  in the  p a p e r ,  w h e n  c h e m ic a l s  w e r e  u s ed ,  lo w  m o l e c u l a r  w e ig h t  
s u r f a c t a n t s  o r  c o a g u l a n t  s u c h  as a c id s ,  i n o rg a n ic  sal t s  o r  o rg a n ic  c o a g u l a n t s  a re  a d d e d  a h e a d  o f  
t h e  feed  p u m p  to  p e rm i t  a d e q u a t e  r e s id e n c e  t im e .  H o w e v e r ,  f lo e c u la n t s  an d  p o l y e l e c t r o ly t e  
p o ly m e r s  a re  a d d e d  d i r e c t ly  in th e  s p a r g e  lu b e  w h e r e  the  p o ly m e r s  w e r e  in s ta n t ly  a c t i v a t e d  an d  
th r o u g h  th e  a c t io n  o f  th e  h ig h  e n e r g y  s p a r g e  e n v i r o n m e n t  b ro u g h t  in to  in t im a te  c o n ta c t  w i th  the  
c o n t a m i n a n t s .  T h i s  re s u l t s  in  th e  h ig h ly  e f f i c ie n t  u se  o f  p o ly m e r i c  f l o c c u l a n t s  w i th o u t  f l o c - t u b e s  
o r  a n y  o t h e r  m e a n s  to  c o n d i t i o n  the  w a te r  w i th  th e  l lo ta t io n  c h e m ic a l s ,  ll is im p o r t a n t  to n o t e  tha t  
s ev e ra l  in v e s t i g a t i o n s  a re  c o n d u c t e d  e n t i r e ly  w i th o u t  th e  u s e  o f  c o a g u l a n t s  o r  f l o c c u la n t s  and 
d e m o n s t r a t e d  th e  p e r f o r m a n c e  w i th  r e g a rd  to  th e  m e c h a n ic a l  o i l - in  w a t e r  e m u l s i o n  b r e a k in g  
c a p a c i t y  o f  th e  B A F  m e c h a n i s m .  T h e  e f f i c i e n c y  o f  th e  B A F  s y s t e m  in  c l e a n u p  o f  w a s t e w a t e r  
c o n t a m i n a n t s  w il l be  d i s c u s s e d  in th is  paper .  T h e  s y s t e m  has  r e p e a t e d ly  d e m o n s t r a t e d  r e m o v a l  
e f f i c i e n c i e s  o f  o i ly  c o n t a m i n a n t s  a b o v e  a n d  b e y o n d  th o s e  a t t r i b u t a b l e  to  f l o c c u la l i o n  o r  

m e c h a n i c a l  e m u l s i o n  b r e a k in g  a lo n e .

M ATERIALS AND M ETHODS

S t a n d a r d  j a r  te s t s  w e r e  p e r f o r m e d  to  o p t im iz e  c h e m ic a l  d o s a g e s  n e e d e d  to  o b t a in  o p t i m u m  
c la r i f i c a t i o n .  V i s u a l  a n d  tu rb id i ty  o b s e r v a t i o n s  w e re  m a d e  to e v a l u a t e  e f f i c i e n c y  o f  th e  c h e m ic a l  
e m u l s i o n  b r e a k s  in th e  j a r  tests .  Z e ta  p o te n t ia l  m e a s u r e m e n t s  ( Z e l a  M e t e r  3 .0 ,  N e w  Y o r k )  w e re  
p e r f o r m e d  to  m e a s u r e  p a r t i c u l a t e  c h a r g e  b e f o r e  an d  a f te r  th e  a d d i t i o n  o f  c h e m ic a l s .  T u r b i d i t y  
( N T U ,  O r b e c o - H e l l i g e ,  D ig i ta l  D i r e c t - R e a d i n g  T u r b i d i m e t e r ;  F A U .  H a e h  D R  2 0 1 0 )  w as  
m e a s u r e d  a n d  c o r r e l a t e d  to  th e  v a lu e s  o f  to ta l  s u s p e n d e d  s o l id s  (T S S ) .  C h e m i c a l  o x y g e n  d e m a n d  
( C O D )  [ H a c h ,  D R 2 0 1 0 J  w a s  d e t e r m i n e d  w i th  s t a n d a r d  m e th o d s .  S p e c t r o p h o l o m e t r i c  a s s a y s  fo r  
c r u d e  oil w e r e  p e r f o r m e d  by  c r e a t in g  s t a n d a r d  c u r v e s  w i th  d e f in e d  q u a n t i t i e s  o f  th e  a p p r o p r i a t e  
c r u d e  in X y l e n e  a n d  m e a s u r i n g  a b s o r p t i o n  at 4 6 0  a n d  5 5 0  nm .  O il  w a s  th e n  s e p a r a t e d  f r o m  
s a m p l e s  i n to  th e  o r g a n i c  p h a s e  a n d  a b s o r p t io n  v a lu e s  w e re  c o r r e l a t e d  to  th e  s t a n d a r d  c u rv e s .  
M i c r o b i a l  t e s t s  ( A e r o b i c  P la te  C o u n t s .  A P C )  w e r e  c o n d u c t e d  by  s t a n d a r d  m e th o d s .

Produced W ater Tests

In p i lo t  e x p e r i m e n t s  o f  c r u d e  o i l / p r o d u c e d  w a te r  s e p a ra t i o n ,  s a m p l e s  w e r e  c o l l e c t e d  at  C h e v r o n ' s  
p l a t f o r m  G a i l  ( S a n ta  B a r b a r a ) .  S o u r  oil r ich  in  c a r b o n  d i o x id e  a n d  h y d r o g e n  s u l f i d e  g a s e s  a n d
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s w e e t  oil w e r e  s e p a r a t e d  from p roduced  w a te r  which w as  recovered  toge ther  with  the c r u d e .  T he 
effort w a s  to  d e s ig n  an e f f i c ie n t  sys tem  w h ic h  w ould  s e p a r a t e  ( 'i ts  in the p r o d u c e d  w a l e r  to  ihe  
point  w h e r e  it could  b e  reinjected into the oilfield w i th o u t  doggins j  ihe .vra ia.  S in c e  s o m e  oil 
separa ted  d u r i n g  i r a n s p o n  f ro m  the  s w e e t  an d  s o u r  produced  waler  s a m p l e s ,  in boih e as e s ,  the  
s a m p l e s  w e r e  s u p p l e m e n t e d  wnih llie respec tive  c r u d e  o i ls  a n d  h o m o g e n i z e d  in a b le n d e r .

