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On the Solubility of Glycerides and Fatty Acids in 
Compressed Gases in the Presence of an Entrainer 

G .  BRUNNER and S .  PETER 
LEHRSTUHL FUR TECHNISCHE CHEMIE 
UNIVERSITAT ERLANGEN-NURNBERG 
EGERLANDSTRASSE 3, D - ~ O  ERLANGEN, GERMANY 

ABSTRACT 

The s o l u b i l i t y  of f a t t y  a c i d s  and t h e i r  g l y c e r i d e s  i n  dense  
s u p e r c r i t i c a l  g a s e s  i n c r e a s e s  w i t h  i n c r e a s i n g  p r e s s u r e  a t  c o n s t a n t  
t e m p e r a t u r e .  The t e m p e r a t u r e  i n f l u e n c e s  t h e  s o l u t i o n  e q u i l i b r i a  
i n  a more compl i ca t ed  way t h a n  t h e  p r e s s u r e .  A d d i t i o n  of an  
e n t r a i n e r  i n c r e a s e s  t h e  s o l u b i l i t y  i n  t h e  g a s  phase.  Fu r the rmore ,  
t h e  t e m p e r a t u r e  dependence o f  t h e  s o l v e n t  power is i n c r e a s e d  s o  
much t h a t  t h e  r e g e n e r a t i o n  of t h e  c i r c u l a t i n g  g a s  i n  a s e p a r a t i o n  
p r o c e s s  becomes p o s s i b l e  by a change of t e m p e r a t u r e  o n l y .  By a 
s u i t a b l e  e n t r a i n e r  t h e  s e p a r a t i o n  f a c t o r  c a n  a l s o  b e  improved. 

INTRODUCTION 

E x t r a c t i o n  w i t h  s u p e r c r i t i c a l  g a s e s  i s  cons ide red  a new 

t o o l  f o r  s e p a r a t i n g  s u b s t a n c e s ,  e s p e c i a l l y  t h o s e  hav ing  a low 

v o l a t i l i t y .  S i n c e  t h e  t h i r t i e s  of t h i s  c e n t u r y  s u p e r c r i t i c a l  

g a s e s  have  been c o n s i d e r e d  as s o l v e n t s  i n  t echno logy  and o n e  t r ies  

t o  u s e  them f o r  many o l d  and new problems i n  chemica l  e n g i n e e r i n g  

( 1 ) .  

We have  done t h a t  a l s o  and ,  i n  c o u r s e  of o u r  work, w e  came 

t o  t h e  c o n c l u s i o n  t h a t ,  i n  d e s i g n i n g  a l a r g e - s c a l e  s e p a r a t i o n  

p r o c e s s  which c a n  b e  o p e r a t e d  c o n t i n u o u s l y  and economica l ly  a t  

c o n s t a n t  p r e s s u r e ,  o n e  canno t  r e s t r i c t  o n e s e l f  by u s i n g  a super-  
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200 BRUNNER AND PETER 

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

s u b s t a n c e  which w e  c a l l  an e n t r a i n e r  and which has a v o l a t i l i t y  

between t h e  s u b s t a n c e s  t o  b e  s e p a r a t e d  and the s u p e r c r i t i c a l  g a s .  

Of t en  such a n  e n t r a i n e r  i s  p a r t  of  t h e  sys t em anyway ( 2 ) .  

I n  t h e  f i r s t  p a r t  of  t h i s  p a p e r ,  w e  want t o  e x p l a i n  how a 

s e p a r a t i o n  p r o c e s s  u s i n g  s u p e r c r i t i c a l  g a s e s  and entrainers c o u l d  

work. I n  t h e  second p a r t  of  t h i s  p a p e r ,  w e  s h a l l  d i s c u s s  t h e  

p r o p e r t i e s  of  a m i x t u r e  of a s u p e r c r i t i c a l  g a s  and a n  e n t r a i n e r  in 

combinat ion w i t h  h i g h  b o i l i n g  m i x t u r e s .  

THE SEPAF@.TION PROCESS 

I n  F i g .  1 a s c h e m a t i c  of  t h e  s e p a r a t i o n  u n i t  i s  shown. I t  

c o n s i s t s  of a t  least two s e p a r a t i o n  columns. In  t h e  f i r s t  t h e  

s e p a r a t i o n  of  t h e  h i g h  b o i l i n g  s u b s t a n c e s  f rom t h e  m i x t u r e  t a k e s  

p l a c e  and i n  t h e  second  t h e  h i g h  b o i l i n g  materials d i s s o l v e d  i n  

t h e  gas-phase a re  s e p a r a t e d  from t h e  gas--which i s  t h u s  r e g e n e r a t e d  

and can b e  r e c y c l e d  t o  t h e  f i r s t  s e p a r a t i o n  column. 

