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SEPARATION SCIENCE AND TECHNOLOGY, 22(2&3),PP. 379-393.1987 

Mass Transfer in Countercurrent Supercritical Extraction 

R. J. LAHIERE, J. L. HUMPHREY, and J. R. FAIR 

DEPARTMENT OF CHEMICAL ENGINEERING 
THE UNIVERSITY OF TEXAS AT AUSTIN 
AUSTIN, TEXAS 18712 

ABSTRACT 

T h i s  paper a d d r e s s e s  problems and background informat ion  
a s s o c i a t e d  w i t h  t h e  d e s i g n  of s i e v e - t r a y  e x t r a c t i o n  co l -  
ums o p e r a t i n g  i n  t h e  s u p e r c r i t i c a l  s o l v e n t  r e g i o n .  An 
a p p r o p r i a t e  mass t r a n s f e r  model i s  s e l e c t e d ,  and t h e  
needs and s o u r c e s  of b a s i c  d a t a  are reviewed. The model 
i s  executed f o r  b o t h  convent iona l  and s u p e r c r i t i c a l  ex- 
t r a c t i o n  cases. 
a g a i n s t  measured d a t a .  It i s  concluded t h a t  s t a g e  e f f i -  
c i e n c i e s  f o r  t h e  s u p e r c r i t i c a l  c a s e  a r e  s u p e r i o r ,  l a r g e l y  
due t o  f a v o r a b l e  t r a n s p o r t  p r o p e r t i e s .  

Comparisons f o r  bo th  c a s e s  are made 

INTRODUCTION 

For s e v e r a l  y e a r s  i n d u s t r y  has  been c o n s i d e r i n g  s u p e r c r i t i c a l  
f l u i d  e x t r a c t i o n  (SFE) as a c a n d i d a t e  f o r  many s e p a r a t i o n  a p p l i c a t i o n s .  
P r i n c i p a l  reasons  f o r  t h e  i n t e r e s t  are h i g h  s e l e c t i v i t y ,  ease of 
s o l u t e - s o l v e n t  s e p a r a t i o n ,  low o p e r a t i n g  tempera ture ,  and p o s s i b l e  
n o n t o x i c i t y  of t h e  s o l v e n t .  These i n d i c a t e d  advantages a r e  e s p e c i a l l y  
t r u e  when carbon d i o x i d e  i s  t h e  s o l v e n t ,  and most of t h e  r e p o r t e d  work 
i n  SFE h a s  involved t h i s  s o l v e n t .  There is another  p o s s i b l e  advantage 
of o p e r a t i n g  w i t h  a s u p e r c r i t i c a l  s o l v e n t :  h i g h  rates of m a s s  t r a n s f e r  
because of f a v o r a b l e  t r a n s p o r t  p r o p e r t i e s .  This  advantage i s  rela- 
t i v e l y  unexplored,  and r e p r e s e n t s  t h e  t o p i c  of t h e  p r e s e n t  paper .  

Most of  the r e p o r t e d  s t u d i e s  of SFE have d e a l t  w i t h  t h e  thermo- 
dynamic behavior  of s u p e r c r i t i c a l  f l u i d  (SCF) m i x t u r e s ,  mainly i n  
s o l i d - f l u i d  systems (1, 2 ) .  Equat ions of state have been used t o  
p r e d i c t  solid-SCF e q u i l i b r i a  f a i r l y  s u c c e s s f u l l y  (1, 3 ,  4 ) .  However, 
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380 LAHIERE , HUMPHREY, AND FAIR 

liquid-SCF e q u i l i b r i a  appear  more r e l e v a n t  t o  chemical  process  a p p l i -  
c a t i o n s ,  b u t  a p r o p o r t i o n a t e l y  s m a l l e r  amount of work appears  t o  have 
been d i r e c t e d  toward t h i s  area. 

A s  mentioned, m a s s  t r a n s f e r  behavior  of SFE systems h a s  rece ived  
v e r y  l i t t l e  a t t e n t i o n .  I t  i s  c l e a r  t h a t  f o r  t h e  economical s c a l e u p  
and d e s i g n  of commercial SFE systems involv ing  m u l t i s t a g e  c o n t a c t i n g  
more a t t e n t i o n  must be g iven  t o  t h i s  m a s s  t r a n s f e r  i s s u e .  A s  is  t h e  
case f o r  convent iona l  e x t r a c t i o n ,  a b s o r p t i o n  and d i s t i l l a t i o n  c a r r i e d  
o u t  i n  s taged  o r  cont inuous  c o u n t e r c u r r e n t  equipment, t h e  e f f i c i e n c y  
of  m a s s  t r a n s f e r  i n  a SFE c o n t a c t o r  w i l l  depend on  phase f low rates,  
degree  of l o a d i n g  (wi th  r e s p e c t  t o  throughput  c a p a c i t y ) ,  and system 
p r o p e r t i e s .  The o b j e c t i v e  of  t h i s  work i s  t o  e l u c i d a t e  the e f f e c t s  
of t h e s e  sets o f  parameters  on  t h e  m a s s  t r a n s f e r  performance of s m a l l ,  
column-type SFE c o n t a c t o r s .  

