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1 ABSTRACT

I
j

.! E l e v e n  o i l  f i e l d  b a c i l l u s  i s o l a t e s  were s c r e e n e d  f o r
iI
| c o s u r f a c t a n t  p r o d u c t i o n  c a p a b i l i t y .  C u l t u r e  C I - 2 0 A  was
j
j shown to produce  s i g n i f i c a n t  q u a n t i t i t e s  o f  2 , 3 - b u t a n e d i o l
■i
j and was chosen f o r  f u r t h e r  s t u d y .  B i o c h e m i c a l  t e s t s  showed

| t h i s  b a c t e r i u m  c l o s e l y  r e s e m b l e d  B a c i l l u s  1 i c h e n i f o r m i s .

C I - 2 Q A  when grown a n a e r o b i c a l l y  on a s u c r o s e  m i n e r a l  

s a l t s  medium produced maximum biomass a t  40°C and 8% 

s a l i n i t y .  B u t a n e d i o l  p r o d u c t i o n  was g r e a t e s t  a t  55°C and 4% 

s a l i n i t y .  The c u l t u r e  grew w e l l  i n  low c o n c e n t r a t i o n s  o f  

P l u r o n i c  L61 and was not  i n h i b i t e d  by t he  p r e s e n c e  o f  a 

premium g r ad e  c r u d e  o i l .  P r o d u c t  y i e l d s  i mp r o ved  w i t h  t h e  

a d d i t i o n  o f  a c e t o i n  and t h e  use o f  s m a l l e r  i n o c u l a .

j  The r e l a t i v e  c o s u r f a c t a n t  c h a r a c t e r  o f  2 , 3 -!

b u t a n e d i o l  was i n d e x e d  b e t ween  e t h a n o l  and i s o p r o p a n o l  when 

used to  t i t r a t e  a s u r f a c t a n t  system d omi n a t ed  by p e t r o l e u m  

s u l f o n a t e s .  E m u l s i f i c a t i o n  s t u d i e s  i n d i c a t e d  t h a t  

b u t a n e d i o l  had a s l i g h t  a b i l i t y  to  d e m u l s i f y  w a t e r  i n  o i l  

e m u l s i o n s .

2 , 3 - b u t a n e d i o l  used as a c o s u r f a c t a n t  i n  a 4%

P e t r o s t e p  4 6 5 ,  1% A v i r o l  2 0 0 / h e x a d e c a n e  system produced  

m i d d l e - p h a s e  m i c r o e m u l s i o n s  ov e r  a s a l i n i t y  r ange  

a p p r o x i m a t i n g  t h a t  of  an i d e n t i c a l  system e m p l oy i ng  

i s o p r o p a n o l .  C I - 2 0 A  who l e  c e l l  c u l t u r e  b r o t h ,  however ,

v
j'
i;
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| showed no a p p a r e n t  a b i l i t y  to produce mi d d l e  phase

i in i c r o eni u 1 s i on s i n  a s i mi  l a r  s u r f  a c t a n t / h y d r o c a r  bon system.
i!

i
I
i
ii

j
i1

]

i1
I
!

iii
1
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CHAPTER I 

INTRODUCTION 

Enhanced O i l  Recov e r y

E n e r g y - r e l a t e d  a g e n c i e s  t od a y  a r e  s e a r c h i n g  f o r  

t e c h n o l o g y  w i t h  which t o  enhance o i l  r e c o v e r y .  A f t e r  t he  

p r i m a r y  r e c o v e r y  t e c h n i q u e  of  pumping has proven  

u n e c o n o m i c a l ,  as much as 60 t o  80 p e r c e n t  o f  t he  o r i g i n a l  

o i l - i n - p l a c e  rema i ns  i n  t he  r e s e r v o i r .  In an e f f o r t  to  

r e a c h  such r e s i d u a l  o i l ,  Enhanced O i l  Rec ov e r y  ( EOR) 

t e c h n i q u e s  a r e  empl oyed.

