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REVERSE MICELLE SUPERCRITICAL F L U I D  SEPARATIONS 

R i c h a r d  0. Smith*. John L. F u l t o n  and H a r l a n  K.  Jones 
Chemical Methods and Separat ions Group 
Chemical Sciences Department 
P a c i f i c  Nor thwest  Labora to ry (a )  
R ich land .  Washington 99352 

ABSTRACT 

I n i t i a l  r e s u l t s  a r e  p r e s e n t e d  showing t h e  
p o t e n t i a l  a p p l i c a t i o n s  o f  r e v e r s e  m i c e l l e  
s u p e r c r i t i c a l  f l u i d  s o l v e n t s  i n  s e p a r a t i o n  processes.  
The f o r m a t i o n  o f  r e v e r s e  m i c e l l e s  i n  s u p e r c r i t i c a l  n -  
a l kane  con t inuous  phases i s  desc r ibed .  Phase diagrams 
o b t a i n e d  f r o m  v i e w - c e l l  s t u d i e s  o f  m i c e l l a r  and 
m i c r o e m u l s i o n  phases formed i n  s u p e r c r i t i c a l  f l u i d s  
a r e  r e p o r t e d  and shown t o  be s t r o n g l y  dependent on 
p ressu re .  The s o l u b i l i t y  o f  AOT i n  ethane and propane 
o v e r  a range o f  p ressu res  shows b e h a v i o r  t y p i c a l  o f  
s o l i d s  i n  s u p e r c r i t i c a l  f l u i d s .  The maximum w a t e r - t o -  
s u r f a c t a n t  r a t i o  (Wo) i n c r e a s e d  d r a m a t i c a l l y  i n  b o t h  
ethane and propane systems as p ressu re  was inc reased .  
A t  300 b a r  Wo = 4 f o r  e thane a t  37 'C and W o  = 1 2  f o r  
propane a t  103 ' C .  The i n i t i a l  use o f  s u p e r c r i t i c a l  
f l u i d s  c o n t a i n i n g  r e v e r s e  m i c e l l e s  f o r  t h e  e x t r a c t i o n  
o f  s o l u t e s  f r o m  an aqueous phase, and a s  m o b i l e  phases 
i n  chromatography, i s  desc r ibed .  

I" 
The use o f  o r g a n i z e d  media i n  s e p a r a t i o n  p rocesses  i s  

becoming i n c r e a s i n g l y  i m p o r t a n t .  Recen t l y ,  p a r t i c u l a r  a t t e n t i o n  
has focused  on t h e  use o f  r e v e r s e  m i c e l l e  systems. Reverse ( o r  
i n v e r t e d )  m i c e l l e s  a r e  s m a l l ,  dynamic agg rega tes  o f  s u r f a c t a n t  
mo lecu les  s u r r o u n d i n g  a p o l a r  ( t y p i c a l l y  aqueous) c o r e  d i s p e r s e d  
i n  a n o n p o l a r  con t inuous  ( o i l )  phase. Reverse m i c e l l e  s o l u t i o n s  
a r e  c l e a r  and thermodynamical ly  s t a b l e :  a t  some a r b i t r a r i l y  l a r g e  

( a )  Operated f o r  t h e  U. S .  Department o f  Energy by B a t t e l l e  
Memorial I n s t i t u t e  under C o n t r a c t  DE-AC06-76RLO 1830 
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wate r  t o  s u r f a c t a n t  r a t i o  ( W ) ,  which i s  a l s o  a measure o f  m i c e l l e  
s i z e ,  t h e  systems a r e  p r e f e r a b l y  r e f e r r e d  t o  as m ic roemu ls ions .  
There  i s  i n c r e a s i n g  i n t e r e s t  i n  u t i l i z i n g  r e v e r s e  m i c e l l e  and 
m ic roemu ls ion  s o l u t i o n s  f o r  enhanced o i l  r e c o v e r y  (1. ,2) ,  f o r  t h e  
s e p a r a t i o n  o f  p r o t e i n s  f r o m  aqueous s o l u t i o n s  ( 3 . 4 ) .  as r e a c t i o n  
media f o r  c a t a l y t i c  ( 5 )  o r  enzymat ic  (6) r e a c t i o n s ,  and a s  m o b i l e  
phases i n  chromatographic  separa t i ons  (7.8).  

S t u d i e s  o f  r e v e r s e  m i c e l l e  s o l u t i o n s  t o  d a t e  have been a t  
t e m p e r a t u r e s  w e l l  be low t h e  c r i t i c a l  t e m p e r a t u r e  ( T c )  o f  t h e  
con t inuous  l i q u i d  phase. F o r  example, t h e  c r i t i c a l  temperature o f  
i s o - o c t a n e .  w h i c h  has been w i d e l y  s t u d i e d  f o r  AOT r e v e r s e  
m i c e l l e s ,  i s  288 "C and t h e  c r i t i c a l  p ressu re  ( P c )  i s  4 5  b a r .  A t  
moderate temperatures t h e  l ow  m o l e c u l a r  we igh t  hydrocarbons,  such 
a s  e thane ( T c  = 32 "C, Pc = 48 b a r )  and propane ( T c  = 97 "C. P, = 
42 b a r ) .  e x i s t  a s  s u p e r c r i t i c a l  f l u i d s .  For a pure component, t h e  
c r i t i c a l  p o i n t  r e p r e s e n t s  t h e  maximum temperature and p r e s s u r e  a t  
w h i c h  a t w o - p h a s e  sys tem ( l i q u i d  and v a p o r )  can e x i s t  i n  
e q u i l i b r i u m .  I n  t h e  s u p e r c r i t i c a l  f l u i d  r e g i o n ,  where temperature 
and p ressu re  a r e  above those  a t  t h e  c r i t i c a l  p o i n t ,  t h e  p r o p e r t i e s  
o f  t h e  f l u i d  ( a  dense gas )  a re  u n i q u e l y  d i f f e r e n t  f rom e i t h e r  t h e  
gas o r  l i q u i d  s t a t e s  (9 .10)  a t  ambient  c o n d i t i o n s ,  b u t  r o u g h l y  
v a r i a b l e  w i t h  f l u i d  p r e s s u r e  ( o r  d e n s i t y )  between t h e  two l i m i t s .  
I n  p a r t i c u l a r ,  t h e  s o l v a t i n g  power o f  a s u p e r c r i t i c a l  f l u i d  can be 
c o n t i n u o u s l y  v a r i e d  ove r  a wide range by a d j u s t i n g  f l u i d  p ressu re .  
A d d i t i o n a l l y ,  t h e  v i s c o s i t i e s  o f  s u p e r c r i t i c a l  f l u i d s  a r e  
t y p i c a l l y  10 t o  100 t i m e s  l o w e r  t h a n  l i q u i d s ,  and d i f f u s i o n  
c o e f f i c i e n t s  a r e  10 t o  100 t imes  h i g h e r  (10). 