PREVIOUS WORE 

It h a s  been a g e n e r a l  e x p e c t a t i o n  t h a t  SFE e x t r a c t o r s  should g ive  
f a v o r a b l e  m a s s  t r a n s f e r  rates compared w i t h  e x t r a c t o r s  f o r  conven- 
t i o n a l  c o n d i t i o n s ,  because of h i g h e r  d i f f u s i o n  c o e f f i c i e n t s  and lower 
v i s c o s i t i e s  (5, 6).  However, one work h a s  shown t h a t  t h e  augmented 
mass t r a n s f e r  f l u x  under SFE c o n d i t i o n s  depends on s o l u b i l i t y  enhance- 
ment ( 7 ) .  

I n  one m a s s  t r a n s f e r  s tudy  Brunner used s u p e r c r i t i c a l  carbon d i -  
ox ide  t o  s e p a r a t e  a n  aqueous 10 w t .  % s o l u t i o n  of e t h a n o l  i n  a spray  
column (8). The e f f e c t s  of p r e s s u r e ,  t empera ture  and s o l v e n t / f e e d  
r a t i o  on t h e  mass t r a n s f e r  r a t e  were examined. Mass t r a n s f e r  c o e f f i -  
cients almost two o r d e r s  of magnitude g r e a t e r  than those i n  conven- 
t i o n a l  l i q u i d  e x t r a c t i o n  were r e p o r t e d .  An u n c e r t a i n t y  i n  t h e  
c o e f f i c i e n t s  w a s  recognized and w a s  a t t r i b u t e d  t o  the s p e c i f i c a t i o n  
of c h a r a c t e r i s t i c  l e n g t h  and t o  t h e  problem of c a l c u l a t i n g  d i f f u s i o n  
c o e f f i c i e n t s  i n  t h e  s u p e r c r i t i c a l  s o l v e n t .  

Experiments t o  de te rmine  s e p a r a t i o n  e f f i c i e n c i e s  of d i f f e r e n t  
packings i n  a 2 . 5 4  cm. e x t r a c t i o n  column were performed by P e t e r  
and Tiegs  (9).  T h i s  s tudy  showed t h a t  a s e p a r a t i o n  of a mixture  of 
g l y c e r i d e s  of o l e i c  a c i d s ,  w i t h  carbon d i o x i d e  a s  t h e  s u p e r c r i t i c a l  
component and a c e t o n e  as  a n  e n t r a i n e r ,  could b e  made most e f f i c i e n t l y  
w i t h  wire s p i r a l s  and w i t h  a gauze-type (Sulzer )  s t r u c t u r e d  packing. 
A t  t h e  upper  l o a d i n g  l i m i t  an e f f i c i e n c y  of  3.5 t h e o r e t i c a l  s t a g e s  
per  meter of packing h e i g h t  was achieved.  

I n  a n  i n v e s t i g a t i o n  conducted by Cr i t ica l  F l u i d  Systems, I n c . ,  
mass t r a n s f e r  e f f i c i e n c y  w a s  measured f o r  a n  alcohol-water  s e p a r a t i o n  
us ing  n e a r - c r i t i c a l  carbon d i o x i d e  i n  a 100 cm. diameter  s i e v e  t r a y  
column (10, 11). Optimum s o l v e n t / f e e d  r a t i o s  f o r  the e x t r a c t e d  com- 
pounds ( e t h a n o l ,  i sopropanol ,  sec-butanol)  were determined.  However, 
the main o b j e c t i v e  of t h e  work w a s  t o  e v a l u a t e  t h e  economics of t h e  
p i l o t - p l a n t  o p e r a t i o n  as a whole and not  t h e  e f f i c i e n c y  of t h e  column, 
and no m a s s  t r a n s f e r  d a t a  p e r  se w e r e  determined.  
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COUNTERCURRENT SUPERCRITICAL EXTRACTION 381 

Another p i l o t  s c a l e  s tudy  involved use  of l i q u i d  carbon d i o x i d e  
a t  60 atmospheres  and ambient tempera ture  as t h e  s o l v e n t  ( 1 2 ) .  A 4 
cm. d iameter  S c h e i b e l  column w a s  used t o  e x t r a c t  1 2  model compounds 
(such as  e t h a n o l ,  e t h y l  a c e t a t e ,  1-hexanol and c i t r o n e l l a l )  from 
water. 
f u n c t i o n  of f e e d  rate, feed  composi t ion and a g i t a t o r  rate. 