In o r d e r  to  c r e a t e  a finely s u s p e n d e d  e m u l s io n ,  h e a l ed  w a te r  a n d  c r u d e  oil w e r e  biended  w ith  
a l a rg e l  o f  5 0 0  p p m  oil in w a le r  (w e ig h l  b y  volume). B e c a u s e  s o m e  oil a d h e r e d  10 c o n t a i n e r  w a l ls  
a n d  the  b le n d e r ,  ihe  f inal oil in w a le r  c o n c e n t r a t i o n  w a s  l o w e r  t h a n  ih e  i n t e n d e d  51)0 p p m .  T h e s e  
p r o d u c e d  w a le r  m o d e l s  w e re  h e a t e d  10 5 0 ‘ C  a n d  55 °C  fo r  th e  sw eet a n d  s o u r  s t re am ,  
r e s p e c t iv e ly .  In ih e  s w e e l  w a le r  e x p e r i m e n t s  o p t i m u m  b re a k s  w e re  a c h i e v e d  w i th  S D S .  
a l u m i n u m  e h l o r o h y d r a l c  (A C M ) a n d  h igh  m o le c u l a r  w e ig h l  a n io n ic  p o l y a c r y l a m id e .  In th e  s o u r  
w a l e r  successfu l  b re a k  w as  ach ieved  willi h ig h ly  c h a r g e d  c a t io n i c  high m o l e c u l a r  w e ig h !  
p o l y a c r y l a m i d e .  It should  be  n o te d  tha t  lhe.se w a te r s  e x h ib i t e d  e x t r e m e ly  h ig h  c o n d u c t i v i t i e s  a n d  
c o n i a i n e d  m in e r a l s  in c o n c e n t r a t i o n s  s ig n i f i c a n t ly  a b o v e  that o f  s e a w a te r  (4 2 - 4 5  p a r l s / lh o u s a n d ). 
At t h e s e  high m in e ra l  lo a d s ,  m o s t  c h a r g e s  in  e le c t r o s t a t i c a l l y  c h a r g e d  e m u l s i o n  s y s t e m s  a re  
satis fied by c o u n t e r - i o n s  a n d  p o ly m e r i c  p o ly e l e c t r o ly i e s  b e c o m e  v e ry  inefficienl.

T h e  c r u d e  oil w a lc i  w a s  p ro c e s s e d  in a l a b o ra to ry  b e n c h  B A F  syslem. T y p i c a l l y ,  in th e se  
e x p e r i m e n t s  te s t s  w e r e  run  w i lh  th e  2.5 cm  (ID) hvdroevclone .  2 3 0 0  d m ’/h  w a l e r  f l o w  ra le  a n d  a 
5/1 lo 7/1 a i r /w a le r  ra i io .  Al t h e s e  o p e ra t io n a l  c o n d i t i o n s ,  th e  c e n t r ip e ta l  a c c e l e r a t i o n  o f  the  
v v a te r - r ib b o n  in s id e  ih e  s p a r g e  l u b e  w a s  3 0 0  G. T h e  lab-b e n c h  s y s t e m  w a s  in ternally  r e c y c l e d  
and te s t  r u n s  w e re  l im e d  in o r d e r  lo d e t e r m i n e  the  n u m b e r  o f  c y c l e s  ih e  w a le r  w as p ro c e s s e d .

O L I V E  C A N N E R Y  T E S T S

Oli \ e oil c o n t a m i n a t e d  w a le r  f rom  a c an n e ry  in M adera .  C a l i f o r n i a  w as  u s e d  to  le st Ihe  B A F  
e f f i c i e n c y  in s e p a r a t i n g  o i l /w a te r  e m u l s i o n s  f rom  food  p r o c e s s in g  p lan ts .  In th is  instal la t ion,  the 
o b je c t i v e  w a s  to  r e m o - e  as m u c h  oil as p o s s ib l e  b e fo re  a m e m b r a n e  f i l t ra t io n  s y s t e m  ( U F  
sys tem ) in a zero -d ischarge  ol ive cannery .  R e p r o c e s s i n g  the  w a s i e w a i e r  g e n e r a t e d  all th e  w a te r  
u s e d  in th is  fac to ry .  S e v e ra l  fu l l - sca le  installations w e re  a im e d  at p o l y m e r i c a l l y  p r e t r e a l in g  ihe  
w a t e r  b e f o r e  il accum ula ied  in a central  s to ra g e  lank .  A non-chem ical  s y s l e m  w a s  d e s i g n e d  to  
r e m o v e  re s id u a l  o il s  ( in troduced  by u n t re a t e d  s ide  s t r e a m s )  as well  as r e d u c e  m i c r o b e s  b e f o r e  th e
l.:F - u n i t .  T h e  c a n n e n  and  H u m e  w a s t e w a t e r  e x h ib i t e d  low c o n d u c t i v i t i e s  ( 8 0 0 - 2 , 0 0 0  u S )  and  
m o d e r a t e  pH v a lu e s  (7 .8 -0 .21 .  W h e r e a s  ihe  V a t  R o o m ' s  conduc t iv i ty  f r e q u e n t ly  e x c e e d e d  
4 0 . 0 0 0  p S  and  a p H  o f  12. T h e  c o m b i n e d  w a te r s  in the  s to ra g e  t a n k  b e f o r e  Ihe n o n - c h e m i c a l  
p o l i s h e r  t r e a tm e n t  w e re  in gen era !  b e tw e e n  8 .0 0 0  to 12 .000  iiS a n d  m a in t a in e d  at a p H  o f  10 10 

re ta rd  m ic ro b ia l  g r o w th .  F O G  w as  typ ica l ly  b e tw e e n  7 0 0  and  12 0 0  P P M  an d  T S S  w a s  b e t w e e n  
8 0 0  a n d  150 0  P P M  for  th e  c an n e ry .  W h e n  s t r e a m s  w e re  c h e m i c a l l y  t r e a te d ,  s u l f u r i c  a c id  w as  
u s ed  lo  ad ju s t  p H  lo  4 .9 -5 .2 .  A s ig n i f i c a n t  exception  w as  th e  effluent  f r o m  th e  o l iv e  c u r in g  
p ro c e s s  w i th  p H  12 -1 4  an d  c o n d u c t iv i t i e s  as  h igh  as 4 0 . 0 0 0  p S ,  ( s e e  T a b l e  I). H ig h  m o l e c u l a r  
w e ig h l  c a t i o n i c  p o ly a c ry  l a m id e  a n d  h igh  m o le c u l a r  w e ig h l  a n io n ic  p o l y a c r y l a m i d e  w e r e  u s e d  lo 
i n d u c e  b r id g i n g - f lo c c u la l i o n .