EOR i n  t h e  form o f  s e c o n d a r y  r e c o v e r y  i s  termed  

" w a t e r  f l o o d i n g . "  T h i s  method f o r c e s  w a t e r  down i n t o  t h e  

r e s e r v o i r  t h r o u g h  i n j e c t i o n  s i t e s  where  i t  "pushes"  a 

p o r t i o n  o f  t h e  r e m a i n i n g  o i l  t owar ds  r e c o v e r y  w e l l s .  As a 

g e n e r a l  r u l e  w a t e r  f l o o d i n g  g r e a t l y  i n c r e a s e s  p e t r o l e u m  

r e c o v e r y  f o r  s e v e r a l  y e a r s  a f t e r  i t s  i m p l e m e n t a t i o n .  Y e t ,  

e v e n t u a l l y  such an i n c r e a s e  ceases  as t h e  f l o o d  w a t e r s  

pr e f e r e n t i  al  1 .y channel  t h r o u g h  t h e  s t r a t a  l e a v i n g  beh i nd  

t r a p p e d  o i l  g a n g l i a  or  r e s i d u a l  o i l  t i g h t l y  bound to t he  

r e s e r v o i  r  mi ner  a l .

I n  r e c e n t  y e a r s  a wi de  v a r i e t y  o f  a ppr oaches  have  

been t a k e n  i n  t he  des i gn  o f  systems to r e c l a i m  t he  o i l  

r e m a i n i n g  a f t e r  t h e  s e c o n d a r y  r e c o v e r y  p r o c e s s .  An

1
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e x c e l l e n t  r e v i e w  of  such t e c h n i q u e s  can be found i n  an 

a r t i c l e  by T ab er  ( 1 9 8 1 ) .  Amongst  t h e s e  s o - c a l l e d  t e r t i a r y  

met hods ,  t h e  most  e c o n o m i c a l l y  f e a s i b l e  u s u a l l y  employ  

che mi c a l  a d d i t i v e s .  Such a d m i x t u r e s  a i d  i n  t h e  r e l e a s e  o f  

t h e  p e t r o l e u m  f rom t h e  r e s e r v o i r  m i n e r a l ,  t hus  a l l o w i n g  f o r  

m o b i l i z a t i o n  by e n s u i n g  w a t e r  f l o o d s .

M i s c i b l e  F l oods

M i s c i b l e  f l o o d s  a r e  t e r t i a r y  o i l  r e c o v e r y  t e c h n i q u e s  

which employ s o l u t i o n s  t h a t  a c t  as though t h e y  a r e  m i s c i b l e  

w i t h  t h e  r e s e r v o i r  h y d r o c a r b o n s  w h i l e  i n  t u r n  t h e y  can be 

m i s c i b l y  d i s p l a c e d  by w a t e r  ( M i r k i n ,  1 9 7 7 ) .  These  s o l u t i o n s  

a r e  aqueous i n  n a t u r e  and c o n t a i n  s u r f a c t a n t s  and 

c o s u r f a c t a n t s .  Once i n j e c t e d  i n t o  o i l - b e a r i n g  s t r a t a ,  a 

m i s c i b l e  d i s p l a c e m e n t  f l u i d  t e n d s  to s o l u b i l i z e  c o n t a c t e d  

h y d r o c a r b o n s  r e s u l t i n g  i n  t h e  f o r m a t i o n  of  a m i c r o e m u l s i o n .

S u r f a c t a n t s . A s u r f a c t a n t  i s  any m o l e c u l e  t h a t  i s  

s u r f a c e  a c t i v e  or  has a t e n d e n c y  to c o n c e n t r a t e  a t  t he  

s o l u t i o n  i n t e r f a c e s  ( Z a j i c  and S e f f e n s ,  1 9 8 2 ) .  Such 

m o l e c u l e s  a r e  composed o f  a p o l a r  h y d r o p h i l i c  ( w a t e r  

s o l u b l e )  p o r t i o n  and a n o n - p o l a r  l i p o p h i l i c  ( o i l  s o l u b l e )

| p o r t i o n .  I t  i s  t h e  p o l a r  m o i e t y  t h a t  t ends  to h o l d  t he

m o l e c u l a r  s t r u c t u r e  in  aqueous s o l u t i o n  w h i l e  t h e  n o n - p o l a r  

p h y dr o c a r bon  p o r t i o n  i s  f o r c e d  to  a g g r e g a t e  w i t h  o t h e r
}i

fi l i p o p h i l i c  m o l e c u l e s  a t  s o l u t i o n  i n t e r f a c e s .P.
ii

!
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The HLR or H.ydr op hi 1 e - L i  pophi  1 e B a l a n c e  o f  a 

m o l e c u l e  i s  an i n d e x  o f  t h e  r e l a t i v e  s i z e  and s t r e n g t h  of  

t h e  h y d r o p h i l i c  and l i p o p h i l i c  groups  o f  t he  m o l e c u l e .  The 