I n  t h e  f i r s t  column t h e  m i x t u r e  t o  b e  s e p a r a t e d  is introduced,  

f o r  example,  i n  the m i d d l e  of t h e  column. The s u p e r c r i t i c a l  g a s  

e n t e r i n g  t h e  column a t  t h e  bot tom d i s s o l v e s  t h e  h i g h  b o i l i n g  mate- 

r i a l s .  The s u b s t a n c e s  which are  more s o l u b l e  i n  t h e  g a s  w i l l  

p r e f e r e n t i a l l y  b e  c a r r i e d  t o  the t o p  of  t h e  column where  t h e y  

Leave i t .  

?‘he column o p e r a t e s  a t  a t e m p e r a t u r e  which i s  h i g h e r  t h a n  t h e  

c r i t i c a l  t e m p e r a t u r e  of  t h e  s u p e r c r i t i c a l  g a s ,  f o r  example,  i n  t h e  

reduced t e m p e r a t u r e  r a n g e  o f  1.1 t o  1.5,  and a t  a p r e s s u r e  3bove 

t h e  c r i t i c a l  n r e s s u r e  o f  t h e  g a s ,  s a y  i n  t h e  r educed  p r e s s u r e  

range of 2 t o  3. 

The therinodynamic c o n d i t i o n s  which have t o  b e  r e a l i z e d  i n  

the column are s c h e m a t i c a l l y  shown i n  the r i g h t  hand p a r t  of F i g  

1. ‘There t h e  phase  e q u i l i b r i a  are shown o f  the q u a s i t e r n a r y  
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FIGURE 1. Flow diagram of gas ex t r ac t ion  with an en t r a ine r  and re- 
l a t ed  phase e q u i l i b r i a .  E - en t r a ine r ,  G - gas,  N 1 ,  N 2  
nonvola t i le  substance 1 and 2 .  
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202 BRUNNER AND PETER 

,ysterii c o n s i s t i n g  of t h e  g a s ,  e n t r a i n e r ,  and t h e  m i x t u r e  t o  b e  

5epa rn ted .  If t h e  c o n d i t i o n s  are such  t h a t  the  b i n a r y  sys t em of 

c r r t ra iner  and gas i s  s u p e r c r i t i c a l ,  a t y p e  1 phase  e q u i l i b r i u m  

u i t h  m i s c i b i l i t y  gap i n  one b i n a r y  sys t em o n l y  i s  m a i n t a i n e d  i n  

t h e  f i r s t  column, r e s u l t i n g  i n  a r e l a t i v e l y  h i g h  solubility of  t h e  

h i g h  ! > o i l i n g  c;ubstances i n  t h e  g a s  phase .  

[ l i e  second column i s  o p e r a t e d  a t  t h e  s a m e  p r e s s u r e  as i h e  

f i r s t  (-c.lumn b u t  a t  a somewhat h i g h e r  t e m p e r a t u r e .  The t e m p e r a t u r e  

ir*s 1 , ~  be r a i s e d  t o  such  an e x t e n t  t h a t  a type  11 phase  e q u i l i b r i u m  

< ~ r i s t 5  k i t h  an a d d i t i o n a l  m i s c i b i l i t y  gap i n  t h e  e n t r a i n e r  -- ga4 

teiii ? h e  s o l u b i l i t y  of  t h e  h igh  b o i l i n g  material  i n  t h e  gas 

phase LS r educed  d r a m a t i c a l l y  by  t h i s  p r o c e d u r e .  The e n t r a l t n e r  i s  

condenc;ed p a r t i a l l y  a l s o ,  s i n c e  t h e  s l o p e  of t h e  t i e  l i n e s  h a s  

I 1iangr.d. 

(lie condens ing  s u b s t a n c e s  f l o w  downward i n  t h e  column, washing 

o u t  t l i c .  heavy components from t h e  u p r i s i n g  gas - s t r eam.  The regen-  

r ' rd te r f  gas  l e a v e s  t h e  second column a t  t h e  t o p  and is r e c y c l e d  t o  

l h c  stream withdrawn from t h e  bot tom of  t h e  second column i s  

. p l i t  nLo the, t o p  p r o d u c t  and t h e  r e f l u x  f o r  t h e  f i r s t  column. 