O l i v e  w a s t e w a i e r  w as  t reated in fu l l - sc a le  in d u s t r i a l  B A F  instal la t ions . S e e  F ig .  3. T h re e  six 
in ch  m o d i f i e d  a i r - s p a r g e d  h y d r o c y c l o n e s  w e re  u sed  in ser ies  ( c a n n e r y ,  val r o o m ) ,  o r  in p a ra l le l  
( f l u m e ,  p o l i s h e r ) .  F low  ra les  o f  4 0  -  55 m 7 h  ( c a n n e r y ) ,  37  m ' / h  (val r o o m ) .  125 -  193 n r ' /h  
( f l u m e )  a n d  4 5 0 - 1 . 2 0 0  G P M  (p o l i s h e r )  w e re  used .  R e c e iv in g  tan k  c o n f i g u r a t i o n s  w e r e  d e s c r i b e d  
in O w e n  et al. 14].  A n  a i r /w a te r  ra t io  in  g e n e r a l  w a s  b e tw e e n  4/1 -  6/1 in l l iese  a p p l i c a t i o n s .

F o r  the  f lu m e  1 .2 -2 .4  P P M  o f  a lo w  m o le c u l a r  w e ig h l  q u a r t e r n a r y  p o l y a m i n e  ( C y te c )  w as  
a d d e d  a h e a d  o f  th e  B A F  feed  p u m p s  as  a p r o c e s s  a id  w i th o u t  pH a d j u s t m e n t  (T a b l e  I) . P o l i s h e r  
t r e a t m e n t s  w e r e  p e r f o r m e d  w i th o u t  p H  c o n t ro l  o r  any  c h e m ic a l  a d d i t i o n s .  B o th  t h e s e  t r e a tm e n t s  
w e r e  d e s i g n e d  to  r e c i r c u l a t e  the  w a t e r  t h r o u g h  the  s y s t e m  for  s ev e ra l  m ix e d  t r e a t m e n t  p a ss e s .  
T h i s  w'as a c c o m p l i s h e d  by  p u m p i n g  s ev e ra l  t im e s  th e  v o l u m e  o f  w a te r  t h r o u g h  th e  s p a r g e  t u b e s  
t h a n  w a s  b e in g  led  to  t h e  s y s tem .  F o r  e x a m p l e ,  i f  th e  f l u m e  p o l i s h e r  w a s  fed  at a  flow' t h r o u g h  
r a te  o f  3 0 0  G P M  b u t  th e  s y s t e m  w a s  o p e r a t e d  at 9 0 0  G P M .  the  a d d i t io n a l  6 0 0  w e r e  d r a w n  f ro m  
th e  c l e a n  w a t e r  s u m p  on  ihe  d i s c h a r g e  s id e  o f  th e  r e c e i v in g  ta n k s  an d  m ix e d  w i th  th e  3 0 0  G P M
ol u n t r e a t e d  w a te r  fed  lo  th e  s y s te m .  T h i s  e n s u r e d  at least th re e  t r e a tm e n t  p a s s e s  fo r  e a c h  v o l u m e
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o f  w a te r .  T h i s  w as  p o s s ib le ,  
b e c a u s e  Ihe  s y s t e m  w as  d r a in e d  
t h r o u g h  a w e ir ,  a n d  a n y  w a te r  
fed  in to  the  s y s t e m  w o u ld  
p a s s i v e l y  d r a in  al  tha t  ra te  f r o m  
th e  s y s te m .

In g e n e r a l  fo r  th e  c a n n e r y ,  
th e  Z e t a  P o te n t ia l  m e a s u r e m e n t s  
i n d i c a t e d  tha t  th e  i s o e l ec t r i c  
p o in t  o f  the  c a n n e r y  e m u l s i o n  
w a s  at p H  4 .5 .  S u l f u r i c  a c id  w a s  
u s e d  lo  a d ju s l  Ihe p H  o f  w a s te  
s t r e a m  to  4 . 9 - 5 .2 .  w h e re  the  
e m u l s i o n  still w as  s o m e w h a l  
n e g a t i v e l y  c h a r g e d  (Z e ta  
P o te n l i a l  -5 to  - l O m V ) .
12 P P M  o f  a h ig h  m o l e c u l a r  
w e ig h t  (6 - 8 x  1(/ ’ D a l to n s ) .  4 0  ck  
c h a r g e  d e n s i t y  c a t i o n i c  
p o l y a c r y l a m i d e  ( C - 4 9 6  H M W .
C y t e e )  w as  u s e d  to  f l o c c u la te  
th e  e m u l s i o n .  A f te r  p a s s in g  
th r o u g h  th e  first s p a r g e  tu b e ,  the  
w a t e r  w a s  r e p r o c e s s e d  in an 
in te g ra l  s e c o n d  s y s te m ,  w h e re  
an  a n i o n i c  h ig h  m o le c u l a r  
w 'e ighl f lo c c u la n t  w'as a d d e d  (A  130 H M W .  C y le c )  lo  r e m o v e  a n y  free ,  e x c e s s  c a t i o n i c  
f lo c c u la n t .  T h i s  w a s  a  s a f e g u a r d  lo  p r e v e n t  a n y  c a t io n i c  p o ly m e r s  f r o m  i n t e r f e r in g  w i th  th e  U F  
a n d  R O  m e m b r a n e s .  F in a l ly ,  th e  w a te r  w a s  p a s s e d  t h r o u g h  a th ird  n o n - c h e m i c a l  s p a r g e  to  
r e m o v e  a n y  re s id u a l  p o l y m e r  o r  f in e  f lo c c u la te d  p a r t i c le s  tha t  had  no t  f lo a te d  o u t  in  th e  first tw o  
p a s s e s .  T h e  p e r c e n t  r e m o v a l s  a n d  p e r f o r m a n c e  d a t a  li s ted in  T a b l e  1 w e r e  th e  c u m u l a t i v e  
d i f f e r e n c e  b e t w e e n  th e  feed  e n t e r in g  th e  fi rst  s p a r g e  a n d  th e  d i s c h a r g e  f r o m  th e  th ird  s p a r g e .

