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SEPARATION SCIENCE AND TECHNOLOGY, 17(1), PP. 119--150.1982 

Problems Associated with the Development of Gas 
Extraction and Similar Processes 

M. B. KING and T. R. BOTT 
DEPARTMENT OF CHEMICAL ENGINEERING 
UNIVERSITY OF BIRMINGHAM 
P. 0. BOX 363 
BIRMINGHAM B15 ZTT, ENGLAND 

ABSTRACT 

The p o t e n t i a l  s cope  and p o s s i b l e  areas of  a p p l i c a t i o n  of  gas  
e x t r a c t i o n  as a s e p a r a t i o n  t e c h n i q u e  a r e  o u t l i n e d .  Some problems 
t o  b e  overcome are d i s c u s s e d  and t h e  need f o r  a c c u r a t e  p h y s i c a l  
d a t a  d e t e r m i n a t i o n s  and a l s o  o p e r a t i n g  e x p e r i e n c e  a t  p i l o t  p l a n t  
l e v e l  a r e  s t r e s s e d .  Some work d i r e c t e d  towards f u l f i l l i n g  t h e s e  
needs i s  d e s c r i b e d .  R e l i a b l e  economic a p p r a i s a l  i s  e s s e n t i a l  before  
l a r g e  s c a l e  d e s i g n  can b e  contemplated b u t  is probably n o t  p r a c t i -  
c a b l e  w i t h  s u f f i c i e n t  accu racy  u n t i l  t h e  above needs have been  m e t .  

1. INTRODUCTION 

The u s e  of  gases  n e a r  t h e  c r i t i c a l  p o i n t  f o r  s e l e c t i v e  ex- 

t r a c t i o n  h a s  been examined e x p e r i m e n t a l l y  f o r  some t i m e ,  a l t hough  

i n  r e c e n t  y e a r s  t h e  t e c h n i q u e  h a s  been more i n t e n s i v e l y  s t u d i e d .  

The i n t e r e s t  h a s  been c e n t e r e d  l a r g e l y  i n  two i n d u s t r i e s :  t h e  f u e l  

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

There are a number of a t t r a c t i v e  f e a t u r e s  which t h e  s u p e r c r i t -  

i c a l  p r o c e s s  o f f e r s ;  t h e s e  i n c l u d e  

1. h i g h - b o i l i n g  and /o r  h e a t  s e n s i t i v e  components may b e t a k e n  

i n t o  t h e  e x t r a c t i n g  phase  a t  r e l a t i v e l y  low t empera tu res .  T h i s  i s  

a n  advan tage  s h a r e d  w i t h  l i q u i d  e x t r a c t i o n .  
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120 K I N G  AND BOTT 

3. r ecove ry  of t h e  s o l u t e  i s  g e n e r a l l y  a s t r a i g h t f o r w a r d  mat- 

t e r  from t h e  s u p e r c r i t i c a l  o r  n e a r  c r i t i c a l  s o l u t i o n  s i n c e  rela- 

I i v e l y  small changes i n  t h e  c o n d i t i o n s  c a n  r e s u l t  i n  c o n s i d e r a b l e  

i-hanges i n  s o l u b i l i t y .  Th i s  f e a t u r e  p r e s e n t s  a d i s t i n c t  advan tage  

o v e r  I i qu id  e x t r a c t i o n ,  where c o n s i d e r a b l e  ene rgy  may sometimes b e  

expended i n  e v a p o r a t i n g  o f f  t h e  s o l v e n t .  

3 .  t h e  r a n g e  o f  s o l v e n t s  which c a n  b e  used  i s  g r e a t e r  t h a n  i n  

t h e  case of normal l i q u i d  e x t r a c t i o n .  For  example,  a cheap non- 

ilammalile, non- tox ic  s o l v e n t  such  a s  ca rbon  d i o x i d e  may b e  employed. 