Emphasis w a s  placed on t h e  recovery  of each c o n s t i t u e n t  a s  a 

MASS TRANSFER MODELS 

A l a r g e  amount of e f f o r t  h a s  gone i n t o  t h e  a n a l y s i s  of m a s s  t r a n s -  
f e r  e f f i c i e n c y  of s i e v e  t r a y  e x t r a c t o r s .  P r e d i c t i v e  models have been 
made by Skel land  and Conger (13) ,  Treybal  (14,  15) and P i l h o f e r  (16).  
A review of t h e s e  models w a s  provided by F a i r  et a l .  ( 1 7 ) .  More 
r e c e n t l y  Rocha et a l .  (18) have presented  a n  improved e f f i c i e n c y  
model, based on a comprehensive d a t a  bank from l i t e r a t u r e  s o u r c e s  
as w e l l  as a l a r g e  amount o f  t h e i r  own d a t a .  
t o r  d iameters  up t o  22.2 cm.  d iameter  and a v a r i e t y  of e x t r a c t i o n  
systems;  i n  a l l  c a s e s  t h e  o p e r a t i n g  p r e s s u r e  was atmospheric .  

The d a t a  cover  e x t r a c -  

The Rocha model c o n s i d e r s  m a s s  t r a n s f e r  between phases  t o  occur  
i n  f o u r  d i s c r e t e  s t e p s :  drop format ion ,  h o l e  j e t t i n g ,  drop r ise ( o r  
f a l l )  and drop coa lescence .  The c o n t r i b u t i o n  of drop rise i s  i s o l a t e d  
from t h e  "end e f f e c t s "  ( format ion ,  j e t t i n g  and coa lescence)  which 
are  c o n s o l i d a t e d  i n t o  a s i n g l e  c o n t r i b u t i o n .  

The g e n e r a l  form of the model is: 

KfdAfd + KrdArd 
Emd = Q p /M + 0.5KrdArd + O . l K f d A f d  d d  d 

where E = t r a y  e f f i c i e n c y  (Murphree), f r a c t i o n a l  md 

Qd = volumetr ic  f low rate of d i s p e r s e d  phase, cm3/sec 

K f d  = o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  f o r  drop format ion ,  
based on d i s p e r s e d  phase, gm-moles/(sec-cm2) 

Krd = o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  f o r  drop r i s e  o r  
f a l l ,  based on d i s p e r s e d  phase 

A = i n t e r f a c i a l  area,  based on t h e  e q u i 3 a l e n t  o v e r a l l  
mass t r a n s f e r  c o e f f i c i e n t ,  cm2tcm3 

pd 
M = molecular  weight  of t h e  d i s p e r s e d  phase, grn/gm-mole 

= d e n s i t y  of  t h e  d i s p e r s e d  phase,  gm/cm3 

The o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t s  i n  Equat ion 1 are  determined 
from i n d i v i d u a l  phase mass t r a n s f e r  c o e f f i c i e n t s  by t h e  two-film 
model as  fo l lows:  

m d c  +-  1 - =  - 
K i d  k i d  
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382 LAHIERE, HUMPHREY, AND FAIR 

where m = dc s l o p e  of t h e  equi l ibr ium curve  (mole f r a c t i o n  of s o l u t e  
d i s p e r s e d  phase) / (mole f r a c t i o n  of s o l u t e  i n  cont inuous  
phase)  

2 i n d i v i d u a l  f i l m  c o e f f i c i e n t ,  gm-moles/(sec-cm ) 

f ,  f o r  d r o p  format ion  

r ,  f o r  drop r ise  o r  f a l l  

and t h e  second s u b s c r i p t  terms d and c r e f e r  t o  t h e  d i s p e r s e d  and 
cont inuous phases .  

The approach i s  modular i n  t h a t  v a r i o u s  c o r r e l a t i o n s  can  be  used 
t o  p r e d i c t  v a l u e s  of t h e  i n d i v i d u a l  f i l m  c o e f f i c i e n t s .  Rocha e t  a l .  
s e l e c t e d  a s p e c i a l  se t  of c o r r e l a t i o n s ,  and t h a t  set w i l l  be  used i n  
t h e  a n a l y s i s  g iven  i n  t h e  p r e s e n t  paper .  The important  p r o p e r t y  
v a r i a b l e s  are d e n s i t y ,  v i s c o s i t y ,  d i f f u s i v i t y  and i n t e r f a c i a l  ten-  
s i o n .  A p a r t i c u l a r l y  impor tan t  grouping of flow and p r o p e r t y  v a r i -  
a b l e s  is t h e  d imens ionless  Weber number: 

2 
"o 'd do We = 

CJ ( 3 )  

where U = l i n e a r  v e l o c i t y  of d i s p e r s e d  phase through t h e  h o l e s  

pd = d e n s i t y  of t h e  d i s p e r s e d  phase 

d = h o l e  diameter  

o = i n t e r f a c i a l  t e n s i o n  

High v a l u e s  of t h e  Weber number tend t o  g i v e  h igher  v a l u e s  of t r a y  
e f f i c i e n c y .  