,he L i q u i d  r e f l u x  f lows  down c o u n t e r c u r r e n t l y  t o  the gas st ream 

'lnd ch,inqes i t s  compos i t ion  due t o  r e p e a t e d  m a s s  t r a n s f e r  ope r -  

. i t i ons  a long  t h e  column, u n t i l  a t  t h e  bot tom a p r o d u c t  stream can 

he withdrawn,  more o r  less e n r i c h e d  w i t h  t h e  compounds less sol- 

ubLc 111 the gels. 

,? m i x t u r e  of g l y c e r i d e s  r e s u l t i n g  from t h e  p r o d u c t i o n  of  

<.tear I (  nonog lyce r ides  by e s t e r i f  i c a t i o n  of  s t e a r i c  a c i d  and 

i l y c e r  n h a s  been t r e a t e d  i n  t h e  above d e s c r i b e d  way. 

I r a c t i o n s  w e r e '  a n a l y z e d  by  g a s  chromatography u s i n g  the f o l l o w i n g  

i o n d i t i o n s :  I:! OV-17  on S u p e l c o p o r t ;  l e n g t h  o f  column, 30 cm; 

Lempcrati ire,  1'10 t o  350'C at a ra te  of  4'C/min; F ID;  gas  chromatn- 

The v a r i o u s  

rapli, 11" 5830; s i l y l a t i o n  o f  t h e  samples  w i t h  MSHFRA. 
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FIGURE 2. Gas chromatograms o f  f e e d  and t o p  p roduc t  f r o m s e p a r a t i n g  
g l y c e r i d e s  of s tear ic  a c i d .  C o n d i t i o n s  of g a s  chromato- 
g r a p h i c  a n a l y s i s  are 1% OV-17 on S u p e l c o p o r t ;  l e n g t h  of 
column,30 cm; t empera tu re ,150  t o  35OoC a t  a rate of 
4OC/min; FID; g a s  chromatograph,  HP 5830; s i l y l a t i o n  of 
t h e  samples  w i t h  MSHFBA. 

The s o r t  o f  s e p a r a t i o n  which c a n  b e  ach ieved  w i t h  t h i s  process  

i s  demons t r a t ed  i n  F i g .  2 where t h e  r e s u l t s  of a s e p a r a t i o n  of 

g l y c e r i d e s  i s  shown ( 2 ) .  I n  t h i s  f i g u r e ,  t h e  g a s  chromatograms of 

f e e d  and t o p  p roduc t  are shown. While i n  t h e  f eed  t h e r e  are a b o u t  

40% by we igh t  d i g l y c e r i d e s ,  i n  t h e  t o p  p r o d u c t  t h e r e  are p r a c t i -  

c a l l y  no d i g l y c e r i d e s  ( abou t  0 .5%) .  The expe r imen t s  were c a r r i e d  

o u t  u s i n g  bench- sca l e  equipment w i t h  columns of 65 mm i n n e r  diameter  

a t  130 b a r  and 70°C. It w a s  o p e r a t e d  c o n t i n u o u s l y  and produced 

0.5 kg/h monog lyce r ides  as a t o p  p roduc t .  
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- SOLUB ILI'TY CONSIDERATIONS 

BRUNNER AND PETER 

Pure S u p e r c r i  t i c a l  Gases as S o l v e n t s  

A f t e r  t h i s  i n t r o d u c t i o n  t o  t h e  p r o c e s s ,  t h e  s o l u b i l i t y  o f  t h e  

heavy components i n  t h e  g a s  phase  w i l l  b e  c o n s i d e r e d .  I n  F i g .  3 

t h e  s o l u b i l i t y  of  palm o i l  i n  d i f f e r e n t  g a s e s  i s  p l o t t e d  a g a i n s t  

p r e s s u r e  a t  a t e m p e r a t u r e  o f  7OoC (75OC f o r  c a r b o n  d i o x i d e ) .  

s o l i d  l i n e s  a r e  smoothed c u r v e s  o f  t h e  e x p e r i m e n t a l  d a t a  and t h e  

p o i n t .  ire c a l c u l a t e d  s o l u b i l i t i e s  a t  c e r t a i n  p r e s s u r e s .  