O t h e r  a p p l i c a t i o n s  (T a b l e  2) w e r e  ru n  w i th  s im i l a r  e q u i p m e n t  as  d e s c r i b e d  a b o v e .  S e v e ra l  o f  
t h e s e  t r e a tm e n t  s y s t e m s  w e r e  run  w i th  5 c m  ID  s p a r g e  l u b e s  (p o u l t ry ,  m e a l  p r o c e s s o r ,  g e n e r a l  
l a u n d r y )  o r  w i th  l a r g e r  s y s te m s .  P o l y m e r i c  t r e a tm e n t  w a s  a s  n o te d  a n d  f o r m u la t io n s  s im i l a r  to  
t h o s e  r e f e r e n c e d  a b o v e  w e r e  u s ed .  T h e  n o n - c h e m i c a l  s y s t e m s  w e r e  l i s ted  to  d e m o n s t r a t e  the  
p e r f o r m a n c e  o f  th e  m e c h a n ic a l  c o m p o n e n t s  a lo n e .

RESULTS

Produced W ater Tests

T h e  l a b - b e n c h  s y s t e m  w a s  in te rn a l ly  r e c y c l e d  an d  lest  ru n s  w e re  t im e d  in o r d e r  to  d e t e r m i n e  th e  
n u m b e r  o f  c y c l e s  th e  w a te r  w a s  p ro c e s s e d .  D u e  lo th e  m ix in g  o f  th e  a i r  s p a r g e d  w a t e r  w i th  
u n t r e a t e d  w a te r  o r  w a te r  f r o m  p r e v io u s  c y c l e s ,  th is  s y s t e m  d id  n o t  p r o v id e  an  o p t im a l  e v a l u a t i o n  
o f  th e  n u m b e r  o f  c y c l e s  n e e d e d  to  fu l ly  p r o c e s s  w a s t e w a te r .  R a th e r ,  it p r o v id e d  an  i n d i c a t io n  i f  
f lo e  a n d  oi l e m u l s i o n s  w i t h s to o d  r e p e a t e d  p u m p i n g  and  s h e a r  fo rce s .  E v e n  th o u g h  th e  i n t e r n a l ly  
r e c y c l e d  s y s t e m  r e p r e s e n t e d  a f r a c t io n a l  r e m o v a l  o f  w'aste p r o d u c t s  f r o m  th e  w a te r  ( i n s t e a d  o f  a 
g e o m e t r i c  r e m o v a l  in fu ll s c a le  s y s t e m s  w'ith i n d e p e n d e n t  s tag e s ) ,  il d id  p r o v i d e  a g o o d  r e f e r e n c e  
i f  m u l t i p l e  s t a g e s  w e r e  n e c e s s a r y  f o r  t r e a tm e n t .

S w e e t  w a t e r  s e p a r a t i o n  w a s  te s t ed  w i t h o u t  a n y  f lo c c u la n t s .  T h e  s y s t e m  r e m o v e d  6 6  %  o f  oil 
f r o m  a  s a m p l e  w i th  169 P P M  o f  c r u d e  oil w i th o u t  a d d i t i o n  o f  c h e m i c a l s  in  t w o  r e c i r c u l a t e d  
p a ss e s .  T h e  s w e e t  w a te r  c o n d u c t i v i t y  w a s  31 m S / c m 2 a n d  th e  z e t a  p o te n l ia l  ( Z P )  o f  t h e  e m u l s i o n  
p a r t i c u l a t e s  w a s  - 1 0  m V .  P a s s i n g  th e  w a te r  t h r o u g h  a B A F  s y s t e m  w i t h o u t  a n y  c h e m i c a l s  
i n c r e a s e d  th e  tu rb id i ty  f r o m  123 N T U  to  146 N T U ,  w h ic h  s u g g e s t e d  s o m e  e m u l s i f i c a t i o n  o f  the
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Fig. 3. S ch em a tic  p re se n ta tio n  o f  the B A F  sy s te m  a p p lie d  fo r o liv e  oil 
w a s te w a te r  tre a tm en t
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oil.  A f t e r  Ihe  a d d i t i o n  o f  4 0  P P M  o f  S D S  an d  tw o  fu r th e r  p a s s e s  t h r o u g h  th e  B A F  s y s t e m ,  92  '■> 
o f  s w e e t  oi l w as  r e m o v e d  f r o m  th e  p ro d u c e d  w a te r ,  e v e n  a f te r  e m u l s i f i c a t i o n .

F o r  s o u r  p r o d u c e d  w a ter ,  o p t i m a l " b r e a k s " w c r e  a c h i e v e d  w i th  4 0  P P M  S D S ,  25  P P M  
a l u m i n u m  c h lo r o h y d r a t e  ( A C H )  an d  30  P P M  o f  a h ig h  m o le c u l a r  w e ig h t  a n i o n i c  f l o c c u la n t .  A 
s tu r d y  H oc  w as  f o r m e d  w h ie h  w a s  e a s i l y  f loa ted .  W i th  th is  w a te r ,  s o m e  s e p a r a t io n  (35  7r) w as  
a c h i e v e d  e v e n  w i th o u t  a n y  c h e m ic a l s  a d d e d ,  h o w e v e r  the  n o n - c h e m i c a l  f ro th  w a s  h ig h  in w a te r  
c o n te n t .  C o n d u c t i v i t y  w a s  m e a s u r e d  al 5 0  m S / c n r .  an d  th e  / e t a  p o te n t i a l  al - 5  m V . H o w e v e r ,  
a f t e r  th e  a d d i t i o n  o f  c a t i o n i c  h ig h  c h a r g e  f l o c c u la n t ,  s tu rd y  f loes  w e re  f o r m e d ,  w i th  th e  
p r o d u c t i o n  o f  a s k i m a b l e  p h a s e  o n  to p  o f  th e  tank .  A f te r  f iv e  p a s s e s  t h r o u g h  th e  B A F  s y s t e m .  
9 2  7c o f  t h e  oil w a s  r e m o v e d .  It is in t e r e s t i n g  to n o te  tha t  th e  c a t i o n i c  f l o c c u la n t  w a s  s u c c e s s f u l l y  
u s e d  d e s p i t e  th e  in c r e a s e  o f  e m u l s i o n  c h a r g e  ( -4  m V  b e fo re  a d d i t i o n  a n d  + 9  m V  a f te r  a d d i t i o n  o f  
f lo c c u la n t ) .  S o u r  w a te r  c o u l d  o n ly  be  t re a te d  w i th  h ig h ly  c h a r g e d  c a t io n i c  f l o c c u l a n t .  In th e  s o u r  
w a t e r  a s lo w  i n c r e a s e  o f  p H  v a lu e s  w i th  in c r e a s in g  c y c l e s  o f  B A F  t r e a tm e n t  w as  a t t r i b u t e d  to  Ihe 
a i r  s t r i p p in g  o f  C O ;  f r o m  the  wa ier .  A  n o ta b l e  d e c r e a s e  in th e  H ; S o d o r  w as  n o t ic e d .