'§ o r i g i n a l  HLB i n d e x i n g  scheme pr oposed by G r i f f i n  ( 1 947 ) has
3
I  been m o d i f i e d  i n  r e c e n t  .years and p r e s e n t l y  r anges  f rom 0

( l i p o p h i l i c )  t o  40 ( h y d r o p h i l i c ) .  I t s  use a l l o w s  one to  

g r a s p  an i d e a  o f  t h e  s o l u b i l i t y  and p h a s e - p a r t i t i o n i n g  

c h a r a c t e r i s t i c s  o f  a D a r t i c u l a r  s u r f a c t a n t  w i t h o u t  l a b o r i o u s  

e x p e r i m e n t a t i  o n .

C h e m i c a l l y ,  s u r f a c t a n t s  can be c l a s s i f i e d  as 

a n i o n i c ,  c a t i o n i c ,  a m p h o t e r i c  or  n e u t r a l .  The a n i o n i c  

p e t r o l e u m  s u l f o n a t e s  a r e  t h e  most  commonly employed  

s u r f a c t a n t s  f o r  o i l  r e c o v e r y  sys t ems .

C o s u r f a c t a n t s . C o s u r f a c t a n t s  can be d e f i n e d  as 

m o l e c u l e s  t h a t  a i d  s u r f a c t a n t s  i n  s o l u b i l i z i n g  h y d r o c a r b o n s ,  

u s u a l l y  by s t a b i l i z i n g  s u r f a c t a n t / h y d r o c a r b o n  

m i c r o e m u l s i o n s .  The most  common c o s u r f a c t a n t s  a r e  a l c o h o l s  

t h r e e  ca r b ons  i n  l e n g t h  or  g r e a t e r .

Resear c h  has shown ( K i l p a t r i c k  e t  a l . ,  1981 )  t h a t  

t h e  m i c r o s t r u c t u r e  of  h i g h  c o n c e n t r a t i o n  s u r f a c t a n t  

s o l u t i o n s  i s  d r a m a t i c a l l y  a l t e r e d  by t h e  a d d i t i o n  of  

c o s u r f a c t a n t s .  When i n  aaueous s o l u t i o n  a t  a c o n c e n t r a t i o n  

r e f e r r e d  t o  as t h e  c r i t i c a l  m i c e l l e  c o n c e n t r a t i o n  (Shaw e t  

al  . , 1 9 7 2 ) ,  s u r f a c t a n t s  l e a v e  t h e  s o l u t i o n  i n t e r f a c e  i n  t h e  

f orm o f  s o l u b l e  monomers and smal l  s p h e r i c a l  m i c e l l e s .  At  

c o n c e n t r a t i o n s  much g r e a t e r  t h a n  t he  c r i t i c a l  m i c e l l e
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c o n c e n t r a t i o n  (CMC) t he  s o l u t i o n  becomes t u r b i d  as 

s u r f a c t a n t s  b eg i n  t o  pack i n t o  l a r g e r  c y l i n d r i c a l  and  

l a m e l l a r  m i c e l l e s  ( s e e  F i g .  1 ) .

I f ,  ho wever ,  a c o s u r f a c t a n t  i s  t i t r a t e d  i n t o  an 

opaque l a m e l l a r  m i c e l l e  s o l u t i o n ,  an e n d p o i n t  i s  r e a c h e d  

where t h e  system becomes t r a n s p a r e n t .  I t  i s  b e l i e v e d  t h a t  

p r i o r  to  t h e  e n d p o i n t  c o n c e n t r a t i o n  t h a t  t h e  a l c o h o l  

m o l e c u l e s  p a r t i t i o n  i n t o  t h e  l a m e l l a r  s t r u c t u r e  w i t h  t h e i r

h . y d r o x y l i c  m o i e t i e s  a d j a c e n t  to  t h e  h y d r o p h i l i c  heads o f  t he

s u r f a c t a n t  m o l e c u l e s  ( K i l p a t r i c k  e t  a l . ,  1 9 8 2 ) .  At  

c o n c e n t r a t i o n s  above t h e  e n d p o i n t  t h e  h y d r o p h i l i c  

p a r t i t i o n i n g  c h a r a c t e r  o f  t he  a l c o h o l  i n d u c e s  t h e  l a m e l l a r  

s t r u c t u r e s  t o  become thermodynami  ca l  1 .y u n f a v o r a b l e .  Thus,  

t h e  once opaque s o l u t i o n  becomes t r a n s p a r e n t  as t he  a l c o h o l s  

s t a b i l i z e  t h e  s u r f a c t a n t  i n t o  s m a l l e r  s p h e r i c a l  m i c e l l e s .