Ihe 

For t h e  c a l c u l a t i o n  w e  h a v e  used a n  e q u a t i o n  of s tate o f  t h e  

Van d c r  Waals t y p e ,  namely, a m o d i f i c a t i o n  o f  t h e  Redlich-Xwong 

e q u a t i o n  of  s t a t e  ( 3 ) .  I n  t h i s  m o d i f i e d  form t h e  e q u a t i o n  h a s  

t h r e e  p i r a m e t e r s  which are independen t  o f  t e m p e r a t u r e .  For m i x -  

t u r e s  a t e m p e r a t u r e  dependen t  i n t e r a c t i o n  p a r a m e t e r  has t o  b e  

added. S e t s  of  p a r a m e t e r s  can b e  c a l c u l a t e d  by  f i t t i n g  t h e  

e q u a t i o n  of s t a t e  t o  p r o p e r t i e s  of  t h e  p u r e  s u b s t a n c e s  l i k e  l i q u i d  

d e n s i t y ,  vapour  p r e s s u r e  and e n t h a l p y  of v a p o r i z a t i o n .  For t h e  

g l y c e r i d e s  t h i s  is n o t  p o s s i b l e  s i n c e  t h e y  o c c u r  i n  a r e l a t i v e l y  

complex m i x t u r e  and t h e  p r o p e r t i e s  of t h e  p u r e  g l y c e r i d e s  are 

a r e  unknown i n  most cases. r h e r e f o r e ,  a c o r r e l a t i o n  o f  t h e  param- 

e ter \  ot  t h e  e q u a t i o n  of s t a t e  h a s  been  deve loped  which u s e s  on ly  

t h e  n i o l ' i r  volumes.  I t  i s  b a s e d  on the p a r a m e t e r s  of n e a r l y  400 

pure s u b s t a n c e s  and c a n  b e  used  t o  e v a l u a t e  p a r a m e t e r s  f o r  h igh  

h o i l i n g  materials and complex m i x t u r e s  ( 4 ) .  The s o l u b i l i t y  o f  

s o l i d  o r g a n i c  s u b s t a n c e s  i n  compressed g a s e s  c a n  a l s o  b e  c a l c u l a t e d  

by means of a n  e q u a t i o n  of  s t a t e  ( 5 ) .  

r r m  F i g .  3 o n e  can  see t h a t  t h e  s o l u b i l i t y  i n  a c e r t a i n  g a s  

i n c r e a s e s  e x p o n e n t i a l l y  w i t h  p r e s s u r e  a t  c o n s t a n t  t e m p e r a t u r e .  I f  

-I l o g a r i t h m l c  scale i s  used f o r  t h e  s o l u b i l i t y ,  one o b t a i n s  

s t r a i g h t  l i n e s  o v e r  a f a i r l y  wide  p r e s s u r e  r e g i o n .  Up t o  p re s su res  

of a b o u t  150 b a r ,  t h e  s o l u b i l i t y  of  palm o i l  i n  t h e  compressed 

g a s e s  l i e s  markedly below 0.5 w t % .  A c o n c e n t r a t i o n  of  2 w t %  i n  

t h e  gas phase  i s  o b t a i n e d  w i t h  e t h y l e n e  a t  250 b a r  and w i t h  c a r b o n  
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FIGURE 3. S o l u b i l i t y  of palm o i l  (85% t r i g l y c e r i d e s )  i n  v a r i o u s  
g a s e s .  S o l i d  l i n e s :  smoothed v a l u e s  of e x p e r i m e n t a l  
r e s u l t s .  I n d i v i d u a l  p o i n t s :  c a l c u l a t e d  s o l u b i l i t i e s  
assuming a mola r  volume of  865.4  cm3 f o r  t h e  palm o i l  
m i x t u r e .  

d i o x i d e  a t  abou t  300 b a r .  T h i s  i n c l u d e s  a l l  components. However 

t h e  s o l u b i l i t y  of  t h e  s u b s t a n c e s  w i t h  a lower v o l a t i l i t y  i s  more 

i n c r e a s e d  t h a n  t h e  s o l u b i l i t y  of t h e  more v o l a t i l e  s u b s t a n c e s .  