EXPERIMENTAL WORK 

For  t h e  p r e s e n t  a n a l y s i s  t h e  primary source  of experimental  d a t a  
is  t h e  work of  Moses and d e  F i l i p p i  (11) .  A s  mentioned earlier,  t h e  
work was c a r r i e d  o u t  i n  a 10 cm. s i e v e  t r a y  column w i t h  s u p e r c r i t i c a l  
carbon d i o x i d e  as t h e  s o l v e n t  and w i t h  a l c o h o l s  e x t r a c t e d  from a 
water s o l u t i o n .  A f low diagram of t h e  t es t  equipment i s  shown i n  
F i g u r e  1. 
e x t r a c t i o n  column, a d i s t i l l a t i o n  column and a vapor  recompression 
c y c l e .  The column w a s  of s t a i n l e s s  steel  and w a s  2.0 m.  o v e r a l l  
h e i g h t .  

The main components of t h e  system i n c l u d e  t h e  s i e v e  t r a y  

C h a r a c t e r i s t i c s  of t h e  t r a y s  are g iven  i n  Table  1. 

The sieve t r a y s  w e r e  assembled on threaded  r o d s  which w e r e  passed 
through t h e  c e n t e r  b o r e  of  t h e  column t o  p l a c e  t h e  t r a y s  i n  t h e i r  
c o r r e c t  p o s i t i o n .  
36.0 cm. a p a r t  o r  e i g h t  t r a y s  spaced 18.0 cm. a p a r t .  A t e f l o n / s t a i n -  
less steel l a y e r e d  sieve t r a y  d e s i g n  w a s  recommended t o  enable  proper  
o p e r a t i o n  of  t h e  h o l e s .  
F i g u r e  2 .  For some r u n s  t h e  d iamcter  of t h e  downcomer w a s  v a r i e d  
from t o p  t o  bottom t o  accommodaee vary ing  flow rates. 

The t r a y  bundles  c o n s i s t e d  of  f o u r  t r a y s  spaced 

Details of t h e  t r a y  des ign  a r e  shown i n  
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COUNTERCURRENT SUPERCRITICAL EXTRACTION 383 

DHPRE SSOR 

V 

WFFIHATE 
PRODUCT 

F i g u r e  1. Sim p l i f i e d  flow diagram of Mosesfde F i l i p p i  t es t  u n i t  (11) 

Table  I 
DIMENSIONS OF SIEVE TRAYS (1) 

Column i n s i d e  d iameter ,  cm. 10 

Hole d iameter ,  cm 0.32 

Holes per  t r a y  88 

Downcomer d iameter  ( c i r c u l a r ) ,  cm 0.6 - 2.8 

Downcomer l e n g t h ,  cm 15.2 

Tray spac ing ,  c m  18, 36 
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384 LAHIERE, HUMPHREY, AND FAIR 

l/le"ss 114" THICK TFE 

f _ t  
-5 
3/16"TFE 

TEFLON-STAINLESS =EEL 

LAYERED SIEVE TRAY 

-: ALL-TEFLON 

(CUT-AWAY EDGE VIEW1 

Figure 2. Sieve t r a y  construction (11). 

Table 2 

EXPERIMENTAL SYSTEMS AND CONDITIONS 

Solvent  

So l u t e s  

Carbon d i o x i d e  

Ethanol ,  isopropanol  

Carrier Water 

Temperatures, O C  18 - 30 

C r i t i c a l  temperature  of C O ~ ,  OC 31.05 

Pressure ,  a t m  8 2  

C r i t i c a l  p r e s s u r e  of C02, a t m  72.8 

The d i s t i l l a t i o n  column w a s  a 10 c m .  d iameter  v e s s e l ,  1.5 m. t a l l .  
It included a s t r i p p i n g  s e c t i o n  only and w a s  used t o  recover  e x t r a c t e d  
s o l u t e  from t h e  s o l v e n t .  A r e b o i l e r ,  c o n s i s t i n g  of  f o u r  h e a t  ex- 
changer c o i l s ,  provided t h e  energy f o r  t h e  s t r i p p i n g .  