The s o l v e n t  power of a n  a p p r o p r i a t e  gas  may b e  improved, i f  r equ i r ed ,  

by t h e  a d d i t i o n  o f  a t h i r d  component o f t e n  c a l l e d  a n  e n t r a i n e r ,  t h u s  

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

!+. t h e  f a c t  t h a t  s u p e r c r i t i c a l  compressed g a s e s  have a com- 

p a r a t i v e l y  low v i s c o s i t y  f o r  a g i v e n  d e n s i t y  i m p a r t s  t o  t h e  supe r -  

c r i t i c , i l  f l u i d  e x c e l l e n t  powers of p e n e t r a t i o n  i n t o  a s o l i d  s t r u c -  

t i i r e  which i n  t u r n  c o n f e r s  improved o p p o r t u n i t i e s  f o r  e x t r a c t i o n  

1 rom s o l i d s .  

Because of t h e  above f e a t u r e s  some s e p a r a t i o n s  c a n  b e  ach ieved  

which would b e  v e r y  d i f f i c u l t  by more u s u a l  methods such  as d i s t i l -  

l a t i o n  aqd ,  w i t h  r i s i n g  ene rgy  c o s t s ,  i n t e r e s t  i s  a l s o  b e i n g  shown 

in t h e  p o s s i b i l i t i e s  o f f e r e d  f o r  energy economies i n  s e p a r a t i o n s  

p r e s e n t l y  c a r r i e d  o u t  i n  o t h e r  ways. The p o s s i b i l i t y  o f  u t i l i s i n g  

:pod non-toxic  s o l v e n t s  ( such  as ca rbon  d i o x i d e )  i n  s u p e r c r i t i c a l  

,ind n e a r - c r i t i c a l  e x t r a c t i o n  o p e r a t i o n s  i s  a n  advan tage  p a r t i c u l a r l y  

in t l i t ,  food i n d u s t r y .  

:L THE SCOPE FOR EXTRACTIONS CARRIED OUT NEAR C R I T I C A L  
CONDITIONS 

A number of p r o c e s s e s  b a s e d  on 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  

.ray b e  env i saged ;  i n  some i n s t a n c e s  r e s e a r c h  work h a s  been  i n i t i a t e d  

and ex tended ,  i n  o t h e r s  t h e  p r o c e s s  i s  l i t t l e  more t h a n  a n  i d e a  t o  
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PROBLEMS ASSOCIATED WITH GAS EXTRACTION 121 

h e  examined when t h e  technology h a s  developed f u r t h e r .  The lat ter 

group inc ludes  t h e  recovery of waste m a t e r i a l s ,  waste w a t e r  treat- 

ment and d e s a l i n a t i o n ,  and s i n g l e  c e l l  p r o t e i n  manufacture. 

An i n d i c a t i o n  of t h e  widespread i n t e r e s t  which e x i s t s  i n  t h e  

p o t e n t i a l i t i e s  of gas  e x t r a c t i o n  as a s e p a r a t i o n  technique i s  pro- 

vided by t h e  l a r g e  number of p a t e n t s  which have been i ssued  i n  

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

i n d u s t r y  and t h e  o i l  and c o a l  i n d u s t r i e s .  Some of t h e s e  p a t e n t s  

a r e  l i s t e d  i n  Tables  1,  2 and 3. 

TABLE 1 

Some P a t e n t s  f o r  S p e c i f i c  E x t r a c t i o n  Processes  

Process  m a t e r i a l  P a t e n t  

Flavours  and s p i c e s  German 2127611.9 1971 
French 2140096 1973 
Canadian 989662 1976 

O i l  seeds  German 2127596 1972 
German 2363418 1972 
A u s t r i a n  331374 1972 
Dutch 7207441 1972 

