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S u p e r c r i t i c a l  f l u i d s  have genera ted  a g r e a t  d e a l  of i n t e r e s t  in t h e  chemical 
engineering community f o r  a v a r i e t y  of app l i ca t ions ,  inc luding  enhanced oil recovery,  
r e s i d  upgrading, and e x t r a c t i o n  (1). This being t h e  case,  we have been involved in 
an in t ens ive  program designed to  understand both q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  the 
complex phase behavior i nhe ren t  in mixtures of s o l u t e s  d isso lved  in s u p e r c r i t i c a l  
so lvents .  

Th i s  program involves  measurements on thermodynamic modeling of s e l e c t e d  
s u p e r c r i t i c a l  systems. Our work f i r s t  involved a n a l y s i s  of s o l u t e s  d i s so lved  in pure 
s u p e r c r i t i c a l  f l u i d s  t o  determine what d i f f e rences ,  i f  any, s o l u t e  na tu re  had on the  
s o l u b i l i t y  behavior. Our d a t a  a n a l y s i s  r equ i r e s  two p rope r t i e s  of t h e  so lu t e :  f i r s t ,  
i t s  s o l u b i l i t y  in t h e  s e l e c t e d  s u p e r c r i t i c a l  f l u i d ,  second, t h e  s o l u t e  subl imat ion  
pressure  a t  system temperature. Combining these  two q u a n t i t i e s  y i e l d s  t h e  
enhancement f a c t o r  
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which is simply a dimensionless s o l u b i l i t y  t h a t  s c a l e s  out t h e  s a t u r a t i o n  p res su re  
con t r ibu t ion  t o  t h e  s o l u b i l i t y .  Comparison of enhancement f a c t o r s  ( n o t  
s o l u b i l i t i e s ! )  y i e l d s  t h e  t r u e  s o l u t i o n  behavior of t h e  var ious  s o l u t e s  used in these  
s tudies.  

We have compared enhancement f aco r s  f o r  a v a r i e t y  of s o l i d  compounds of 
d i f f e r e n t  p o l a r i t i e s  and f u n c t i o n a l i t i e s  in pure s u p e r c r i t i c a l  f l u i d s  and have found 
t h a t  t h e  s o l u t i o n  behavior is r e l a t i v e l y  i n s e n s i t i v e  t o  the  chemical n a t u r e  of t h e  
s o l u t e  spec ies .  Thus, as Figure  I i l l u s t r a t e s ,  t he  so lu t ion  behavior of t he  s o l u t e s  
phenanthrene and a c r i d i n e  is v i r t u a l l y  i d e n t i c a l ,  even though a c r i d i n e  has  a 
r e l a t i v e l y  l a rge  d ipo le  moment a t  2.1 Debeyes and is a he t e rocyc l i c  analogue t o  the  
base pyridine.  To understand why t h i s  is so, a rough order  of magnitude ca l cu la t ion  
was performed t o  determine the  r e l a t i v e  magnitudes of t he  var ious  f o r c e s  involved i n  
t h i s  system. Table 1 shows t h a t  t h e  con t r ibu t ion  from po la r  fo rces ,  e.g. those  
dipole/induced d ipo le  fo rces  between t h e  a c r i d i n e  and C02 molecules,  i s  only one one 
hundredth t h a t  of t he  con t r ibu t ion  from non-specific van d e r  Waals f o r c e s ,  which 
should be near ly  i d e n t i c a l  f o r  t he  acridine/C02 and phenanthrene/C02 systems. Since 
the  fo rces  involved in s o l u t i o n s  of pure f l u i d s  a r i s e  almost exc lus ive ly  from these  
van de r  Waals fo rces ,  one expec ts  t h e  s o l u b i l i t y  behavior t o  be t h e  same in t h e  c l a s s  
of s o l u t e s  we have studied. 