Olive Oil E xtraction Plant W aste W ater T reatm ent

In th e  f l u m e  t r e a tm e n t  w e  m a n a g e d  to  n o n c h e m i c a l l y  r e m o v e  up  to 89  7< o f  e m u l s i f i e d  a n d  free  
o l iv e  oil f r o m  a s t r e a m  w h ic h  o th e r w i s e  a c c u m u l a t e d  2 . 1 0 0  P P M  o f  oil.  W i t h  th e  u s e  o f  a lo w  
m o l e c u l a r  w e ig h t  c o a g u l a n t  ( q u a t e r n a r y  p o lv a m in e )  up  to  9 9 .3  °1< o f  o l iv e  oil w a s  r e m o v e d  f r o m  
th e  s y s te m .  T h e  H u m e  w a s  a c lo s e d  lo o p ,  m e a n in g  tha t  the  s a m e  b o d y  o f  w a t e r  w a s  r e t r e a te d  
a p p r o x i m a t e l y  e v e r y  e ig h t  m in u te s .  W i th  e a c h  t r e a tm e n t  pass  a  s m a l l e r  f r a c t i o n  o f  c o n t a m i n a n t s  
w a s  r e m o v e d  f r o m  th e  s t r e a m  (3 2  7c F O G ) ,  t h a n  the  o v e ra l l  load  r e d u c t io n  s h o w n  a b o v e .  
H o w e v e r ,  th is  F O G  r e m o v a l  e x c e e d e d  o r  b a l a n c e d  the  in t r o d u c t io n  o f  F O G ,  r in s e d  o f f  th e  o l iv e s ,  
t r a v e l l i n g  th r o u g h  th e  f l u m e  in  e v e r y  t r e a tm e n t  cyc le .  T h i s  m e a n t  tha t  th e  lo a d  c o u ld  not be  
l o w e r e d  b e l o w  th e  leve l  o f  F O G  a s s o c i a t e d  w i th  th e  o l iv e s  in the  s t r e a m  ( 2 8 5 - 3 8 0  P P M ,  F O G ) .

T h i s  r e d u c t io n  in th e  c o n t a m i n a n t  load  p e r m i t t e d  th e  fa c to ry  to  d i s c o n t i n u e  th e  u se  o f  
7 0  G P M  m a k e u p  w a te r ,  w h ic h  w as  u sed  to  d i l u t e  the  s t r e a m  in an e f fo r t  to  c o n t ro l  th e  m ic ro b ia l  
load .  W i t h o u t  th e  Z P M  s y s t e m  A e r o b ic  P la te  C o u n t s  ( A P C )  e x c e e d e d  5 4 0 ,0 0 0 .  E v e n  w i th o u t  the  
7 0  G P M  m a k e u p  w a te r ,  A P C  a f te r  th e  t r e a tm e n t  a v e r a g e d  8 0 ,0 0 0 .

T h e  c a n n e r y  t r e a tm e n t  re s u l t s  a re  d e s c r ib e d  in T a b l e  1. T h e  f lo e  f o r m e d  e x c e e d e d  2 2 - 2 4  % 
s o l id s .  T h e  V a t  r o o m  t r e a tm e n t  is a l s o  d e s c r ib e d  in  T a b l e  1. It s h o u ld  be  n o te d  that t h e  h ig h  p H  
h y d r o l y z e s  th e  c a t i o n i c  p o l y m e r  in a p p r o x i m a t e l y  10 sec  a f te r  m i x i n g  in  th e  s t r e a m .  D u e  to  the  
b r i e f  r e s id e n c e  t im e  (<  1 sec )  in th e  s p a r g e  tu b e ,  w h e r e  th e  f lo e  f o r m a t i o n  is  c o m p l e t e d ,  the  
p o l y m e r s  st ill  f u n c t i o n e d  a p p r o p r i a t e ly  at a  s u b - o p t im a l  pH .  F e r r o u s  g l u c o n a t e  w a s  u s ed  as an 
i n g r e d i e n t  in the  o l iv e  c u r in g  p ro c e s s  in c r e a s in g  th e  a b u n d a n c e  o f  i ro n  in th e  s t r e am .  T h e  
t r e a t m e n t  r e m o v e d  > 8 0  7c o f  i ro n  f r o m  th e  s t re am .  D u e  to  the  r e l a t i v e ly  lo w  F O G  lo a d  in  th is  
s t r e a m ,  p r o t e i n a e e o u s  m a t t e r  f o r m e d  e x c e s s  l igh t  a i ry  f o a m  o f  l o w  s o l id s  c o n te n t .  T o  c o n t ro l  th is  

f o a m ,  th e  V a t  r o o m  w a te r  w a s  p a r t i a l l y  m ix e d  w i th  c a n n e r y  w a te r ,  w h ic h  p r o v i d e d  s u f f i c i e n t  o i ls  
w h i c h  a c t ed  as d e f o a m i n g  a g en ts .

A  s i m i l a r  w e t  fo a m  w a s  f o r m e d  in th e  p o l i s h e r  unit .  It w as  c o n t r o l l e d  b y  s p r a y i n g  w a s t e  o l iv e  
oil c o l l e c t e d  al o t h e r  p ro c e ss e s .  T h e  u s e  o f  o l iv e  oil as  a  fo a m  d e p r e s s a n t  e l i m i n a t e d  th e  n e e d  to 
u s e  s i l i c o n e  b a s e d  d e f o a m e r s .  T h e s e  s i l i c o n e  a g e n t s  a re  i n c o m p a t i b l e  w i th  th e  U F  m e m b r a n e s .