Such an o b t a i n a b l e  e n d p o i n t  when t i t r a t i n g  w i t h  an 

a l c o h o l  i s  r e g a r d e d  as e v i d e n c e  f o r  c o s u r f a c t a n t

c h a r a c t e r .  Where t h i s  e n d p o i n t  oc c u r s  ( i n  t e rms  o f

c o n c e n t r a t i o n )  can be used as an i n d e x  o f  t h e  c o s u r f a c t a n t  

c h a r a c t e r  of  an a l c o h o l  r e l a t i v e  to o t h e r  a l c o h o l s  t i t r a t e d  

i n t o  t h e  same s u r f a c t a n t  sys t em.

M i c r o e m u l s i o n s . M i c r o e m u l s i o n s  have been d e s c r i b e d  

as t h e r m o d y n a m i c a l l y  s t a b l e ,  m i c r o s t r u c t u r e d  f l u i d  phases of  

v a r i a b l e  c o m p o s i t i o n  t h a t  i n c o r p o r a t e  s u b s t a n t i a l  amounts o f  

o i l ,  w a t e r ,  s u r f a c t a n t s  and c o s u r f a c t a n t s  ( B e n n e t  e t  a l . ,  

1 9 8 1 ) .  O f t e n t i m e s  t h e  m i c r o s t r u c t u r e  of  t h e s e  s o l u t i o n s  i s
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F i g u r e  1 .  Diagram o f  m i c r o s t r u c t u r e  f o r m a t i o n  uoon
i n c r e a s i n g  s u r f a c t a n t  c o n c e n t r a t i o n  and t i t r a t i n g  
w i t h  a c o s u r f a c t a n t .
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7

l i k e n e d  to  a s w o l l e n ,  s i mp l e  mi c e l l a r  sys t em.  T h i s  i s ,  

however ,  somewhat m i s l e a d i n g  i n  t h a t  t he  s t r u c t u r e s  p r e s e n t  

i n  a m i c r o e m u l s i o n  a r e  o f  an o r d e r  o f  magn i t ud e  l a r g e r  than  

s i mp l e  m i c e l l e s ,  10D A and 10 A i n  d i a m e t e r ,  r e s p e c t i v e l y .

The g e n e r a l l y  a c c ep t ed  d e s c r i p t i o n  o f  m i c r o e m u l s i o n  

s t r u c t u r e  i s  t h a t  as proposed by Windsor  ( 1 9 5 4 ) .  T h i s  model  

s u g g e s t s  t h a t  when an aqueous s u r f a c t a n t  system i n  t he  

l a m e l l a r  m i c e l l e  s t a t e  c o n t a c t s  a hydr ocar bon  t h e r e  forms  

e i t h e r  a w a t e r  e x t e r n a l  ( S^)  m i c r o e m u l s i o n  or an o i l  

e x t e r n a l  m i c r o e m u l s i o n  ( )  ( see F i g .  2 ) .  Whether  t he  

e q u i l i b r i u m  o f  t h e  system i s  s h i f t e d  t o war d  the  f o r m a t i o n  of  

an S ̂  or  an S2 s t a t e  i s  de p e n d e n t  upon such f a c t o r s  as t h e  

o v e r a l l  o i l / w a t e r  r a t i o  o f  t h e  system and t he  c o n c e n t r a t i o n  

o f  t h e  e l e c t r o l y t e s  p r e s e n t .

Re s ear c h  has shown t h a t  i n c r e a s i n g  t h e  s a l i n i t y  of  

m i c r o e m u l s i o n  systems w i l l  i n d u c e  t h e  i n v e r s i o n  o f  an 

s t a t e  t o  an S? s t a t e  ( H e a l y  and Reed,  1 9 7 6 ) .  At  an 

i n t e r m e d i a t e  s a l i n i t y  w i t h i n  t h i s  r an g e  a s e p a r a t e  m i d d l e  

phase  o f t e n  app e a r s  t h a t  i s  i n  e q u i l i b r i u m  w i t h  both t he  

| upper  o i l  and l o w e r  aqueous phases a l r e a d y  p r e s e n t  w i t h i n

t h e  sys t em.  I t  i s  p r oposed  t h a t  t he  a d d i t i o n  o f  t he  s a l t  

d e c r e a s e s  t h e  i n t e r d r o p l e t  r e p u l s i o n  r e s u l t i n g  f rom t he  

s u r f a c t a n t ' s  p o l a r  m o i e t i e s  and hence produces  a c l o s e -  

packed s t a t e  f o r  t he  o i l  i n  w a t e r  m i c r o e m u l s i o n  which  

s e p a r a t e s  o u t  to  form a m i d d l e  phase (Shaw e t  a l . ,  1 9 7 7 ) .
•iI)
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8