It i s  apparent t h a t  t o  induce some d i f f e r e n t i a b i l i t y  i n t o  t h e  s o l u t i o n  behavior, 
one w i l l  need t o  e i t h e r  use  some a s s o c i a t i n g  f l u i d  (such a s  ammonia) or modify t h e  
s u p e r c r i t i c a l  f l u i d  by adding chemical "en t ra iners"  t o  the  so lu t ion .  We have begun 
such s tud ie s  in which d i l u t e  (1-5%) concent ra t ions  of po lar  e n t r a i n e r s  a r e  added t o  
t h e  bulk s u p e r c r i t i c a l  phase (C02). 
reasons. F i r s t  and foremost is t h e  f a c t  t h a t  d i l u t e  s o l u t i o n s  allow us t o  opera te  
over a broad range of p re s su res  and tempeatures wi thout  having t o  be concerned wi th  
sepa ra t ion  i n t o  en t r a ine r - r i ch  and C02-rich phases; we can be assured  t h a t  we always 
have a s ing le ,  homogeneous phase. The second reason  concerns the  fact t h a t  while we 
would l i k e  t o  modify t h e  f l u i d ' s  s o l u t i o n  behavior,  we a l s o  wish t o  l eave  i t s  use fu l  
phase behavior as i n t a c t  as poss ib le .  

D i lu t e  s o l u t i o n s  are necessary  f o r  two 
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The two e n t r a i n e r s  chosen were methanol and acetone. Both a r e  small, r e l a t i v e l y  
polar  molecules which g o  i n t o  s o l u t i o n  wi th  CO2 r e a d i l y  (2.3). 
hydroxyl proton, is a l s o  a l i k e l y  candida te  f o r  hydrogen bond formation wi th  proton 
accept ing  spec ies .  

Methanol, with i t s  

The e n t r a i n e r  e f f e c t  can be q u i t e  l a r g e ,  as s e e n  i n  F igure  2 ,  where we show t h e  
s o l u b i l i t y  i n c r e a s e  of t h e  s o l u t e  a c r i d i n e  i n  doped SCP's. This f i g u r e  shows an over 
500% i n c r e a s e  in t h e  s o l u t e ' s  s o l u b i l i t y  over t h a t  i n  a pure s u p e r c r i t i c a l  solvent.  
Of even g r e a t e r  i n t e r e s t  i s  t h e  f a c t  t h a t  t h i s  s o l u b i l i t y  i n c r e a s e  i s  q u i t e  s e n s i t i v e  
t o  t h e  chemical n a t u r e  of t h e  s o l u t e  s p e c i e s  involved; Figure 3 i l l u s t r a t e s  t h i s  
behavior. Here, t h e  h i g h l y  polar  spec ies  a c r i d i n e  and fluorenone are s e e n  t o  have 
s o l u b i l i t i e s  g r e a t l y  promoted by t h e  presence of t h e  e n t r a i n e r  methanol i n  
s u p e r c r i t i c a l  COz. The much less polar spec ies  dibenzofuran i s  promoted t o  a much 
l e s s e r  ex ten t ,  and t h e  non-polar s p e c i e s  phenanthrene and f l u o r e n e  show v i r t u a l l y  no 
s o l u b i l i t y  promotion in the  e n t r a i n e d  so lvent .  This behavior i s  i n  marked c o n t r a s t  
t o  t h a t  of pure SCF's, where t h e r e  i s  l i t t l e  i f  any s o l v e n t  s e l e c t i v i t y  t o  t h e s e  
s o l u t e  species. 

As Table 1 i l l u s t r a t e s ,  t h e  r e l a t i v e  magnitudes of t h e  d ipole-d ipole  and dipole- 
f o r c e s  between a polar  s o l u t e  and polar e n t r a i n e r  molecule do not  appear t o  be g r e a t  
enough t o  account for th i s  s o l u b i l i t y  i n c r e a s e  i f  t h e  e n t r a i n e r  were randomly 
d ispersed  wi th in  t h e  f l u i d .  
e n t r a i n e r  s p e c i e s  around the  s o l u t e  molecule in so lu t ion .  Spec t roscopic  information 
is needed, however, t o  confirm t h i s  speculation. 

This sugges ts  an aggrega t ion  o r  c l u s t e r i n g  of t h e  
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TABLE 1 

‘PHENANTHRENE 
I I I 

RELATIVE MAGNITUDES OF INTERMOLECULAR FORCES ( 4 )  

System: acridine/COz/acetone 

co2 coz acetone acetone acetone 
disp ind diP disp ind dip dip/* 

1 . a i  .89 .30 .27 

ENHANCEMENT FACTOR FOR SEVERAL 
SOLUTES IN C02 AT 323K 
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INCREASE IN SOUBUTT Wm UITRAMER-DOPED 
SOLVENT SYSTEM : ACRQME @ 323 K 

/FLUORENE WEN ANT~RENE 
I I I I I I 

I ,DIBENZOFURAN I 
FLUORENONE 

ENTRAINER EFFECT WITH v m u s  soims 
5 mole % M80H/W2 @ 323 K 
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