A t  t h e  same t e m p e r a t u r e  t h e  s o l u b i l i t y  of t h e  g l y c e r i d e s  i n  t h e  

d i f f e r e n t  g a s e s  i s  d i f f e r e n t .  It  i s  g e n e r a l l y  c la imed t h a t  a t  

g i v e n  c o n d i t i o n s  of p r e s s u r e  and t e m p e r a t u r e  t h e  s o l u b i l i t y  of  a 

c e r t a i n  s u b s t a n c e  i n  d i f f e r e n t  g a s e s  i n c r e a s e s  w i t h  t h e  c r i t i c a l  

t e m p e r a t u r e  of t h e  g a s .  W e  have  p l o t t e d  t h i s  f o r  t h e  g l y c e r i d e s  

i n  F ig .  4 f o r  a t e m p e r a t u r e  of 7OoC and a p r e s s u r e  of 200 b a r .  I n  
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206 BRUNNER AND PETER 

t h i s  fLgure  t h e  s o l u b i l i t y  of  palm o i l  i n  d i f f e r e n t  g a s e s  i s  plotted 

a g a i n s i  t h e i r  c r i t i c a l  t e m p e r a t u r e .  A s  a b o u t  85% by w e i g h t  o f  t h e  

palm o c l  cons1 sts  of t r i g l y c e r i d e s ,  t h i s  means t h a t  the  s o l u b i l i t y  

of t h e  t r i g l y t e r i d e s  i s  ma in ly  c o n s i d e r e d .  One can see t h a t  t h e  

g e n e r a l  t r e n d  c a n  b e  conf i rmed  as f a r  as compressed g a s e s  w i t h  

v e r y  d 3 f f e r e n t  c r i t i c a l  t e m p e r a t u r e s  and p r e s s u r e s  are  conccxrned. 

ilowevei, i n  g a s e s  w i t h  n e a r l y  e q u a l  c r i t i c a l  t e m p e r a t u r e s  t h e  

~ o l u b i l i t i e s  are  s i g n i f i c a n t l y  d i f f e r e n t ,  as can  b e  s e e n  from t h e  

jrroup trf gase5, h a v i n g  c r i t i c a l  t e m p e r a t u r e s  of  a b o u t  3OoC. 

t h e s e  b a s e s ,  ('0 and CF C 1  are poor s o l v e n t s  and e t h a n e  a n d n i t r o u s  

o x i d e  are  good s o l v e n t s  f o r  g l y c e r i d e s .  E t h y l e n e  w i t h  a somewhat 

lower c r i t i c a l  t e m p e r a t u r e  of 9.5OC l i es  i n  between.  The d i f f e r -  

c n c e  i n  s o l u b i l i t y  c a n  b e  e x p l a i n e d  n e i t h e r  by  d e n s i t y  ( t h e  

densi t . ,  of  e t h a n e  i s  much lower--about 0.37 g / c m - - t h a n  t h e  

d e n s i t )  of ca rbon  d i o x i d e - 0 . 6 4 5  g/cm --at 7OoC and 200 b a r )  no r  

by  p o l a r i t y  ( e t h a n e  i s  a n o n p o l a r  molecu le  w h i l e  N 0 h a s  a d i p o l e  

moment of a b o u t  0 .2  D and CF C 1 ,  o n e  of 0 .5  D) . 

O f  

2 3 

3 

3 

2 

3 

Xctme q u a l i t a t i v e  h i n t s  t o  t h e  s o l u b i l i t y  i n  t h e  g a s  p h a s e  can  

1)e o b t a i n e d  i f  some d a t a  on t h e  s o l u b i l i t y  of  t h e  g a s e s  i n  t h e  

l i q u i d  phase  a r e  known. I n  g e n e r a l ,  one can  see from F i g .  5, 

where t h e  s o l u b i l i t i e s  of some g a s e s  i n  palm o i l  have  been  p l o t t e d  

a g a i n s t  p r e s s u r e ,  t h e  g a s e s  which d i s s o l v e  more r e a d i l y  i n  t h e  

l i q u i d  phase  a r e  a l s o  a b l e  t o  d i s s o l v e  more of t h e  material  of  low 

v o l a t i l i t y .  Although i n  t h i s  c a s e  CO i s  an e x c e p t i o n ,  t h i s  t r e n d  

ki'i5 been conf i rmed  w i t h  several s i m i l a r  sys t ems .  O t h e r  examples  

‘ire sys t ems  w i t h  o l e i c  a c i d ,  s tear ic  a c i d ,  sun f lower  o i l ,  s q u a l a n e ,  

mine ra l  o i l  ( 2 , 6 ) .  F u r t h e r ,  t h e  t e m p e r a t u r e  dependence o f  t h e  

s o l i i b i l i t y  changes w i t h  p r e s s u r e  as c a n  b e  s e e n  i n  F i g .  6. A t  low 

p r e s s u r e s  t h e  e n t h a l p y  of s o l u t i o n  i s  n e g a t i v e ;  a t  h i g h  p r e s s u r e s  

tlie e n t h a l p y  of  s o l u t i o n  i s  p o s i t i v e .  