For o p e r a t i o n ,  t h e  feed c o n s i s t e d  of a 10  w t  % s o l u t i o n  of e thanol  
o r  isopropanol  i n  water. (Some experiments were also performed wi th  
see-butanol ,  bu t  a r e  not  w i t h i n  t h e  scope of t h e  present  paper . )  
The o p e r a t i n g  temperature  range  w a s  18 t o  300 C and t h e  o p e r a t i n g  
p r e s s u r e  w a s  82 atmospheres a b s o l u t e .  S ince  t h e  e x t r a c t i o n s  w e r e  
performed a t  ambient temperature ,  below t h e  c r i t i c a l  temperature  of 
carbon d i o x i d e  but  p r e s s u r e  w a s  maintained above t h e  c r i t i ca l  pres- 
s u r e  of carbon d ioxide ,  t h e  s o l v e n t  w a s  regarded as being i n  t h e  
c r i t i c a l ,  r a t h e r  than t h e  s u p e r c r i t i c a l ,  s ta te .  The experimental  
c o n d i t i o n s  are summarized i n  Table 2.  

DATA REDUCTION 

Equi l ibr ium informat ion  f o r  t h e  Moses and d e  F i l i p p i  work w a s  
t aken  from t h e  g r a p h i c a l  p r e s e n t a t i o n s  of  F r a n c i s  (19 )  and thus  
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COUNTERCURRENT SUPERCRITICAL EXTRACTION 385 

may i n c o r p o r a t e  some e r r o r .  D i s t r i b u t i o n  c o e f f i c i e n t s  on a molar 
b a s i s  were r e p o r t e d  a s  0.25 and 0.65 f o r  t h e  e t h a n o l  and isopropanol  
systems,  r e s p e c t i v e l y .  A Kremser-type a n a l y s i s  w a s  performed t o  
g e n e r a t e  a r e l a t i o n s h i p  between s o l v e n t l f e e d  r a t i o ,  s o l u t e  recovery  
and t h e o r e t i c a l  s t a g e s ,  and t h e  experimental  r e s u l t s  w e r e  superim- 
posed on a g r a p h i c a l  r e p r e s e n t a t i o n  of t h i s  r e l a t i o n s h i p .  The 
r e s u l t s  are shown i n  F i g u r e s  3 and 4 .  I n  t h e s e  f i g u r e s ,  xf and xr  
refer t o  s o l u t e  mass f r a c t i o n  i n  t h e  feed  and r a f f i n a t e  streams, 
r e s p e c t i v e l y  . 

By i n t e r p o l a t i o n ,  s t a g e  e f f i c i e n c i e s  c a n  b e  deduced from t h e  
p l o t t e d  r e s u l t s .  
i n  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s ,  t h e  deduced s t a g e  e f f i c i e n c i e s  a r e  
thought  n o t  t o  b e  more a c c u r a t e  than  +15% ( i . e . ,  +1.15 t i m e s  t h e  de- 
duced v a l u e  of the e f f i c i e n c y ) .  

Because of e r r o r s  i n  i n t e r p o l a t i o n  p l u s  l i k e l y  e r r o r s  

COMPARISON OF EXPERIMENTAL AND CALCULATED RESULTS 

The model of  Rocha et  a l .  (18) w a s  a p p l i e d  t o  t h e  r a w  d a t a  of 
Moses and d e  F i l i p p i ,  and t h e  o v e r a l l  e f f i c i e n c y  r e s u l t s  were deduced 
by t h e  p r e s e n t  a u t h o r s .  P h y s i c a l  p r o p e r t i e s  used i n  t h e  modeling work 
are shown i n  Table  3 .  D i f f u s i o n  c o e f f i c i e n t s  i n  t h e  c r i t i c a l  f l u i d  
phase were es t imated  u s i n g  t h e  Wilke-Chang equat ion  ( 2 4 ) ,  assuming 
15% o v e r p r e d i c t i o n  w i t h  t h i s  method. The 15% c o r r e c t i o n  f a c t o r  w a s  
based on a s tudy  of measured d i f f u s i o n  c o e f f i c i e n t s  i n  s u p e r c r i t i c a l  
f l u i d s  ( 2 5 ) .  

A r e a s o n a b l e  estimate of t h e  aqueous phase d i f f u s i o n  c o e f f i c i e n t  
w a s  ob ta ined  by u s i n g  t h e  v a l u e  of t h i s  proper ty  a t  a tmospheric  pres- 
s u r e  (26) and i n c o r p o r a t i n g  a StOkeS-EinStein c o r r e c t i o n  f o r  s o l v e n t  
v i s c o s i t y  ( 2 4 ) .  