O ther Oil and G rease Containing Applications

T a b l e  2 lis ts  th e  p e r f o r m a n c e  fo r  o th e r  o i l - c o n ta in in g  a p p l i c a t i o n s  tha t  h a v e  b e e n  t r e a te d  w i th  the  
B A F  s y s te m .  T h e s e  n u m b e r s  r e p r e s e n t  a v e r a g e s  o v e r  s ev e ra l  w e e k s  o f  o p e r a t io n a l  t im e .  F o r  the  
l a u n d r y  a p p l i c a t i o n s ,  th e  n u m b e r s  r e p r e s e n t  a v e r a g e s  o f  s ev e ra l  s a m p l e s  o v e r  a p e r io d  o f  tw o  
d a y s .  T h e  s y s t e m  is e f f e c t iv e  in the  r e m o v a l  o f  F O G  f r o m  h ig h ly  c o n t a m i n a t e d  p o u l t r y  c h i l l e r  
s t r e a m s ,  w h e r e  th e  c o n ta c t  w i th  fo o d  fo r  h u m a n  c o n s u m p t i o n  p r e c lu d e s  th e  u s e  o f  
p o l y a c r y l a m i d e s .  T h e  s y s t e m  has  b e e n  u s ed  at a m e a t  an d  f r o z e n  f o o d  p r o c e s s o r  w i th  a c o m p l e x  
s t r e a m ,  tha t  c o n ta in s  s ev e ra l  d i f f e r e n t  c a u s t i c  c le a n e r s  a n d  e m u l s i f i c a t i o n  a g en t s .  T h e  l a u n d r y  
e x a m p l e s  i l lu s t r a te  th e  r e m o v a l  o f  oil  fo u n d  in a u t o m o t i v e  m e c h a n i c s  u n i f o r m s  a n d  s h o p - r a g s .  
N o te  th e  n o n - c h e m i c a l  r e m o v a l  o f  a la rg e  p o r t i o n  o f  th e  c o n t a m i n a n t s  (a s  m e a s u r e d  by  C O D  
r e d u c t io n s ) .  T h e  la u n d r y  d e t e r g e n t s  e f f e c t iv e ly  e m u l s i f y  o i l s  bu t  th ey  a l s o  a s s i s t  in  th e  f ro th  
f l o t a t io n  p r o c e s s  an d  act  a s  s u r f a c ta n t s  w h ic h  p e rm i t  th e  fo r m a t io n  o f  s m a l l e r  b u b b l e s  in the
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s p a r g e  tu b e .  T h e  d o m i n a n t  p r o p o r t i o n  o f  l a u n d r y  d e t e r g e n t s  a re  a l s o  r e m o v e d  w i th  t h e  t r o t h  as 
e v i d e n c e d  b y  th e  r e l a t i v e ly  l o w  C O D s  in  th e  r e c y c l e d  w a te r  o f  th e  l i n e n - l a u n d r y .  A f t e r  s ev e ra l  
r e u s e s ,  th e  c o n c e n t r a t i o n  o f  d i s s o lv e d  o r g a n ic s  d id  n o l  i n c r e a s e  p e rc e p t ib ly .

T a b l e  1. O p e r a t i o n a l  P e r f o r m a n c e  fo r  b o th  C h e m ic a l  a n d  N o n - C h e m i c a l  B A F  F lo t a t i o n  S y s t e m s  
at a n  O l i v e  P r o c e s s i n g  P la n t

O l i v e  C a n n e r y F lo w
P a r a m e t e r % R e d u c t io n

F in a l  D i s c h a r g e V a l u e

S y s t e m  C o m p o n e n t s G P M (p p m )

C a n n e r y 180- T S S 9 7 .6 20
2 4 0 C O D 6 2 1.577

F O G 98 .3 15

A P C 76 2 2 3 , 0 0 0

V a t  R o o m 150 T S S 76 5 0
C O D 28 6 4 0 0

F O G 72 2 0  (w i th  L y e ,  p H  12)

A P C 75 2 , 3 6 0 , 0 0 0  ( n o  pH  
a d ju s t )

F l u m e 5 5 0 - T S S 95 5 9

8 5 0 C O D 6 0 2 . 3 6 0
F O G 85 2 8 5  ( 7 0  g p m  s a v in g s )

A P C 8 4 8 0 . 0 0 0 ( 1 . 4  p p m  P o ly )

P o l i s h e r 4 5 0 - T S S 10 29

1,200 C O D 10 5 , 2 0 2

F O G 5 14

A P C 35 2 1 , 0 0 0 , 0 0 0

T a b l e  2.  L o n g  T e r m  O p e r a t i o n a l  P e r f o r m a n c e  o f  C o m p l e t e d  I n s ta l l a t io n s  o r  O n - S i t e  P i lo t
P r o je c t s .  B o th  C h e m i c a l  an d  N o n - C h e m i c a l  A p p l i c a t i o n s  a re  1In c lu d e d

A p p l i c a t i o n  F l o w G P M P a r a m e t e r % R e d u c t i o n
F in a l  D i s c h a r g e  

V a l u e  ( p p m )

P o u l t r y 20 T S S 7 0 150
B y p r o d u c t s C O D 27 4 8 0 0
( N o n - c h e m ) F O G 9 4 83
R e n d e r i n g 100 T S S 9 0 2 75
(w /  p o l y m e r ) B O D 55 2 4 0 0

F O G 91 5 4
M e a t  &  F r o z e n 7 0 T S S 98 89
F o o d  P r o c e s s o r C O D 81 4 5 0
(vv/ p o l y m e r ) F O G 9 9 .6 13
G e n e r a l 2 6 0 T S S 9 7 20
L a u n d r y C O D 7 2 9 3 0
G e n e r a l 70 T S S 5 8 5 5 4
L a u n d r y C O D 4 2 3 5 3 0
( N o n - c h e m )
L i n e n  L a u n d r y 3 1 8 T S S 93 50
1 v \ p o l y m e r ) C O D 83 6 9 0  ( r e c y c l e  w a te r )

DISCUSSION

T h e  fa c t  th a t  t h e  B A F  s y s t e m  c an  b e  u s e d  to  d e m u l s i f y  w a s t e w a t e r  u p  to  7 0  %  in s o m e  c a s e s  
w i t h o u t  a d d i t i o n  o f  f l o c c u l a t i o n / d e m u l s i f i c a t i o n  c h e m i c a l s  r e q u i r e s  a d d i t i o n a l  e x p l a n a t i o n .  T h e  
s ta b i l i ty  o f  o i l - i n - w a t e r  e m u l s i o n  is u l t im a te ly  d e t e r m i n e d  by  e le c t r o s t a t i c  an d  s te r ic  r e p u l s i v e  
fo r c e s  i n t r o d u c e d  b y  th e  a d d i t i o n  o f  e m u l s i f y i n g  a g e n t s  e x c e e d i n g  th e  a t t r a c t i v e  h y d r o p h o b i c  
fo r c e s  b e t w e e n  d i s p e r s e d  h y d r o c a r b o n  o i ls .  It is u n l ik e ly  tha t  t h e  p r e s e n c e  o f  g a s  m o d i f i e s
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e l e c i r o s i a l i c  o r  s te r ic  r e p u l s iv e  fo r ce s  10 su ch  an e x te n t  tha t  th is  w o u l d  resu l t  in d e s t a b i l i z a t i o n  o f  
e m u l s i o n s .  T h e r e f o r e ,  it is q u i te  p ro b a b le  that a d d i t io n  o f  g a s  to Ih e  s y s te m  re s u l t s  in an  i n c re a s e  
in Ih e  a t t r a c t i v e  h y d r o p h o b i c  forces .