2 

I f  we want t o  u s e  t h e  compressed s u p e r c r i t i c a l  g a s  as  a s o l -  

v e n t  t h a t  i s  t o  b e  r e c y c l e d ,  t h e  r e g e n e r a t i o n  o f  t h e  g a s  stream 

j s  most j m p o r t a n t .  S i n c e  a r e g e n e r a t i o n  caused  by  a p r e s s u r e  d rop  

i s  l i k e l y  n o t  t o  b e  a good s o l u t i o n  from a n  economic p o i n t  of v i e w  
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1.0 - 

X 
wt  % 

0.5 - 

207 

I 
C 

200 bar 
70‘C 

4 
100 - T, K 300 

FIGURE 4 .  S o l u b i l i t y  of palm o i l  i n  d i f f e r e n t  g a s e s  as a f u n c t i o n  
of t h e i r  c r i t i ca l  t empera tu res .  

t 

.- ^. 

~ - N2 - + 
100 200 300 LOO 500 

P [ bar 1 

FIGURE 5. S o l u b i l i t y  of d i f f e r e n t  g a s e s  i n  p a l m  o i l .  
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208 BRUNNER AND PETER 

F13 [ mole fractiwl I - 
I'I(:URT 6 .  Solubility of monochlorotrifluoromethane in oleic acid 

a s  a function of pressure at different temperatures. 
- 1 2 5 0 ~ ;  0 - ioooc; A - 7 5 0 ~ ;  x - 5 0 0 ~  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



PRESENCE OF AN ENTRAINER 209 

because of t h e  energy consumption, a r e g e n e r a t i o n  by changing t h e  

temperature  a l o n e  should b e  f e a s i b l e .  Therefore ,  a temperature  

dependence of t h e  s o l u b i l i t y  of t h e  h igh  b o i l i n g  materials i n  t h e  

g a s  i s  e s s e n t i a l .  In Fig.  7 t h e r e  i s  p l o t t e d  t h e  s o l u b i l i t y  of 

o l e i c  a c i d  i n  e thylene  as a f u n c t i o n  of d e n s i t y .  The s o l i d  l i n e s  

are isotherms and t h e  broken ones,  i s o b a r s .  A t  a p r e s s u r e  of 

200 b a r ,  a temperature  change from 5 5 O C  t o  127OC r e s u l t s  i n  a 

decrease  of t h e  c o n c e n t r a t i o n  of o l e i c  a c i d  from 2 .5  t o  1 w t %  

o n l y .  S i m i l a r  r e s u l t s  have been obta ined  with even heavier  mole- 

c u l e s ,  e.g., squa lane  ( 6 ) .  Obviously, when us ing  a s u p e r c r i t i c a l  

gas  as a s o l v e n t ,  t h e  r e g e n e r a t i o n  of t h e  gas  by changing t h e  

temperature  can be  done only p a r t i a l l y .  

250 300 350 - l l V l  I gll 1 

FIGURE 7. S o l u b i l i t y  of o l e i c  a c i d  i n  e t h y l e n e  as a f u n c t i o n  of 
t h e  d e n s i t y  of t h e  gas  phase. 
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210 BRUNNER AND PETER 

2'2erl:ritica 1 Gases P l u s  E n t r a i n e r  as S o l v e n t s  

How do trhings behave i f  w e  add a n  e n t r a i n e r ?  Adding a sub- 

s t a n c e  c o m p l i c a t e s  t h e  system and w i l l  p robab ly  make s e p a r a t i o n  

equipment more expens ive .  S o  t h e s e  d i s a d v a n t a g e s  must a t  Least  b e  

m e t  b y  t h e  a t lvantageous p r o p e r t i e s  of a n  e n t r a i n e r .  The advan tages  

of an t n t r a i n e r  may b e  o u t l i n e d  a s  f o l l o w s :  

( 1 )  I'he s o l u b i l i t y  i s  enhanced. Under e q u a l  c o n d i t i o n s  t h e  con- 

c e n t r a t - i o n  of m a t e r i a l s  of low v o l a t i l i t y  i n  t h e  compressed 

g a s  i s  markedly h i g h e r  u s i n g  a n  e n t r a i n e r  t h a n  w i t h  t h e  super-  

c r i t i c a t  g a s  a l o n e .  Th i s  means t h a t  one c a n  o p e r a t e  a t  a 

tower p r e s s u r e .  