A comparison between exper imenta l  and c a l c u l a t e d  o v e r a l l  e f f i c i e n -  
cies i s  presented  i n  F i g u r e  5 f o r  the carbon dioxidefisopropanolfwater 
system. The model u n d e r p r e d i c t s  e f f i c i e n c y  by about  20%. One possi-  
ble reason  f o r  t h i s  e r r o r  i s  that the i n t e r f a c i a l  t e n s i o n  used w a s  t h a t  
of  carbon d i o x i d e l w a t e r ;  t h e  i n f l u e n c e  of i sopropanol  s o l u t e  was neg- 
l e c t e d .  The presence  of s o l u t e  would lower t h e  i n t e r f a c i a l  t e n s i o n  
and t h u s  i n c r e a s e  the e f f i c i e n c y .  I n t e r f a c i a l  t e n s i o n  d a t a  f o r  the 
t h r e e  component system under s u p e r c r i t i c a l  c o n d i t i o n s  are n o t  a v a i l -  
a b l e .  

A s imi l a r  comparison f o r  the s u p e r c r i t i c a l  carbon d i o x i d e  extrac- 
t i o n  of e t h a n o l  from water i s  shown i n  F igure  6.  I n  t h i s  c a s e ,  t h e  
experimental  e f f i c i e n c i e s  a r e  o v e r p r e d i c t e d  by about  40%. Again, 
t h e  i n f l u e n c e  of s o l u t e  on t h e  carbon d ioxidefwater  i n t e r f a c i a l  ten- 
sion w a s  n e g l e c t e d ,  b u t  t h e  e f f e c t  should b e  less t h a n  f o r  t h e  i so-  
propanol  case. 

The v a l i d i t y  of t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  should a l s o  p l a y  a 
r o l e  i n  the accuracy  of t h e  deduced e f f i c i e n c i e s .  
t h a t  t h e  b u l k  of  t h e  mass t r a n s f e r  r e s i s t a n c e  would l i e  i n  the 

One would expec t  
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Figure 3. Inverse recovery vs. solvent / feed mass ratio, ethanol 
solute (11). 
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Figure  4 .  Inverse r ecove ry  v s .  s o l v e n t l f e e d  m a s s  ratio, i so -  
p ropano l  solute (11). Eight t r a y s  at 18 cm. spacing.  
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Table  3 

PHYSICAL PROPEKTIES OF C02/ALCOHOL/WATER SYSTEMS 

(82 a t m  and 2 5 O  C) 

D i s t r i b u t i o n  c o e f f i c i e n t  (molar b a s i s ) ,  

E thanol  s o l u t e  0.25 (11) 

I sopropanol  s o l u t e  0.65 (11) 

Dispersed Phase Continuous Phase 

Dens i ty ,  g/cm 0.774 ( 2 0 )  0.997 (21) 

V i s c o s i t y ,  cp 0.067 ( 2 2 )  0.890 ( 2 3 )  

D i f f u s i o n  c o e f f i c i e n t ,  cm2/s 1 .62(10-4 )  ( 2 4 ,  1 .34 (10-5 )  ( 2 6 )  

D i f f u s i o n  c o e f f i c i e n t ,  cm2/s 1.36(10-4)  ( 2 4 ,  1.13(10-5) (26) 

I n t e r f a c i a l  t e n s i o n ,  dynes/cm 23 (27) 23 (27) 

3 

( e t h a n o l  s o l u t e )  25) 

( i sopropanol  s o l u t e )  25) 

O E  
v f  
e l  
r l  
a c  
1 1  
1 e  

n 
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Y 
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Extract ton Factor m (Qd/Oc) 

F i g u r e  5 .  Comparison of Experimental  (11) and Ca lcu la t ed  R e s u l t s :  
co2/ IPA/H*O 

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



388 

0.4 

O E  

e l  
r i  

I 1  
I e  

n 
c 0.1 
Y 

0.3 

a 0.2 

0.0 T 

LAHIERE, HUMPHREY, AND FAIR 

r I I I I 1 

Calculated Y -. c 

* *  .- 
* *  

* *  
-- 

10 CM. COLUVN 

Figure  6 .  Comparison of exper imenta l  (11) and c a l c u l a t e d  r e s u l t s :  
CO2/(1:tOI1/H20, 

aqueous phase, because of  i t s  s i g n i f i c a n t l y  lower d i f f u s i v i t y  and 
h i g h e r  v i s c o s i t y .  However, t h e  model p r e d i c t e d  t h a t  75% of t h e  resis- 
t a n c e  t o  m a s s  t r a n s f e r  w a s  i n  t h e  s u p e r c r i t i c a l  f l u i d  phase,  sugges t ing  
i n a c c u r a c i e s  i n  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s .  