Recen t l y  we r e p o r t e d  i n i t i a l  obse rva t i ons  o f  r e v e r s e  m i c e l l e s  
and microemuls ions i n  s u p e r c r i t i c a l  f l u i d s  (11). We r e p o r t e d  t h a t  
r e v e r s e  m i c e l l e s  i n  s u p e r c r i t i c a l  a l kane  systems can s o l u b i l i z e  
such compounds as a h i g h l y  p o l a r  dye ( m a l a c h i t e  green)  and a h i g h  
m o l e c u l a r  w e i g h t  p r o t e i n  (Cytochrome C. MW = 12,384 d a l t o n ) .  I n  
t h i s  paper  we d e s c r i b e  c u r r e n t  knowledge o f  t h e  p r o p e r t i e s  o f  
r e v e r s e  m i c e l l e  s u p e r c r i t i c a l  f l u i d  s o l v e n t s .  We a l s o  p r e s e n t  
r e s u l t s  on t h e  a p p l i c a t i o n  o f  t h e s e  s o l v e n t  sys tems  f o r  
e x t r a c t i o n s  f r o m  an aqueous phase and a s  ch romatog raph ic  m o b i l e  
phases.  The p o t e n t i a l  f o r  b r o a d e r  use o f  t h i s  new c l a s s  o f  
s o l v e n t s  i s  b r i e f l y  cons idered.  

EXPERIMENTAI SFC TION 

Sodium b i s ( 2 - e t h y l h e x y l )  s u l f o s u c c i n a t e  (AOT) was o b t a i n e d  
f r o m  Fluka (>98%,  "purum") and w a s  f u r t h e r  p u r i f i e d  a c c o r d i n g  t o  
t h e  method o f  K o t l a r c h y k  ( 1 2 ) .  I n  t h e  f i n a l  s t e p .  t h e  p u r i f i e d  
AOT w a s  d r i e d  i n  vacuo f o r  e i g h t  hours.  The m o l a r  w a t e r - t o - A O T  
r a t i o ,  W = [H20]/[AOTI, w a s  t aken  t o  be 1 f n  t h e  p u r i f i e d ,  d r i e d  
s o l i d  ( 1 2 ) .  S o l u t i o n s  o f  50 m M  AOT i n  i s o - o c t a n e  had an 
absorbance o f  l e s s  t h a n  0 . 0 2  A . U .  a t  280 nm wh ich  compares 
f a v o r a b l y  w i t h  AOT p u r i f i e d  by HPLC (6). P o t e n t i o m e t r i c  t i t r a t i o n  
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i n d i c a t e d  t h a t  a c i d  i m p u r i t i e s  were l e s s  than  0 . 2  mole X (6). The 
p u r i f i e d  AOT was a n a l y z e d  by m a s s  s p e c t r o m e t r y  u s i n g  70-eV 
e l e c t r o n  i o n i z a t i o n  w i t h  d i r e c t  p robe  i n t r o d u c t i o n .  Two t r a c e  
i m p u r i t i e s  were i d e n t i f i e d :  2 - e t h y l  -1 -hexano l  and m a l e i c  a c i d .  
The ethane and propane were b o t h  "CP" grade f rom L inde .  The i s o -  
o c t a n e  ( G C - M S  g r a d e )  w a s  used a s  r e c e i v e d  f r o m  B u r d i c k  and 
Jackson. D i s t i l l e d .  d e i o n i z e d  wa te r  was used th roughou t .  

The phase b e h a v i o r  o f  t h e  A O T / w a t e r / s u p e r c r i t i c a l  f l u i d  
systems w a s  s t u d i e d  u s i n g  a h i g h - p r e s s u r e  s t a i n l e s s  s t e e l  v iew  
c e l l  hav ing  a 3 / 4  i n .  d iameter  by 3 i n .  c y l i n d r i c a l  volume, capped 
on b o t h  ends w i t h  1 i n .  d i a m e t e r  by 1 / 2  i n .  t h i c k  s a p p h i r e  
windows. S i l v e r  p l a t e d  me ta l  " C "  r i n g  sea ls  ( H e l i c o f l e x )  formed 
t h e  sapph i re  t o  meta l  s e a l .  The f l u i d  m i x t u r e s  were a g i t a t e d  w i t h  
a 1 / 2  i n .  l o n g  T e f l o n @ - c o a t e d  s t i r  b a r  d r i v e n  by a magne t i c  
s t i r re r  ( V W R ,  Model 2 0 0 ) .  The i n s u l a t e d  c e l l  w a s  h e a t e d  
e l e c t r i c a l l y .  Temperature w a s  c o n t r o l l e d  t o  kO.1 O C  u s i n g  a t h r e e -  
mode c o n t r o l l e r  w i t h  a p l a t i n u m  r e s i s t a n c e  p r o b e  (Omega, No. 
N2001) and mon i to red  w i t h  a p l a t i n u m  r e s i s t i v e  thermometer ( F l u k a ,  
No. 2180A. k 0 . 3  "C  a c c u r a c y ) .  The f l u i d  p r e s s u r e  w a s  measured 
w i t h  a b o u r d o n - t u b e  t y p e  p r e s s u r e  gauge ( H e i s e .  & 0.3 b a r  
accu racy ) .  Wh i le  s t i r r i n g ,  t h e  f l u i d  w a s  a l l owed  t o  e q u i l i b r a t e  
t h e r m a l l y  f o r  10 m i n .  b e f o r e  each new r e a d i n g .  I n  s e l e c t e d  
s t u d i e s ,  much l o n g e r  o b s e r v a t i o n  p e r i o d s  ( -  one day) were used t o  
access t h e  phase s t a b i l i t y  o f  t hese  systems. a l t h o u g h  e q u i l i b r i a  
were e s t a b l i s h e d  r a p i d l y  i n  t h e  systems r e p o r t e d .  