( 2 )  I3y u s i n g  a n  e n t r a i n e r  t h e  r e g e n e r a t i o n  o f  t h e  g a s  can  b e  

, ichieved by changing t h e  t e m p e r a t u r e  a l o n e .  

( 3 )  By u s i n g  a s u i t a b l e  e n t r a i n e r  t h e  s e p a r a t i o n  f a c t o r  c a n  b e  

enhanced . 
in F ig .  8 t h e  s o l u b i l i t y  of palm o i l  i n  ca rbon  d i o x i d e  w i t h  

e thano l  a s  a n  e n t r a i n e r  h a s  been  p l o t t e d  a g a i n s t  p r e s s u r e  a t  

d i f f e r e n t  t e m p e r a t u r e s .  The diagram r e f e r s  t o  a c o n s t a n t  c o n t e n t  

of e n t r a i n e r  i n  t h e  g a s  phase  of a b o u t  10 w t % .  A t  200 b a r  and 

7 O o C .  more t h a n  5 wt% of  g l y c e r i d e s  d i s s o l v e  i n  t h e  g a s  phase .  

t h e  m m e  c o n d i t i o n s  C 0 2  a l o n e  d i s s o l v e s  only 0 .25  w t % .  

i n t e r a c t i o n  f o r c e s  are a b s e n t ,  t h e  lower t h e  vapour  p r e s s u r e  o f  

t h e  s u b s t a n c e  t h e  more t h e  s o l u b i l i t y  i s  enhanced. 

A t  

I f  s p e c i a l  

I f  t h e  t e m p e r a t u r e  dependence of t h e  s o l u b i l i t y  i s  c o n s i d e r e d ,  

e . g . ,  a t  130 ba r - - the  p r e s s u r e  f o r  o u r  s e p a r a t i o n  expe r imen t s ,  one 

can  s e e  from F ig .  8 t h a t  t h e  s o l u b i l i t y  d e c r e a s e s  from abou t  2 w t %  

a t  7 0 n C  t o  a n e g l i g i b l e  amount a t  llO°C so t h a t  a complete  regen- 

e r a t i o n  of t h e  g a s  phase  i s  p o s s i b l e  by a t e m p e r a t u r e  change on ly  

and t i le g a s  c a n  b e  r e c y c l e d  w i t h o u t  any marked p r e s s u r e  change.  

I'he tliermodynamic r e a s o n  f o r  t h i s  w i l l  b e  e x p l a i n e d  u s i n g  F i g .  9 .  

I n  t h i s  diagram t h e  phase  e q u i l i b r i a  of t h e  q u a s i t e r n a r y  sys-  

t e m  comprised o f  t h e  heavy compounds t o  be s e p a r a t e d ,  t h e e n t r a i n e r ,  
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PRESENCE OF AN ENTRAINER 21 1 

50 100 -P, bar 200 

FIGURE 8. S o l u b i l i t y  of palm o i l  i n  carbon d i o x i d e  w i t h  ethanol  
a s  e n t r a i n e r .  Concentrat ion of e t h a n o l  i n  t h e  gas  
phase about 10 w t % .  

and t h e  gas  are p l o t t e d  i n  a t r i a n g u l a r  diagram a t  a n  o p e r a t i n g  

p r e s s u r e  s u i t a b l e  f o r  a s u p e r c r i t i c a l  g a s  e x t r a c t i o n .  The temper- 

a t u r e  dependence of t h e s e  e q u i l i b r i a  i s  shown by h o r i z o n t a l  c u t s  

of t h e  v e r t i c a l  temperature  a x i s .  The m i s c i b i l i t y  gaps of t h e  

b i n a r y  systems are shown on t h e  s u r f a c e s  of t h e  t r i a n g u l a r  pr ism: 

i n  t h e  foreground,  t h e  m i s c i b i l i t y  gap between t h e  low v o l a t i l e  

m a t e r i a l s  and t h e  gas ;  and on t h e  r i g h t  s u r f a c e  i n  t h e  background, 

t h e  m i s c i b i l i t y  gap between t h e  gas  and t h e  e n t r a i n e r .  

temperature  range,  f o r  which t h e  phase e q u i l i b r i a  of t h e  t e r n a r y  

system are shown i n  t h e  diagram, t h e  b inary  T,x-diagram of gas  and 

e n t r a i n e r  shows a c losed  loop f o r  t h e  two phase reg ion .  A t  rela- 

t i v e l y  l o w  temperatures  t h e r e  e x i s t s  a type I system w i t h  h igh  