F i g u r e  2
A s c h emat i c  diagram  
proposed by Wi n ds o r .

of  mi
c r o e m u l s i  on s t r u c t u r e  as

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



S
U

R
F

A
C

T
A

N
T

S
O

LU
TI

O
N

o-
O
O

o-
o

O

o-
o
o

-o
-o
-o
■o
-o
o

o

o

-o

I -
z :  
<  
i—
o

_ j . <
—  c<5 Ll_
o  DC 

3  
CD 
O  
O

a

DC 
LU 
I— 
X  
LU

O

DC
LU
h-
X
LU

DC
LU

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

 
 
 
 

 
 
 

PREVIE
W



10

For  a g i v e n  s u r f a c t a n t - c o s u r f a c t a n t / h y d r o c a r b o n  

system t h e  a v e r a g e  of  t h e  s a l t  c o n c e n t r a t i o n s  over  which a 

m i d d l e  phase i s  formed i s  r e f e r r e d  to as t he  o p t i m a l  

s a l i n i t y .  At  t h i s  p a r t i c u l a r  s a l i n i t y  t he  i n t e r f a c i a l - f r e e  

e n e r g y  between t h e  m i d d l e  and upper  phase i s  a t  a minimum as 

i s  t h e  i n t e r f a c i a l - f r e e  e n e r g y  between t he  m i d d l e  and l o we r  

p ha s e .  As a r e s u l t ,  t he  m i d d l e  nhase c o n t a i n s  an e q u i v a l e n t  

amount  of  both  h y d r o c a r b o n  and w a t e r  ( S a l e g a r  e t  a l . ,

1 9 7 9 a ) .  The a b i l i t y  to  a t t a i n  o p t i m a l  s a l i n i t y  i s  

c o n s i d e r e d  v e r y  d e s i r a b l e  i n  t h e  des i gn  of  a m i s c i b l e  f l o o d  

s y s t em .  T h i s  i s  due to  t h e  f a c t  t h a t  t he  p h y s i c a l  s t a t e  of  

a system a t  o p t i m a l  s a l i n i t y  has a v e r y  h i gh d eg r ee  o f  o i l  

s o l u b i l i z a t i o n  ( o i l / w a t e r  1 : 1 )  and minimum i n t e r f a c i a l - f r e e  

e n e r g i e s  which a i d  i n  r e l e a s i n g  o i l  f rom m i n e r a l  i n  aqueous-  

d o m i n a t ed  s y s t e ms .

The r o l e  o f  c o s u r f a c t a n t s  i n  t h e  f o r m a t i o n  o f  

m i c r o e m u l s i o n s  i s  p o o r l y  u n d e r s t o o d .  The g e n e r a l  

c o n c e p t u a l i z a t i o n  i s  t h a t  t h e  c o s u r f a c t a n t s  c r o s s l i n k  

between s u r f a c t a n t  m o l e c u l e s  to s t a b i l i z e  t h e  S^-  and 5 2 -  

t y p e  m i c r o s t r u c t u r e s .  R e s ear c h  on t h e  r o l e s  of  

c o s u r f a c t a n t s  i n  m i c r o e m u l s i o n s  has shown t h a t  d i f f e r e n t  

a l c o h o l s  t e nd  to  s h i f t  t h e  o p t i m a l  s a l i n i t y  o f  a g i v e n  

s u r f a c t a n t / h y d r o c a r b o n  sys t em.  The use of  l o n g e r  c h a i n  more 

h y d r o p h o b i c  a l c o h o l s  has been shown ( S a l a g e r  e t  al  . , 1 979b)  

t o  d e c r e a s e  t h e  o p t i m a l  s a l i n i t y  r e l a t i v e  to m i c r o e m u l s i o n s  

c o n t a i n i n g  l o w e r  w e i g h t  h y d r o p h i l i c  a l c o h o l s .
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