The p rocedure  f o r  f i n d i n g  a p o i n t  on t h e  two-phase boundary 
o f  t h e  n-a lkane/AOT/water  systems was a s  f o l l o w s .  A weighed 
amount o f  s o l i d  AOT w a s  p l a c e d  i n  t h e  v iew  c e l l  and, a f t e r  
f l u s h i n g  a i r  f r o m  t h e  c e l l  w i t h  l ow-p ressu re  a l kane .  t h e  c e l l  w a s  
f i l l e d  t o  w i t h i n  10 b a r  o f  t h e  d e s i r e d  p r e s s u r e  w i t h  a h i g h -  
p ressu re  s y r i n g e  pump ( V a r i a n  8500) .  T h i s  AOT/alkane s o l u t i o n  w a s  
m o d i f i e d  by i n j e c t i n g  success i ve  2 7 - p l  increments o f  wa te r  u n t i l  
t h e  two-phase boundary was reached. A hand opera ted  s y r i n g e  pump 
( H i g h  P ressu re  Equipment, No. 8 7 - 6 - 5 )  w a s  used t o  s l o w l y  i n j e c t  
t h e  wa te r  th rough  a m e t e r i n g  v a l v e  i n t o  t h e  s u p e r c r i t i c a l  f l u i d -  
r e v e r s e  m i c e l l e  s o l u t i o n .  By keep ing  t h e  wa te r  i n  t h e  s y r i n g e  
pump a t  a c o n s t a n t  p ressu re  s l i g h t l y  above t h e  v i e w  c e l l  p ressu re ,  
t h e  amount o f  i n j e c t e d  w a t e r  c o u l d  be determined from t h e  v e r n i e r  
s c a l e  on t h e  screw o f  t h e  pump. The same p rocedure  was used t o  
s t u d y  phase b e h a v i o r  i n  t h e  l i q u i d  i s o - o c t a n e  system. 

The accuracy o f  t h e  l o c a t i o n  of  t h e  phase boundary determined 
by t h e  above method w a s  v e r i f i e d  u s i n g  a s l i g h t l y  d i f f e r e n t  
t e c h n i q u e .  The weighed AOT sample was p l a c e d  i n  t h e  v i e w  c e l l ,  
a l o n g  w i t h  a p rede te rm ined  amount o f  w a t e r ,  and p r e s s u r i z e d  t o  
w i t h i n  20 b a r  o f  t h e  p r e s s u r e  expec ted  t o  r e s u l t  i n  a s i n g l e  
phase, and t h e n  s t i r r e d  f o r  10 min.  The f l u i d  p r e s s u r e  was then  
i n c r e a s e d  by 10 b a r  by add ing  t h e  a l kane  and then  s t i r r e d  aga in  
f o r  10 min.  T h i s  p rocedure  w a s  repea ted  u n t i l  a s t a b l e  s i n g l e -  
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Y 
Water Core @ AOT 

(Bis(2-ethylhexyl) Sulfosuccinate 
Sodium Salt) 

Polar Head Group 

\ 
Hydrocarbon Tails Nonpolar Fluid 

(Continuous Phase) 

F i g u r e  1. I d e a l i z e d  s t r u c t u r e  of  a reve rse  m i c e l l e .  

phase system w a s  o b t a i n e d .  The phase boundar ies  de te rm ined  f o r  
f i v e  systems were found t o  ag ree  w i t h i n  ? 5 %  o f  t h e  v a l u e s  
determined f r o m  t h e  p r e v i o u s  measurement techn ique .  

The s o l u b i l i t y  o f  "dry" AOT (W<1) i n  s u p e r c r i t i c a l  e thane and 
p ropane  w a s  d e t e r m i n e d  by s a m p l i n g  an e q u i l i b r i u m  c e l l  u s i n g  
ch romatog raph ic  t e c h n i q u e s .  An excess of s o l i d  AOT w a s  l oaded  
i n t o  a 17-mL h i g h - p r e s s u r e  v e s s e l .  The f l u i d  w a s  s a t u r a t e d  w i t h  
AOT b y  r e c i r c u l a t i o n  t h r o u g h  t h e  s o l i d  bed o f  AOT u s i n g  a 
m a g n e t i c a l l y  coup led  gear  pump (Micropump, N o .  182-346). The 
s o l u t i o n  was sampled, by means o f  a HPLC v a l v e  h a v i n g  a 100 pL 
sample volume, t o  a UV absorbance d e t e c t o r  (ISCO V 4 )  a t  a c o n s t a n t  
f l o w  r a t e  o f  t h e  t e m p e r a t u r e - r e g u l a t e d  s u b c r i t i c a l  l i q u i d .  The 
t r a n s p o r t  f l u i d  ( o r  m o b l l e  phase)  w a s  p u r e  l i q u i d  e t h a n e  o r  
propane a t  300 b a r  and 25 "C. The amount of AOT i n  t h e  100-pL 
samp le  was d e t e r m i n e d  b y  i n t e g r a t i n g  t h e  abso rbance  peaks 
( m o n i t o r e d  a t  230 nm) a f t e r  c a l i b r a t i o n  u s f n g  s o l u t i o n s  o f  known 
c o n c e n t r a t i o n  and c o r r e c t i o n  f o r  d i f f e r e n c e s  i n  f l o w  r a t e .  

Reverse M i c e l l e s  i n  Supercr  i t i c a l  F l u i d s  

The use o f  m i c e l l a r  m o b i l e  phases i n  l i q u i d  chromatography 
has r e c e n t l y  been rev iewed by Dorsey (13). An i d e a l i z e d  s t r u c t u r e  
f o r  a r e v e r s e  t o r  i n v e r t e d )  m i c e l l e  i s  i l l u s t r a t e d  i n  F i g u r e  1. 
Reverse m i c e l l e s  can be formed w i t h  c e r t a i n  s u r f a c t a n t s .  such as 
sodium b i s ( 2 - e t h y l h e x y l )  s u l f o s u c c i n a t e  (commonly known a s  
Aeroso l -OT o r  AOT) .  Such s u r f a c t a n t s .  i n  c o n t r a s t  t o  normal  
m i c e l l a r  systems, t y p i c a l l y  e x h i b i t  a p o o r l y  d e f i n e d  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  (CMC). 
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Figure 2 .  Ca lcu la ted  r e l a t i o n s h i p  between AOT/water 

b 

r eve r se  
mice l l e  diameter a n d  t h e  molar w a t e r - t o - s u r f a c t a n t  
r a t i o  (W). A maximum (Wo) i s  a c h a r a c t e r i s t i c s  of 
each reverse micelle system. S o l v a t i n g  p roper t ies  a re  
r e l a t ed  t o  W .  