I n  t h e  
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212 BRUNNER AND YETER 

FiGUKE 9 .  Temperature  dependence of phase  e q u i l i b r i a  o f  a quas i -  
t e r n a r y  system c o n s i s t i n g  of s u b s t a n c e s  of low vo la -  
t i l i t y  ( N V ) ,  a n  e n t r a i n e r  (E)  and a s u p e r c r i t i c a l  
component (C)  . 

c o n c e n t r a t i o n s  of low v o l a t i l e  m a t e r i a l  i n  t h e  g a s  phase.  A t  

h I gher  cempera tu res  , where t h e r e  i s  a m i s c i b i l i t y  gap between 

c i i t r a i n e r  and gas, a t y p e  I1 sys t em e x i s t s  w i t h  a v e r y  low s o l u b i l -  

i t y o f  heavy material i n  t h e  g a s  phase .  The same e f f e c t  can  b e  

ach ieved  s ta r t  ing from a h i g h  t e m p e r a t u r e  by lower ing  t h e  temper- 

a t u r e .  

T l i e  improvement of t h e  s e p a r a t i o n  f a c t o r  by a s u i t a b l e  en- 

t r a i n e r  i s  i l l u s t r a t e d  i n  F i g .  10 where t h e  d i s t r i b u t i o n  f a c t o r s  

f u r  t h e  f r e e  f a t t y  a c i d s  i n  a g l y c e r i d e  m i x t u r e  have been p l o t t e d  
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15 

10 

5 

K.; 

X 

X 

\x 
\ 

palm oil without entrainer 

I I I I * 
.5 1.0 2 .o L . 0  y,wt % 

low volatile material in the gas phase 

FIGURE 10. K-factors of the free fatty acids of palm oil at 7loC 
and 137 bar. 
system with entrainer (palm oil/ethanol/C02): x 
systems without entrainer: 0 F13 ;  0 C2H4; V N 2 0 ;  CO2 

as a function of the amount of heavy materials dissolved in the 

gas phase. The distribution factor in this case is the concentra- 

tionin the gas phase divided by the concentration in the liquid 

phase on a mass basis. The higher this factor, the more fatty 
acids will be in the gas phase. The lower curve shows the results 

for several gases like C02, CF C1, N 0 and ethylene without en- 3 2 
trainer. The distribution factor has a value of about 5 at low 
pressures or low concentrations in the gas phase and decreases 

with increasing concentration of heavy material in the gas phase. 

The upper line represents measurements of the distribution factor 
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214 BRUNNER AND PETER 

u s i n g  (:Oz as a. compressed g a s  and e t h a n o l  a s  e n t r a i n e r .  

d i s t r i h u t i o n  f a c t o r  i s  enhanced by a f a c t o r  o f  2 i n  t h i s  case. 

The 

CLOSING C O M N E E  

idt, "ave t r i e d  o t h e r  e n t r a i n e r s  ( a c e t o n e  ( Z ) ,  benzene ,  hexane ,  

formalclehyde - d i m e t h y l a c e t a  1, methy lene  c h l o r i d e ,  ch lo ro fo rm)  

<ind, ir g e n e r a l ,  one can  s a y  so f a r  t h a t  most s u b s t a n c e s  do n o t  

enhance t h e  d i s t r i b u t i o n  f a c t o r  i n  a c e r t a i n  sys t em.  Th i s  s i t u a -  

t i o n  i: s i m i l a r  t o  t h e  problem o f  f i n d i n g  a n  e n t r a i n e r  f o r  a n  

e x t r a c t i v e  d i s t i l l a t i o n .  One h a s  t o  l o o k  f o r  a s u i t a b l e  e n t r a i n e r ,  

t h a t  is, one w i t h  s p e c i f i c  i n t e r a c t i o n s  w i t h  t h e  s u b s t a n c e s  t o  be 

s e p a r a t e d .  O n  t h e  o t h e r  hand,  t h e  p r imary  two e f f e c t s - -  enhanced 

~ , o l u b i l i t y  and enhanced t e m p e r a t u r e  dependence of  t h e  s o l u b i l i t y - -  

h o l d  f o r  a l l  s u b s t a n c e s  one c a n  u s e  as  a n  e n t r a i n e r  as long as t h e  

thermorynamic c o n d i t i o n s  e x p l a i n e d  i n  F i g .  9 can  be  r e a l i z e d .  

1 .  

2. 

3 . 

4. 

5. 

6 .  
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