F i g u r e s  5 and 6 show e f f i c i e n c i e s  i n  t h e  range  of 30% f o r  the 
i sopropanol  system and 18% f o r  t h e  e t h a n o l  system. The t r a n s p o r t ,  
s u r f a c e  and e q u i l i b r i u m  p r o p e r t i e s  of t h e  systems must b e  compared 
t o  e x p l a i n  t h e  d i f f e r e n c e .  I n  t h e s e  f i g u r e s ,  t h e  e x t r a c t i o n  f a c t o r  
i s  d e f i n e d  as  mdeQd/Qc, where mdc and Qd are  as  def ined  ear l ier  and 
QC is  t h e  v o l u m e t r i c  f low ra te  of t h e  cont inuous  phase. 

It w a s  shown i n  Table  3 that t h e  d i f f u s i o n  c o e f f i c i e n t s  f o r  e t h a n o l  
i n  carbon d i o x i d e  and i n  water a r e  g r e a t e r  than  those  f o r  i sopropanol  
i n  carbon d i o x i d e  and i n  w a t e r .  T h i s  i s  t h e  reverse o f  t h e  i n d i c a t e d  
e f f i c i e n c i e s ,  a g a i n  s u g g e s t i n g  i n a c c u r a c i e s  i n  i n t e r f a c i a l  t e n s i o n  
and d i s t r i b u t i o n  c o e f f i c i e n t  v a l u e s  used i n  t h e  model. Much more 
work on t h e  p r o p e r t i e s  of s u p e r c r i t i c a l  e x t r a c t i o n  systems w i l l  b e  
needed b e f o r e  such anomalies  e x h i b i t e d  h e r e  can be r e s o l v e d .  

COM’ARISON OF SUPERCRITICAL CONTACTOR DEVICES 

S e v e r a l  types  of c o n t a c t i n g  d e v i c e s  o p e r a t i n g  w i t h  s u p e r c r i t i c a l  
s o l v e n t s  are compared i n  F i g u r e  7. 
used t o  make t h e  comparisons. This parameter  combines m a s s  t r a n s f e r  
e f f i c i e n c y  w i t h  throughput  c a p a c i t y ,  and f o r  a t ray- type  d e v i c e  is: 

The volumetr ic  e f f i c i e n c y  was 
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F i g u r e  7. Comparison of c o u n t e r c u r r e n t  c o n t a c t o r s  o p e r a t i n g  w i t h  
s u p e r c r i t i c a l  s o l v e n t s ,  
Legend: s i e v c  t r a y s ;  0 w i r e  s p i r a l s ;  S u l z e r ;  
U Raschig r i n g s  

(Uc + Ud) Eo 
Volumetric E f f i c i e n c y  (V.E.) = 

Ht 

( 4 )  

where Uc and U 
persed  phases,dEo i s  a n  o v e r a l l  e f f i c i e n c y ,  approximately equal  t o  
t h e  s t a g e  e f f i c i e n c y  E and H i s  t h e  t r a y  spac ing .  For a packed 
column Equat ion 4 c o n v e r t s  t o :  

are s u p e r f i c i a l  v e l o c i t i e s  of t h e  cont inuous  and d i s -  

md t 

(Uc -k Ud> 

HETS Volumetr ic  E f f i c i e n c y  (V.E.) = (5) 

where HETS i s  t h e  h e i g h t  e q u i v a l e n t  t o  a t h e o r e t i c a l  s t a g e ,  

The d a t a  f o r  t h e  s i e v e  t r a y s  were computed w i t h  t h e  model of  
Rocha e t  a l .  (18) f o r  t h e  carbon d ioxide /e thanol /water  system a t  100 
a t m  and 3 5 O  C,  w h i l e  packing d a t a  were taken  from t h e  work of P e t e r  
and T i e g s  (9) and are f o r  t h e  s e p a r a t i o n  of a mixture  of g l y c e r i d e s  
and o l e i c  a c i d s .  It is  recognized t h a t  t h e  l a t t e r  d a t a  are not  
n e c e s s a r i l y  e q u i v a l e n t  i n  terms of t r a n s p o r t  p r o p e r t i e s ,  and r e p r e s e n t  
a system w i t h  an i n h e r e n t l y  lower mass t r a n s f e r  c a p a b i l i t y .  I f  such 
a d i f f e r e n c e  i s  recognized,  t h e  F i g u r e  7 shows t h a t  packings known 
f o r  h i g h  e f f i c i e n c y  i n  d i s t i l l a t i o n  s e r v i c e ,  such as w i r e  s p i r a l s  and 
S u l z e r  s t r u c t u r e d  packing,  indeed have i n d i c a t e d  h i g h  e f f i c i e n c i e s  
f o r  s u p e r c r i t i c a l  f l u i d  e x t r a c t i o n  services. 
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F i g u r e  8.  Comparison of s u p e r c r i t i c a l  and l i q u i d  e x t r a c t i o n :  
c a l c u l a t e d  v a l u e s ,  s ieve  t r a y s .  (10 c m .  column) 