For spherical  reverse mice l les ,  the  molar wa te r - to - su r fac t an t  
r a t i o  ( W )  can be r e l a t e d  t o  t h e  s i z e  o f  t h e  mice l l e  i n  a 
s traightforward fash ion ,  a n d  the  t o t a l  i n t e r f a c i a l  area i s  l a rge ly  
determined by t h e  a m o u n t  o f  s u r f a c t a n t .  Figure 2 gives  mice l le  
diameter ca lcu la ted  as a function of t h e  molar r a t i o  o f  water t o  
AOT. where i t  i s  assumed t h a t  a l l  t h e  AOT a n d  water i s  associated 
w i t h  t h e  reverse  mice l l e .  I n  most systems a max imum w a t e r - t o -  
s u r f a c t a n t  r a t i o  ( W , )  e x i s t s ,  which can be ascribed t o  geometric 
c o n s t r a i n t s  imposed by the  su r fac t an t  s t r u c t u r e  a n d  o r i e n t a t i o n  
a n d  t o  the  so lva t ion  in t e rac t ions  of t he  micelle by the  continuous 
l e s s  po la r  ( l i q u i d  or  s u p e r c r i t i c a l  f l u i d )  phase. The reverse  
micelles have a p o l a r  core ,  w i t h  solvent proper t ies  dependent upon 
W ,  which can so lva te  h i g h l y  polar water -so luble  compounds ( e . g . ,  
s a l t s ,  p r o t e i n s  a n d  p e p t i d e s )  a n d  sometimes even normally 
inso luble  amphi l iph i l ic  compounds (6,14-16). A t  low W values ( < 8  
t o  10). t h e  water i n  t h e  mice l le  i s  h i g h l y  s t r u c t u r e d  due t o  
a s soc ia t ion  w i t h  t h e  AOT su l fona te  head groups and  t he  su r fac t an t  
counter i o n .  This core water may resemble a n  i o n i c  f l u i d .  A t  
l a r g e r  W v a l u e s  ( > l o  t o  15), t h e  swol len  m i c e l l e s  ( o r  
microemul s i o n s )  have water cores which approach t h e  so lva t ing  
p r o p e r t i e s  of pure water ,  providing a d i s t i n c t  t h i r d  so lven t  
environment.  Large amounts of s u r f a c t a n t  allow s i g n i f i c a n t  
q u a n t i t i e s  o f  water t o  be so lubi l ized  i n  reverse mice l le  systems. 
These swollen reverse  mice l les  ( i  . e . ,  microemulsions), i n  t u r n ,  
can so lva te  l a rge  amounts of polar so lu t e s .  I n  con t r a s t ,  i f  water 
i s  n o t  added t o  AOT/hydrocarbon systems, the  reverse micelles ( i f  
formed) w i l l  u sua l ly  be too  small t o  s o l v a t e  hydroph i l i c  
compounds. 
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TABLE I .  Comparison o f  t h e  Maximum W a t e r - t o - S u r f a c t a n t  Ra t ios  
( W o )  and C r i t i c a l  P r o p e r t i e s f o r  Var ious n-Alkanes 

P c  ( c )  bar  W O  

s u p e r c r i  t i c a l  e thane(a )  32.4 48.2 1 - 5  
s u p e r c r i t i c a l  propane(a) 97 43.3 - 10 

1 i qu i  d propane(b)  97 43.3 - 20 

l i q u i d  pentane(b)  196 33.2 2 2  

1 i q u i d  octane 296 24.5 20 

1 i qu i  d decane 344 20.8 30 

( a )  
( b )  Propane 37 ' C  , 250 b a r :  pentane 2 5  ' C ,  1 b a r .  
c c )  

Ethane 37 'C. 250 ba r :  propane 110 ' C .  250 b a r .  

C r i t i c a l  parameter f o r  pure n-a1 kane phase. 

Reverse m i c e l l e s  can be v i s u a l i z e d  as submicroscopic  vesse ls  
p r o v i d i n g  enormous i n t e r f a c i a l  areas and s o l v e n t  env i ronmen ts  
a f t e r  a p p r o p r i a t e  f o r  l a r g e  o r  complex h y d r o p h i l i c  s o l u t e  species.  
The m i c e l l e s  c o l l i d e ,  coalesce,  and exchange con ten ts  e f f i c i e n t l y  
w i t h  o t h e r  m i c e l l e s  (and s u r f a c e s )  on a t i m e  s c a l e  o f  t o  

seconds. Reverse m i c e l l e s  a r e  t y p i c a l l y ,  s p h e r i c a l ,  a l t hough  
o t h e r  s t r u c t u r e s  ( e . g . ,  sphero ids  and r o d s )  can be f a v o r e d  under 
c e r t a i n  c o n d i t i o n s  ( t y p i c a l l y  , h i g h  s u r f a c t a n t  c o n c e n t r a t i o n s ) .  
S o l u t e s  p a r t i t i o n e d  i n t o  r e v e r s e  m i c e l l e s  may be p r e f e r e n t i a l l y  
o r i e n t e d  r e l a t i v e  t o  t h e  m i c e l l e  s u r f a c e  ( p a r t i c u l a r l y  a t  low W ) ,  
p r o v i d i n g  t h e  p o t e n t i a l  f o r  s e l e c t i v i t y  i n  t h e i r  i n t e r a c t i o n s ,  