Cocoa b u t t e r  USA 3923847 1975 

Tobacco German 2043537 1970 
German 2142205 1973 

Coffee German 2005293.1 1970 
German 2357590 1975 

Hops B r i t i s h  1388581 1972 
Canadian 987250 1972 
French 2 14009 7 1973 
German 2127618.6 1973 

Deodor isa t ion  processes  Aus t r ian  347551 1972 
German 2332038 1974 
German 2441152 1975 
USA 3969382 1977 
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122 KING AND BOTT 

TABLE 2 

Proposed Applications of Near-Critical Fluid Extraction in the 
Food Industry 

kutch 7 315 634 (1973)  

1s 3 966 981  (1976) 

,ritish 105;’ 911 (1967)  

;ermnn 2 347 590 (1978)  

4 l U 4  4UY (LY/B) 

German 2 106 133 (1972)  
German 2 212 281 (1973) 
/German 2 357 590 (1975)  
I 

!Dutcn 7 300 796 (1973)  

1 
/Dutch 2 701 533 (IYIZ) 

I 

Application 

Defatting using various gases 
and gas mixtures 

Solvent removal using liquid Cop 

Extraction of rich milk, vegeta- 
ble oil with supercritical C?Hi+ 

Decaffeination of coffee usinj: 
CO2 at 28-3OoC 

Separation of mono-glycerides of 
oleic acid from a glyceride 
mixture using compressed Cog in 
countercurrent columns 

Extraction of fruit juices, con- 
centrated essence with COP 

Extraction of volatiles from 
delicious apple essence using 
C02 or isopentane 

Selective aroma extraction using 
liquid CO2 at room temperature 
and 918 psig 

Extraction of air-dried hops with 
supercritical C o p  

Decaffeination of coffee using 
supercritical CO2 

Deoderization of fat with 
compressed near-critical C o p  

Recovery of cocoa butter with 
supercritical C O P  or (after care- 
ful solvent purification) with 
supercritical N20,SF6, CF3C1, 
C H F ~ C ~ , C F ~ C H ~ , C ~ F B , C H F ~ , C ~ H ~ , C H ~  
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PROBLEMS ASSOCIATED WITH GAS EXTRACTION 123 

TABLE 3 

Proposed Appl ica t ions  of Near-Critical F lu id  E x t r a c t i o n  i n  t h e  
O i l  and Coal I n d u s t r y  

P a t e n t  

us 
3 4 1 4  86 

US 1978 
4 108 7f 

4ppl i c a  t i o n  

E x t r a c t i o n  of l i g n i t e  

E x t r a c t i o n  of c o a l  products  
and o i l  from o i l  s h a l e  

S u p e r c r i t i c a l  gas  e x t r a c t i o n  
3f c o a l  

Coal e x t r a c t i o n  

Residuum o i l  s u p e r c r i t i c a l  
e x t r a c t i o n  process  (ROSE) 

Shale  o i l  e x t r a c t i o n p r o c e s s  

Reduction of t h e  vanadiumand 
n i c k e l  c o n t e n t  of petroleum 
by s u p e r c r i t i c a l  e x t r a c t i o n  

E x t r a c t i o n o f  l i q u i d  f u e l s  and 
chemical f e e d s t o c k  from c o a l  
by s u p e r c r i t i c a l  gas  
e x t r a c t  i o n  

E x t r a c t i o n  of c o a l  t a r  

E x t r a c t i o n  of o i l  s h a l e s a n d  
t a r  sands us ing  a romat ic  
e x t r a c t a n t s  under super- 
c r i t i c a l  c o n d i t i o n s .  These 
e x t r a c t a n t s  should c o n s i s t  of 
a benzene r i n g  and p r e f e r a b l y  
notmore  than  f o u r  carbon atoms 
i n  s u b s t i t u e n t  groups 