A  s ig n i f i c a n t  n u m b e r  o f  e x p e r im e n ta l  re su l t s  a c c u m u l a t e d  d u r i n g  Ih e  la st f iv e  y e a r s  s e e m  to 
s u p p o r t  th e  ide a  that d i s s o lv e d  g a s  in d e e d  in c re a s e s  the  e x te n t  an d  r a n g e  o f  th e  a t t r a c t iv e  
h y d r o p h o b i c  fo r ce s  b e tw e e n  h y d r o p h o b i c  p a r t ic le s ,  m o le c u le s  o r  s u r fa c e s .  In r e c e n t  y e a r s  
m e t h o d s  h a v e  b e e n  d e v e l o p e d  to  d i r e c t ly  m e a s u r e  fo rces  b e t w e e n  c o l lo id a l  p a r t i c l e s  and  
s u r f a c e s .  A t o m i c  fo rce  m i c r o s c o p y  ha s  b een  u sed  to  m e a s u r e  fo r c e s  b e t w e e n  a  p a r t i c le  a n d  a 
s u r f a c e  a n d  b e t w e e n  tw o  p a r t i c le s  [5 .6] ,  T h e s e  m e t h o d s  h a v e  b e en  u s ed  by  at le a s t  f ive  r e s e a r c h  
g r o u p s  to  s h o w  f r o m  d i r e c t  s u r f a c e  fo rce  m e a s u r e m e n t s  tha t  th e  a d d i t io n  o f  d i s s o l v e d  gas  to  th e  
s y s t e m  re s u l t s  in l o n g - r a n g e  a t t ra c t iv e  h y d r o p h o b ic  fo rce s  | 7 - 1 3 | .  T h e  r a n g e  o f  s u c h  fo r c e s  (u p  to 
100  niti a n d  e v e n  m o r e  c a n n o t  be  e x p la in e d  by  van  d e r  W a a l s  fo r ce s  o r  s h o r t  r a n g e  h y d r o p h o b i c  
fo rces .  T h e  p re s e n c e  o f  s u b m i c r o s c o p i c  b u b b le s  n e a r  the  s u r f a c e  an d  c a v i t a t i o n  o f  t h e s e  d e fe c t s  
as th e  s u r f a c e s  a p p r o a c h  e a c h  o t h e r  is a r e a s o n a b le  e x p la n a t io n  to  a c c o u n t  fo r  th e  o b s e r v e d  long -  
r a n g e  h y d r o p h o b i c  forces .

In a n o t h e r  re la te d  r e s e a r c h  a rea  it w a s  s h o w n  tha t  d i s s o lv e d  g a s  in w a t e r  m ig h t  be  s o m e w h a t  
a g g r e g a t e d  in  th e  f o r m  o f  s m al l  s u b m i c r o s c o p i c  b u b b le s ,  w h ic h  r e s e a r c h e r s  n a m e d  b u b b s t o n e s
[1 3 .1 4 ] ,  O t h e r  r e s e a r c h e r s  b e l i e v e  that s uch  gas  a g g r e g a t e s  d o  no t  h a v e  a  w e l l - d e f in e d  in t e r f a c e  
an d  c a l l e d  t h e m  b lo b s .  L a s e r  c a v i ta t i o n  e x p e r im e n t s  n e a r  h y d r o p h o b i c  s u r f a c e s  i n d i c a t e d  tha t  the  
p r e s e n c e  o f  d i s s o lv e d  ga s  s ig n i f i c a n t ly  e n h a n c e d  the  n u c l e a i io n  ra te  o f  m i c r o s c o p i c  b u b b l e s  | 15]. 
T h i s  s u g g e s t e d  tha t  s o m e  sm a l l  non-visible ga s  n u c le i ,  s u ch  as b u b b s t o n e s  o r  b lo b s  i n d e e d  c o u ld  
b e  p r e s e n t  in w a t e r  and  a c c o m m o d a t e d  al h y d r o p h o b i c  in te r f ac e s .  M i l l e r  and  e o w 'o rk e rs  | I 6 |  
r e c e n t ly  u s e d  in -s i tu  s u r f a c e  s p e c t r o s c o p ic  t e c h n iq u e s  and  c o n f i r m e d  th e  a c c o m m o d a t i o n  o f  
d i s s o lv e d  g a s  at a h y d r o p h o b i c  su rfac e .  S u c h  a c c o m m o d a t i o n  w a s  no t  d e t e c t e d  at th e  s a m e  
s u r f a c e  in a h y d r o p h i l i c  s ta te.

M a c r o s c o p i c  e x p e r i m e n t s  a lso  s h o w e d  th e  e f fe c t s  o f  d i s s o lv e d  gas  o n  h y d r o p h o b i c  fo rces  
an d  s ta b i l i ty  o f  e m u l s i o n s ,  e m u l s i o n  p o l y m e r i z a t io n ,  s u r f a c ta n t  a g g r e g a t i o n ,  c oa l  f i l t r a t io n  a n d  
s e d i m e n t a t i o n  11 7-19] ,  In all e x p e r im e n t s ,  the  p re s e n c e  o f  d i s s o lv e d  g a s  m o d i f i e d  th e  s y s t e m  
b e h a v i o r  and  g e n e r a l ly  d e c r e a s e d  the  c o l lo id a l  s tab i l i ty  o f  h y d r o p h o b i c  s y s t e m s ,  w h i c h  would 
i n d i c a t e  an  in c r e a s e  in  th e  r a n g e  an d  e x te n t  o f  h y d r o p h o b i c  fo rce s ,  as s u g g e s t e d  b y  th e  re s u l t  o f  
d i r e c t  fo r ce  m e a s u r e m e n t s .