An u n d e r s t a n d i n g  o f  t h e  phase b e h a v i o r  o f  t h e  t e r n a r y  
s u p e r c r i t i c a l  f l u i d / s u r f a c t a n t / w a t e r  systems i s  c r u c i a l  t o  t h e i r  
a p p l i c a t i o n  f o r  s e p a r a t i o n s .  The f o r m a t i o n  o f  r e v e r s e  m i c e l l e s  
has been i n v e s t i g a t e d  f o r  a l i m i t e d  range o f  f l u i d s  (Tab le  I) as a 
f u n c t i o n  o f  temperature,  p ressu re  and s u r f a c t a n t  c o n c e n t r a t i o n ,  t o  
p a r t i a l l y  d e f i n e  t h e  r e l e v a n t  phase b o u n d a r i e s .  S t u d i e s  t o  
i d e n t i f y  t h e  presence o f  r e v e r s e  m i c e l l e s  i n c l u d e d  t h e  s o l v a t i o n  
o f  w a t e r - s o l u b l e  dyes ( i n s o l u b l e  i n  t h e  p u r e  f l u i d ) .  The 
s u r f a c t a n t  AOT has been an e f f e c t i v e  compound f o r  f o rm ing  r e v e r s e  
m i c e l l e s  i n  s u p e r c r i t i c a l  hydrocarbon s o l v e n t s .  I t  i s  i n t e r e s t i n g  
t o  n o t e  t h a t  r e v e r s e  r n i c e l l e s  l a r g e  enough t o  s o l v a t e  sma l l  p o l a r  
dye  m o l e c u l e s  were n o t  f o rmed  f o r  AOT/water sys tems  w i t h  
s u p e r c r i t i c a l  C02.  SFg o r  N20 a t  pressures under 350 ba r  ( 8 ) .  
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REVERSE MICELLE SUPERCRITICAL FLUID SEPARATIONS 2021 

In the supercritical alkane systems, the dissolution of AOT 
(at low water concentrations) occurs in three stages as the fluid 
density increases. At low fluid densities. three phases exist: 
solid AOT. a viscous AOT-alkane liquid mixture, and a gaseous 
alkane upper phase. At intermediate densities an AOT-alkane 
liquid phase exists in equilibrium with a predominantly gaseous 
alkane upper phase. Finally, at higher densities a single micelle- 
containing phase is formed. As water is added to this phase, the 
micelles are "swollen" to sizes which accept the polar dyes (used 
as probes at very low concentrations). As the density o f  this 
solution is slowly reduced, a sharp phase transition occurs with 
precipitation of a second dye-containing phase and the apparent 
destruction of the reverse micelle phase. 

The propane-AOT-water system at higher pressures was in many 
respects similar to higher molecular weight, liquid alkane 
systems. Table I gives the maximum W, values for liquid 
supercritical alkane-AOT-water systems. Wo values in liquid 
propane are somewhat lower than those reported for n-octane (17- 
1 9 ) .  Over the temperature and pressure ranges where reverse 
micelles are found, Wo values in supercritical propane appear to 
vary significantly from those of the liquid. The minimum pressure 
observed for micelle formation in propane was -120 bar at 105 'C. 
Reverse micelles formed in both liquid and supercritical propane 
were observed to solubilize large, hydrophilic molecules such as 
cytochrome-C (MW = 12,384). 

The solubility of AOT in ethane as a function of ethane 
density i s  given in Figure 3 at three different temperatures. As 
indicated in Figure 3, there is a nearly linear relationship 
between 1 ogLAOT1 sol ubi 1 i ty and fl ui d density over several orders 
of magnitude of AOT concentration. This type of behavior would be 
expected for the solubility of a non-aggregate-forming. solid 
substance in a supercritical fluid. The solubility and phase 
behavior o f  such solid/supercritical fluid systems can be 
predicted from a simple Van der Waals equation of state (10). 
Clearly, this approach i s  not appropriate for predicting 
surfactant solubilities in fluids, since it does not account for 
the formation of aggregates or their solubilization in a 
supercritical fluid phase. 

The effect of temperature on AOT solubility in ethane is also 
shown in Figure 3. In our initial correspondence (11) it was 
shown that the minimum ethane density necessary to support reverse 
micelles (at W = 1) had a nearly linear inverse relationship with 
temperature extending from the near-critical liquid (at 23 "C) to 
well into the supercritical region ( > l o 0  "C). (The previous 
experiments utilized an AOT concentration o f  - 2 x 
moles/liter, and correspond to a solubility measurement in which 
the fluid density necessary for solvation at a given temperature 
i s  determined. The results are in good agreement with the present 
more extensive measurements obtained using a completely different 
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Figure 3 .  Solub i l i t y  of AOT i n  supe rc r i t i ca l  ethane a t  37,  50 and  
1OO'C f o r  W approximately equal t o  1. 
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method.) The s o l u b i l i t y  o f  AOT i s  g r e a t e r  i n  propane t h a n  i n  
ethane a t  s imi l a r  temperatures,  a l t h o u g h  the g rea t e r  slope of the  
logCAOT1 vs.  p d a t a  f o r  ethane suggests t h a t  t he  d i f fe rences  wi l l  
be small a t  higher f l u i d  d e n s i t i e s .  

A p a r t i a l  phase diagram f o r  t h e  s u p e r c r i t i c a l  propane-AOT- 
water t e rna ry  system a t  103 'C i s  shown i n  Figure 4 .  O n l y  t h e  
a lkane - r i ch  corner o f  t he  phase diagram i s  represented ,  u p  t o  a 
maximum of 20% water or AOT by weight. The loca t ion  of t he  phase 
boundary ( o r  Wo when s o l u b i l i t y  of  water i n  t h e  hydrocarbon i s  
neglec ted)  f o r  t h ree  d i f f e r e n t  pressures i s  shown. The areas  t o  
the  r i g h t  o f  the  phase boundaries a re  regions where a t ransparent  
s i n g l e  r eve r se  mice l l a r  phase e x i s t s .  To t h e  l e f t  o f  t h e  Wo 
l i n e s ,  a two-phase l iqu id-gas  system e x i s t s .  