E x t r a c t i n g  
F l u i d  

S u p e r c r i t i c a l  
to luene  

S u p e r c r i t i c a l  
t o l u e n e  

Supercr  i t i c a l  
t o l u e n e  

S u p e r c r i t  i c a l  
t o l u e n e  

S u p e r c r i t i c a l  
pentane 

S u p e r c r i t  i c a l  
t o l u e n e  o r  
benzene 

S u p e r c r i t i c a l  
propane 

Petroleum 
naphtha 

S u p e r c r i t i c a l  
e t h y l e n e  

Benzene, 
t o l u e n e ,  
e thylbenzene,  
t r i m e  thylbenzene, 
o r  t e t rame thy 1- 
benzene 
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124 KING ARD BOTT 

A few of the e n t r i e s  i n  t h e s e  t a b l e s  are f o r  a p p l i c a t i o n s w h i c h  

have been proposed i n  t h e  open l i t e r a t u r e  b u t  most a r e  p a t e n t s .  

A t y p i c a l  example of such  a p a t e n t  i s  p rov ided  by t h e  l a s t  one 

on t h e  l ist  in T a b l e  3. T h i s  p a t e n t  d e s c r i b e s  a p r o c e s s  f o r  t h e  

e x t r a c t i o n  of o i l  s h a l e s  and tar s a n d s  u s i n g  s u i t a b l e  a r o m a t i c  hy- 

d roca rbons  i n  a s u p e r c r i t i c a l  c o n d i t i o n .  Recommended p r e s s u r e s  

and t e m p e r a t u r e s  are i n  t h e  r a n g e  70 t o  200 b a r  and 370 t o  4 S O O C  

r e s p e c t i v e l y .  I f  s h a l e  is t o  b e  e x t r a c t e d , t h i s  s h o u l d  p r e f e r a b l y  

be c rushed  t o  a s i z e  smaller t h a n  1.5 m. S u i t a b l e  s o l v e n t s  are 

s t a t e d  t o  i n c l u d e  a r o m a t i c  hydroca rbons  hav ing  a s i n g l e  benzene 

r i n g  and p r e f e r a b l y  n o t  more t h a n  4 ca rbon  atoms i n  s u b s t i t u e n t  

g roups ,  e . g . ,  benzene,  t o l u e n e ,  x y l e n e ,  e t h y l b e n z e n e ,  i sop ropy lben-  

zene, t r i m e t h y l b e n z e n e  and t e t r ame thy lbenzene .  V i r t u a l l y  t h e  whole 

of t h e  bi tumen i n  t a r  s a n d s  can  b e  e x t r a c t e d  w i t h  benzene a t  o r  

above 29OoC o r  w i t h  t o l u e n e  above 32OoC.  A v e r y  h i g h  p r o p o r t i o n  of 

t h e  kerogen i n  s h a l e s  such  as  t h e  Colorado s h a l e  (which r e l e a s e  a l l  

t h e i r  kerogen on h e a t i n g  s u f f i c i e n t l y  s t r o n g l y )  c a n  b e  e x t r a c t e d  

w i t h  a r o m a t i c s  c o n t a i n i n g  2 t o  4 ca rbon  atoms i n  s u b s t i t u e n t  groups 

a t  about  4 4 O o C .  

Other  work (16) on t h e  e x t r a c t i o n  of t a r  s a n d s  and of p e a t w i t h  

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

bed a d s o r b e r s ;  n o t  o n l y  i s  e x t r a c t i o n  ach ieved  i n  t h e  p r o c e s s  b u t  a 

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

3. TECHNICAL PROBLEMS A R I S I N G  I N  THE DEVELOPMENT OF PRACTICAL 
GAS EXTRACTION UNITS 

- ____ 

A t  f i r s t  s i g h t ,  t h e  b a s i c  i n f o r m a t i o n  r e q u i r e d  f o r  t h e  d e s i g n  

of a l a r g e - s c a l e  s u p e r c r i t i c a l  o r  n e a r - c r i t i c a l  e x t r a c t i o n  u n i t  

would bd a n t i c i p a t e d  t o  b e  r a t h e r  s imilar  t o  t h a t  r e q u i r e d  f o r  

t h e  d e s i g n  of o t h e r  forms o f  s e p a r a t i o n  equipment namely: 