O t h e r  m a c r o s c o p i c  e x p e r i m e n t s  m ig h t  h e lp  e x p la in  t h e  h ig h  e f f i c i e n c y  o f  th e  B A F  s y s te m .  
A i r  o r  g a s  is i n t r o d u c e d  in to  the  A S H  s p a c e  o f  the  B A F  s y s t e m  th r o u g h  th e  ro u g h  h y d r o p h o b i c  
p o r o u s  s u r fa c e .  W e  s h o w e d  tha t  th is  is a ve ry  e f f i c ie n t  w a y  o f  n u c l e a t i n g  sm al l  b u b b l e s  r e q u i r e d  
to  c o l l e d  sm al l  p a r t i c le s  o r  e m u l s io n  d ro p le t s .  N u c l e a i io n  s tu d ie s  i n d e e d  s h o w e d  lha l  in o r d e r  to 
n u c l e a t e  sm al l  b u b b l e s  e f f i c ie n t ly ,  o n e  n e ed s  no t  o n ly  a h y d r o p h o b i c ,  but a l so  a r o u g h  s u r fa c e  
[21] .  J o n e s  an d  c o w o r k e r s  d e v e l o p e d  a m o d e l  s h o w i n g  lhal g a s  nucleation n e a r  ro u g h  p o r o u s  
h y d r o p h o b i c  s u r f a c e s  o r  p a r t i c le s  c an  o c c u r  in  a s y s t e m  w i th  v i r t u a l ly  n o  s u p e r s a t u r a t i o n  o r  willi  
v e ry  l o w  s u p e r s a t u r a t i o n  J2 2 ,2 3 ] .  H ig h  s h e a r  and  c e n t r i fu g a l  fo rce s  i n s id e  th e  A S H  c h a m b e r  o f  
th e  B A F  s y s t e m  a l s o  h e lp  in d e t a c h m e n t  o f  s u c h  b u b b le s  f r o m  th e  p o r o u s  t u b e  s u r f a c e .  J o n e s  an d  
c o w o r k e r s  i n d e e d  s h o w e d  tha t  b u b b le  d e t a c h m e n t  c o u ld  be  th e  t im e  l im i t i n g  f a c to r  in the  
n u c l e a t io n  r a te  al h y d r o p h o b i c  r o u g h  s u r f a c e s  [22] ,  O f  c o u r s e  o n c e  b u b b le /p a r t i c l e  a t t a c h m e n t  is 
a c h i e v e d  th e  b u b b l e / p a r t i c l e  a g g r e g a t e s  m u s t  b e  s e p a r a t e d  f r o m  th e  w a te r .  In th i s  r e g a r d  th e  
f l o t a t i o n  t a n k  o f  th e  B A F  s y s t e m  is s p e c i a l l y  d e s i g n e d  a n d  b a f f l e d  to  p r e v e n t  t u r b u l e n c e ,  w h ic h  
c o u l d  r e e m u l s i f y  Ihe s y s te m .

U l t r a - f l o c e u l a t i o n  a n d  m ic ro - f lo t a t i o n  u n d e r  v ig o r o u s  h y d r o d y n a m i c  c o n d i t i o n s ,  as  well  as 
th e  i n t r o d u c t i o n  o f  m i c r o b u b b l e s  in to  e m u l s i o n s  a re  d i s c u s s e d  in the  l i t e r a tu re  [23 ] ,  S o m e  o f  the  
h ig h  e n e r g y  e n v i r o n m e n t s  ( 3 0 0 - 6 0 0  G )  d i s c u s s e d  in th is  p a p e r  a re  a l so  f r e q u e n t ly  e n c o u n t e r e d  in 
th e  B A F  s y s te m .  T h e s e  re s u l t s  p ro v i d e  an  a d d i t io n a l  f r a m e w o r k  fo r  th e  t h e r m o d y n a m i c  
d i s c u s s i o n  o f  t h e s e  p h e n o m e n a .  T r a d i t i o n a l ly ,  l l o c c u la t i o n ,  f l o t a t io n  and  a g g r e g a t i o n  are  
i n v e s t i g a t e d  in  low R e y n o l d s  n u m b e r  H ow  e n v i r o n m e n t s .  H o w e v e r ,  th e  d a t a  presented a b o v e  
s h o u l d  e x p a n d  th e  r a n g e  o f  e n e r g e t i c  e n v i r o n m e n t s  in w h ic h  f lo c c u la l i o n  a n d  f lo t a t io n  a re  
d i s c u s s e d .  D e f in i t i o n  o f  t h e s e  p ro c e s s e s  will  a id  in  th e  d e s ig n  an d  e n g i n e e r i n g  o f  fu tu re  
a p p l i c a t i o n s .
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discussed in the  in troduct ion .  the  B A F  sys te m  has a d v an tag es  o v e r  the  e x is t ing  D A F ,  I A F  and 
. .issieal A S H  n o ta t io n  systems fo r  the  tr ea tm ent  o f  o ily  wastew ater .  T h e  compact d es ign ,  low
- ii 'Limption o f  tlo ta l ion  and o the r  chem ica ls ,  eff ic ient m ix in g  o f  c h e m ica l s  with short  c o ag u la t io n  
-,'v J e n c e  t im es ,  la rge  a ir  to  w a te r  ra tios  possib le ,  small bu b b le  s ize  and rapid  rem ova l  o f  s p a rg ed  air 
" :r; ihe  s y s te m  are  a t t ractive  featu res  o f  this  n e w  no ta t ion  te chno logy .  T h e  B A F  s y s te m  has  been  

-. .^cessfu i in m a n y  app l ica t ions  that represen t  c h a l len g in g  e n v i ro n m e n ts  such  as h igh  c o nduc t iv i ty .  pH
■■ •mplex em uls i f ica t ion  chem is t r ies ,  w h e re  tradit ional n o ta t io n  te ch n iq u es  w e re  ineffective .  T h e s e  
: r ' l e a t io n s  w e re  selec ted  to d e m o n s t ra te  rem ova l  o f  p e t rochem ica l  oils  as  well as vege tab le  and 

Ti.il p ro d u c ts  w h ic h  are  na tura l ly  em uls if ied  o r  so lublized .  F o r  the  p u rp o s e  o f  en v i ro n m en ta l  
_ ::';eJiation. these  B A F  s y s te m s  can  be  sca led  to m u ch  la rger  Hows w h ic h  a l lo w s  fo r  the  t re a tm en t  o: 

.. j : e  w a s te w a te r  s t ream s  fo r  the  rem ova l  o f  T S S ,  C O D .  F O G  and V O C .
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