The m a n i p u l a t i o n  of pressure and/or W f o r  a reverse  micelle 
system c l ea r ly  provides a method t o  change the  so lva t ing  power of  
t he  mobile phase. Spec i f i c  so lva t ion  e f f e c t s  i n v o l v i n g  reverse  
mice l les  i n  l i q u i d s  have been e luc ida ted ,  showing t h a t  so lva t ion  
may occur in t h e  cen te r  water pool o r  a t  t h e  su r fac t an t -wa te r  
i n t e r f ace  (6.14.15). Se lec t iv i ty  may be influenced by cont ro l l ing  
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80% L L z  
20% 10% 

Water 

rJ,ZOO bar 
\ /I00 bar 

- 0% 

Figure 4 .  A portion of t he  te rnary  phase diagram fo r  propane/AOT/ 
water a t  103'C. Lines a re  given which define the  phase 
boundary between the  s ing le  reverse micelle phase o n  
r i g h t ,  a n d  the  two-phase system on the  l e f t ,  a t  t h r ee  
d i f f e r e n t  pressures .  

t h e  reverse  mice l le  s t r u c t u r e ,  by varying t h e  concent ra t ion  o f  
su r fac t an t  a n d  wa te r - to - su r fac t an t  r a t i o  ( W ) .  o r  by ad jus t ing  the 
pH or i on ic  s t rength  ( 4 . 6 ) .  

Reverse Micelle Suo . e r c r i t i c a l  F l u i d  Chrornatoa raphy 

To d a t e ,  supe rc r i t i ca l  f l u i d  chromatography (SFC) has r e l i ed  
on po lar  f l u i d s  or  binary mixtures containing a polar modifier t o  
increase  the  po la r i ty  of t he  mobile phase a n d  t o  allow separation 
o f  more p o l a r  compounds ( 9 ) .  R e l a t i v e l y  h i g h  c r i t i c a l  
temperatures of more polar f l u i d s  a n d  f l u i d  mixtures,  containing 
s u b s t a n t i a l  amounts o f  a po la r  m o d i f i e r ,  can l i m i t  t h e i r  
appl ica t ion  t o  l a b i l e  ana ly tes .  Reactivity o f  some of the polar 
f l u i d s  ( i  . e . ,  H20, NH3)  a t  s u p e r c r i t i c a l  condi t ions  a n d  r e l a t ed  
experimental complications ( i . e . .  s t a t i o n a r y  phase s t a b i l i t y ) .  
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f u r t h e r  h i n d e r  t h e i r  u s e .  Reverse  m i c e l l e  t o r m a t i o n  i n  
s u p e r c r i t i c a l  s o l v e n t s  w i t h  l o w  c r i t i c a l  temperatures i n t r o d u c e s  
a n o t h e r  means o f  m o d i f y i n g  t h e  m o b i l e  phase i n  SFC (8.11). 
S u p e r c r i t i c a l  m o b i l e  phases i n c o r p o r a t i n g  r e v e r s e  m i c e l l e s  shou ld  
o f f e r  t w o  a d d i t i o n a l  v a r i a b l e s  f o r  c o n t r o l l i n g  m i c e l l e  phase 
b e h a v i o r :  temDerature and p ressu re  ( o r  d e n s i t y ) .  Reverse m i c e l l e  
S F C  w o u l d  a l s o  b e  a n t i c i p a t e d  t o  b e n e f i t  f r o m  t h e  enhanced 
d i f f u s i o n  r a t e s  and lower  v i s c o s i t i e s  o f  such mob i l e  phases, 

Our i n i t i a l  i n v e s t i g a t i o n s  o f  r e v e r s e  m i c e l l e  m o b i l e  phases 
have e x p l o r e d  S F C  w i t h  c o m m e r c i a l l y  a v a i l a b l e  packed co lumns,  
P r e p a r a t i o n  o f  t h e  propane r e v e r s e  r n i c e l l e  m o b i l e  phases was 
accompl ished by a d d i t i o n  o f  AOT and w a t e r  t o  t h e  s y r i n g e  pump, 
f i l l i n g  t h e  s y r i n g e  w i t h  l i q u i d  propane, p r e s s u r i z i n g  t h e  system 
t o  250 ba r  and m i x i n g  w i t h  a s m a l l  m a g n e t i c a l l y  coupled pump. 

Reverse m i c e l l e  mob i l e  phases f o r  S F C  can be u t i l i z e d  over  a 
broad range o f  c o n d i t i o n s .  The f a c t  t h a t  t h e  w a t e r  c o n t e n t  of t h e  
mice1 1 es p a r t i a l l y  de te rm ines  t h e i r  s o l v a t i n g  a b i l i t y  suggests  
t h a t  c o n t r o l  o f  W o  by p ressu re  v a r i a t i o n  ( f r o m  a two-phase system) 
c o u l d  p r o v i d e  a means f o r  m a n i p u l a t i n g  t h e  s o l v a t i n g  power of t h e  
m o b i l e  phase. A d d i t i o n  o f  s a l t s ,  p o l a r  s o l u t e s  o r  c o - s u r f a c t a n t s  
can a l s o  a l t e r  W o .  S o l u b i l i t y  i n  t h e  b u l k  ( c o n t i n u o u s )  
s u p e r c r i t i c a l  f l u i d  phase i s  a l s o  c o n t r o l l e d  by p r e s s u r e ,  
i n c r e a s i n g  t h e  p o t e n t i a l  u t i l i t y  o f  t h i s  approach. 

I n  ou r  i n i t i a l  s t u d i e s  u s i n g  a r e v e r s e  m i c e l l e  m o b i l e  phase 
i n  SFC. r e t e n t i o n  and s e p a r a t i o n  e f f i c i e n c y  were compared w i t h  a 
pu re  s u p e r c r i t i c a l  m o b i l e  phase and w i t h  b o t h  t h e  pu re  s u b c r i t i c a l  
l i q u i d  and t h e  l i q u i d  r e v e r s e  m i c e l l e  m o b i l e  phases a t  t h e  same 
temperature.  R e t e n t i o n  data f o r  t h e  t h r e e  model compounds f o r  t h e  
v a r i o u s  m o b i l e  phases a t  2 5  . and 110 'C a r e  g i v e n  i n  Tab le  11. 
f i g u r e  5 shows a chromatogram o b t a i n e d  f o r  t h e  t e s t  m i x t u r e  u s i n g  
a r e v e r s e  m i c e l l e  s u p e r c r i t i c a l  propane mob i l e  phase w i t h  a s i l i c a  
( 5  pm p a r t i c l e  s i z e )  m ic robore  column. A t  c o n s t a n t  t empera tu re ,  
t h e  c a p a c i t y  f a c t o r s  ( k ' )  were found t o  decrease s u b s t a n t i a l l y  f o r  
a l l  s o l u t e s  when t h e  pure s o l v e n t  m o b i l e  phase w a s  r e p l a c e d  w i t h  a 
r e v e r s e  m i c e l l e  m o b i l e  phase u s i n g  t h e  same s o l v e n t .  A l though  t h e  
s o l v e n t  s t r e n g t h  o f  l i q u i d  propane i s  much l e s s  than  n-hexane ( k '  
i n  propane w a s  g r e a t e r  t h a n  100 f o r  a l l  t h r e e  a n a l y t e s ) .  t h e  
r e v e r s e  m i c e l l e  m o b i l e  phases o f  b o t h  s o l v e n t s  gave s i m i l a r  
r e t e n t i o n  a t  2 5  ' C .  T h i s  sugges ts  t h a t  t h e  m a j o r  e f f e c t  on 
r e t e n t i o n  i s  due t o  t h e  presence o f  t h e  s u r f a c t a n t .  