COMPARISONS OF SUPERCRITICAL AND CONVENTIONAL EXTRACTION 

Overall  e f f i c i e n c i e s  f o r  s u p e r c r i t i c a l  and "conventional" 
l i q u i d  ex t r ac t ion  systems were computed by use of t he  Rocha e t  a l .  
model. The SFE system was carbon d ioxidefe thanol fwater  a t  100 atm. 
and 35O C,  and t h e  conventional system was toluene/acetone/water a t  
atmospheric pressure .and  ambient temperature. These systems were 
compared because they both have i n t e r f a c i a l  t ens ions  in t he  range 
of 22 - 25 dynesfcm., and t h e  aqueous phase d i f f u s i o n  c o e f f i c i e n t s  
f o r  ethanol and acetone should be about t he  same. 

A s  Figure 8 shows, ex t r ac t ion  e f f i c i e n c i e s  i n  t h e  s u p e r c r i t i c a l  
ca se  a r e  some 90% g r e a t e r  than those f o r  t h e  conventional case .  
major con t r ibu to r  t o  t h e  enhancement f o r  SFE appears t o  be the  d i s -  
persed phase d i f f u s i o n  c o e f f i c i e n t ,  estimated a s  2 .1  (10-4) cm/sec. 
f o r  SFE and 2.6 (10-5) cmfsec. f o r  t he  conventional case.  Also, t he  
v i s c o s i t y  of t he  SFE dispersed phase i s  an order of magnitude l e s s  
than t h a t  f o r  t h e  conventional d i spersed  phase ( to luene) .  The t rans-  
po r t  property advantage of t h e  s u p e r c r i t i c a l  system appears t o  be 
r e a l .  

The 

SUMMARY ANTI CONCLUSIONS 

The mass t r a n s f e r  a spec t s  of countercur ren t  s u p e r c r i t i c a l  extrac- 
t i o n  have been examined wi th  the  a i d  of a model devel.oped f o r  conven- 
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t i o n a l  l i q u i d - l i q u i d  e x t r a c t i o n .  The model p r e d i c t e d  publ i shed  SFE 
e f f i c i e n c y  d a t a  w i t h  a n  accuracy of about  f 40%. 
w a s  a t t r i b u t e d  more t o  i n a c c u r a t e  v a l u e s  of t h e  d i s t r i b u t i o n  c o e f f i -  
cient and t h e  i n t e r f a c i a l  t e n s i o n  t h a n  t o  a b a s i c  l a c k  of a p p l i c a b i l i t y  
of t h e  model. 

The d iscrepancy  

Comparisons of s e v e r a l  c o n t a c t i n g  d e v i c e s ,  o p e r a t i n g  under SFE 
c o n d i t i o n s ,  were made u s i n g  volumetr ic  e f f i c i e n c y  as  a parameter .  
Those packings known t o  g i v e  h igh  e f f i c i e n c y  i n  d i s t i l l a t i o n  s e r v i c e  
were found t o  g i v e  very  good e f f i c i e n c i e s  i n  SFE s e r v i c e .  

The mass t r a n s f e r  model w a s  used t o  compare p r e d i c t e d  e f f i c i e n -  
c i e s  f o r  SFE w i t h  t h o s e  of convent iona l  e x t r a c t i o n .  It  a p p e a r s  t h a t  
as much as 90% g r e a t e r  e f f i c i e n c i e s  might be  expected f o r  SFE, and 
t h i s  enhancement i s  due p r i m a r i l y  t o  more f a v o r a b l e  v i s c o s i t i e s  and 
d i f f u s i o n  c o e f f i c i e n t s .  

A d e s i g n  r o u t i n e  f o r  SFE p r o c e s s e s  can be envis ioned  i n  which 
t h e  p h y s i c a l  and geometr ic  p r o p e r t i e s  of t h e  system a r e  opt imized 
o v e r  a range  of  tempera tures ,  p r e s s u r e s  and composi t ions.  With 
f u r t h e r  development of mechanis t ic  mass t r a n s f e r  models coupled w i t h  
improved methods f o r  p r e d i c t i n g  equi l ibr ium and t r a n s p o r t  p r o p e r t i e s ,  
much p i l o t  p l a n t  s c a l e u p  work might be obvia ted .  
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