S o l u t e  r e t e n t i o n  ( T a b l e  11) f o r  t h e  p u r e  s o l v e n t  m o b i l e  
phases decreases a t  e l e v a t e d  tempera tu res ,  a s  expected ( 8 ) .  I n  
t h e  r e v e r s e  m i c e l l e  m o b i l e  phases, r e t e n t i o n  o f  phenol  and 2- 
naph tho l  decreases by a s m a l l  amount, and r e t e n t i o n  o f  r e s o r c i n o l  
i n c r e a s e d  s l i g h t l y  w i t h  i n c r e a s i n g  tempera tu re .  The l a t t e r  w a s  
unexpec ted  based s o l e l y  on an a d s o r p t i o n  r e t e n t i o n  mechanism. 
Large changes i n  r e t e n t i o n  were p r e v i o u s l y  r e p o r t e d  i n  l i q u i d s  f o r  
AOT c o n c e n t r a t i o n s  below 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  ( 7 ) .  
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T a b l e  1 1 .  Retention (k')(a) as a function of mobile phase 
composition a n d  temperature Pressure 250 bar ,  [AOTI 
= 5 x 10-2 M ,  W = 5.0 

JemDe ra tu re  ( ' C )  2.5 LUL 2.5 LlQ 
p h e n o l  62f2 4.09f0.08 4.50f0.11 1 .69f0.03 

2-naphthol 65+2 6.1750.25 3.82f0.09 1 .73*0.03 

resorcinol > l o o  >73 11.7f0.10 12.2f0.1 

sys temf b) Propane Propane/AOT/HZO 

Temoerature ('C1 25 

p h e n o l  > l o o  4.39f0.12 2.76k0.05 1.34k0.06 

2-naphthol > l o o  9.09k0.23 2.34k0.12 1.60k0.12 

resorcinol > l o o  > l o o  7.9920.10 8.45k0.05 

( a )  
( b )  T h e  propane phase i s  s u p e r c r i t i c a l  a n d  h a s  a dens i ty  of 

k '  = ( t r - t o ) / t o :  k S D ,  n = 3. 

0.48 g/ml . 

I t  remains t o  be determined whether a s h i f t  i n  t h e  c r i t i c a l  
mice l le  concent ra t ion  ( o r  W )  i n  going from 25 t o  100 'C could 
account fo r  such behavior (which could be s e l e c t i v e  in  t h e  e f f e c t  
u p o n  r e t e n t i o n  depending u p o n  t h e  l o c a t i o n  of s o l u t e  
pa r t  i t i  o n i  ng ) .  

T h e  chromatographic e f f i c i e n c y  with s u p e r c r i t i c a l  reverse  
mice l l e  mobile phases  o f f e r s  advantages over l i q u i d  r eve r se  
m i c e l l e  phases .  Hernadez-Torres e t  a l .  ( 7 )  r epor t ed  t h a t  
e f f i c i e n c y  decreased f o r  l i q u i d  mobile phases which contained 
reverse micelles compared with non-micellar phases, and  a t t r i bu ted  
t h i s  t o  t h e  slow r a t e  o f  s o l u t e  p a r t i t i o n i n g  (secondary  
e q u i l i b r i a )  i n t o  and  o u t  of the micelle phase. Our r e s u l t s  have 
shown t h a t  e f f i c i e n c y  gene ra l ly  i n c r e a s e s  with mobile phase  
temperature ( 8 ) .  Increased e f f i c i e n c i e s  are expected by operating 
a b o v e  t h e  c r i t i c a l  temperature ( o f  the continuous p h a s e )  a n d  a t  
moderate f l u i d  d e n s i t i e s  because of higher d i f f u s i o n  r a t e s  a n d  
lower v i s c o s i t i e s  compared with l i qu ids :  the  general advantage o f  
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2-naphthol 

Resorcinol 

0 2 4 6 8 10 

Time (Minutes) 

Figure 5. Reversed micelle supe rc i r i t ca l  propane chromatogram. 
[AOTI - 5 x l o - *  M. W = 5 . 0 .  Propane llO'C. 250 bar.  

s u p e r c r i t i c a l  f l u i d s  f o r  SFC i n  comparison with l i q u i d s .  One 
reason t h a t  r everse  mice1 1 e ch romatography  may b e  b e t t e r  a d a p t e d  
t o  supe rc r l t i ca l  f l u i d s  i s  t h a t  t h i s  gain in e f f i c i ency  a t  higher 
temperatures tends t o  minimize the loss i n  e f f i c i ency  due t o  the 
use o f  micel le  systems. T h e  higher d i f fus ion  r a t e s  a n d  lower 
v i s c o s i t f e s  of s u p e r c r i t i c a l  f l u i d s ,  compared with those  o f  
l i q u i d s  a t  the same temperature,  may enhance mice l le  d i f fus ion  
rates leading t o  a n  increased overall  e f f ic iency .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



REVERSE MICELLE SUPERCRITICAL FLUID SEPARATIONS 

(so-octane 

lnjec 
*.. 

Oxazine 
Perchlorate 

Malachite 
Green 

5 pm SILICA 
Microbore Column 
Propane/AOT/H$3 
w = 10 
103OC. 375 Bar 

2021 

I I I I I I 
0 10 2 0 3 0  4 0 5 0  

Time (Minutes) 

Figure 6 .  Reverse micelle SFC separation o f  two polar dyes. 

While t he  s tud ie s  discussed above provide useful i n s i g h t  i n t o  
t h e  na ture  o f  reverse micelle mobile phases ,  t h e  value o f  reverse 
mice l l e  S F C  wi l l  d e p e n d  u p o n  i t s  a p p l i c a b i l i t y  t o  p rev ious ly  
i n t r a c t a b l e  ( a t  l e a s t  by SFC or  G C )  hydrophi l ic  compounds .  A n  
example o f  such a n  appl ica t ion  i s  shown in Figure 6. which shows 
reverse  mice l le  s u p e r c r i t i c a l  f l u i d  chromatography of  a mixture 
conta in ing  two highly polar water -so luble  dyes (malachi te  green 
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a n d  oxazine pe rch lo ra t e ) .  I n  t h i s  case a so lu t ion  of 5 x l o - *  M 
A O T  w i t h  W = 10 i n  propane a t  103 ' C  a n d  3 7 5  bar was used as the 
mobile phase.  The chromatographic column was t h e  same C 1 8  
microbore column used f o r  the  previous s t u d i e s .  The sample was 
in j ec t ed  i n  a reverse micelle so lu t ion  using l i q u i d  i so-oc tane  as 
the  continuous phase. The two components were a l so  well separated 
form the  i so-oc tane  peak a n d  s tud ie s  a t  various W values showed 
t h a t  r e t en t ion  a n d  s e l e c t i v i t y  could be varied over a wide range. 
To our knowledge the  compounds addressed i n  Figure 6 c o u l d  n o t  be 
so lva ted  using nonpolar l i qu ids  or  conventional pure ( o r  b i n a r y )  
supe rc r i t i ca l  mobile phases. 

a 
S 

The po ten t i a l  e x i s t s  t o  tremendously extend the  range of 
p p l i c a b i l i t y  o f  S F C  using r eve r se  mice l l e  mobile phases .  
,uccessful development of reverse  micel l e  mobile phases f o r  SFC 

w i l l  depend u p o n  a b e t t e r  understanding of  t h e  complex phase 
behav io r  of t h e s e  systems a n d  o b t a i n i n g  chromatographic  
e f f i c i e n c i e s  w h i c h  o f f e r  c l e a r  advantages compared t o  l i q u i d  
chromatography. The phase behavior can change over t h e  range of 
temperatures a n d  p ressures  assoc ia ted  w i t h  t h e  prepara t ion  a n d  
actual use of reverse  mice l le  phases. Thus, i t  i s  important t o  
know ( a t  a m i n i m u m )  t h a t  t he  mobile phase w i l l  e x i s t  as a one- 
phase system i n  t he  syringe p u m p  a n d  through the  chromatographic 
system. 

Ext rac t ions  w i t h  Reverse Micelle Suoe r c r i t i c a l  F l u i d  Solvents 

The use of  reverse micelle supe rc r i t i ca l  f l u i d  so lvents  has 
been q u a l i t a t i v e l y  explored f o r  ex t rac t ion  of polar compounds from 
aqueous so lvents .  For ins tance ,  a t  100 ' C  a n d  250 bar a polar dye 
(Bas ic  Red No. 5) can be ex t rac ted  from a n  aqueous phase w i t h  a 
supercri  t i c a l  propane-reverse micelle so lu t ion  ( 5 0  mM A O T ) .  The 
ex t r ac t ion  e f f i c i ency  i s  s t rongly  dependent on  pressure a n d  t he re  
i s  a threshold pressure (-250 bar )  where the  ex t rac t ion  e f f ic iency  
increases  ab rup t ly .  In a d d i t i o n  t o  p ressure ,  b o t h  pH a n d  i on ic  
s t rength  a f f e c t  the  pa r t i t i on ing  of a polar so lu t e  between the  two 
phases.  From our pre l iminary  s t u d i e s  i t  a l s o  appears t h a t  
i nc reas ing  t h e  o v e r a l l  volume f r a c t i o n  of t h e  aqueous phase 
decreases the  ex t rac t ion  e f f i c i ency .  

By exp lo i t i ng  the  pressure-dependent p a r t i t i o n i n g  of polar 
spec ies  between aqueous a n d  s u p e r c r i t i c a l  f l u i d - r e v e r s e  micel l e  
phases ,  e x t r a c t i o n  a n d  s o l u t e  recovery  p rocesses  may be 
s impl i f i ed .  More extensive s tud ie s  a re  cu r ren t ly  i n  progress t o  
b e t t e r  def ine  the  p rope r t i e s  a n d  app l i ca t ions .  of t hese  systems 
f o r  ex t rac t ions  from aqueous phases. 

CDNCLUSIONS 

I n i t i a l  r e s u l t s  w i t h  reverse  mice l le  s u p e r c r i t i c a l  f l u i d  
s epa ra t ions  have been encouraging a n d  i n d i c a t e  t h a t  continued 
study of t h e i r  app l i ca t ion  i s  warranted. For chromatographic 
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a p p l i c a t i o n s  r e s u l t s  h a v e  shown t h a t  r e t en t ion  times o f  polar  
so lu t e s  a re  s u b s t a n t i a l l y  reduced using a mice l la r  mobile phase. 
allowing more polar so lu t e s  t o  be separated with SFC.  The higher 
e f f i c i e n c i e s  obtained using a reverse micelle supe rc r i t i ca l  f l u i d  
mobile phase a re  more representa t ive  o f  pure f l u i d  systems t h a n  o f  
l i q u i d  r e v e r s e  mice l l e  phases .  The e f f e c t  o f  pres su re  on  
r e t en t ion  remains t o  be more f u l l y  examined f o r  reverse  micelle 
SFC app l i ca t ions .  Reverse mice l le  s u p e r c r i t i c a l  f l u i d  so lvents  
a l so  o f f e r  s imi la r  po ten t ia l  advantages in a var ie ty  of ex t rac t ion  
a n d  separa t ion  processes. I t  i s  an t i c ipa t ed  t h a t  s e l e c t i v i t y  may 
be a d j u s t e d  using pH,  i o n i c  s t r e n g t h ,  o r  s u p e r c r i t i c a l  f l u i d  
pressure t o  control so lu te -mice l le  p a r t i t i o n i n g ,  s imi la r  in manner 
t o  t h a t  used in con t ro l l i ng  s e l e c t i v i t y  in  ex t r ac t ion  processes 
f o r  separa t ing  amino acids a n d  p ro te ins  in l i qu id  systems (3 .4 .6 ) .  
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