1 .  a knowledge o f  t h e  p h a s e  e q u i l i b r i u m  and e n t h a l p y  d a t a  

f o r  t h e  system. 
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PROBLEMS ASSOCIATED WITH GAS EXTRACTION 125 

2. a knowledge of t h e  e x t e n t  t o  which equi l ibr ium i s  a c t u a l l y  

approached a t  each p o i n t  i n  t h e  a c t u a l  column. 

I n  t h i s  b e l i e f ,  work w a s  i n i t i a t e d  by P r o f e s s o r  E l l i s  a t  

Birmingham w i t h  S .R .C .  support  t o  o b t a i n  equi l ibr ium d a t a  and c a r r y  

out  column tests on promising systems. The s e p a r a t i o n  equipment 

used i s  shown i n  Fig.  1 and t h e  equipment used f o r  t h e  e q u i l i b r i u m  

de termina t ions  i s  shown i n  F ig .  8 .  The fo l lowing  d i s c u s s i o n  i s  i n  

p a r t  based on t h i s  work. 

3.1 P r e d i c t i o n  and Extension of Equi l ibr ium Data 

F e a s i b i l i t y  c a l c u l a t i o n s  on s e p a r a t i o n  processes  are consid-  

e r a b l y  speeded up i f  i t  is p o s s i b l e  t o  p r e d i c t  and extend e q u i l i b -  

rium d a t a  and a l s o  t o  p r e d i c t  t h e  m a s s  t r a n s f e r  ra te  parameters .  

One of t h e  f i r s t  problems t h a t  would be  encountered i n  a d e s i g n ,  

t h e r e f o r e ,  would be  p r e d i c t i o n  o r  ex tens ion  and c o l l a t i o n  of t h e  

e q u i l i b r i u m  d a t a ,  i f  a t  a l l  p o s s i b l e .  

The systems of i n t e r e s t  i n  g a s  e x t r a c t i o n  s t u d i e s  tend t o  be  

composed of a comparat ively high molecular  weight  s o l u t e  ( o r m i x t u r e  

of s o l u t e s )  contac ted  w i t h  a comparat ively low molecular  weight gas. 

P r e d i c t i o n  of equi l ibr ium d a t a  f o r  t h i s  t y p e  of system is  d i f f i c u l t ,  

p a r t i c u l a r l y  i f  t h e  molecules  of t h e  s o l u t e  can form hydrogen bonds 

wi th  each o t h e r .  The problem of p r e d i c t i o n  becomes y e t  more complex 

when a n a t u r a l  p roduct ,  such as tobacco,  i s  considered.  A s  a n  

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

been made t o  e x t r a c t  n i c o t i n e  and o t h e r  harmful c o n s t i t u e n t s  from 

tobacco u s i n g  o r g a n i c  s o l v e n t s  and a l s o  us ing  s u p e r c r i t i c a l  carbon 

d i o x i d e  a t  a p r e s s u r e  of about  300 b a r .  The work wi th  s u p e r c r i t i c a l  

carbon d i o x i d e  and tobacco i s  descr ibed  by Hubert and Vitzthum ( 1 7 ) .  

These workers f i n d  t h a t  t h e  presence  of water i s  e s s e n t i a l  t o  t h e  

e x t r a c t i o n  of n i c o t i n e .  There i s  n a t u r a l l y  some water p r e s e n t  i n  

tobacco (10 t o  13% by w e i g h t ) ,  b u t  t o  e x t r a c t  n i c o t i n e  i n  a s i n g l e  

s t a g e  process  s a t i s f a c t o r i l y ,  they found t h a t  i t  w a s  necessary t o  

i n c r e a s e  t h i s  up t o  a t  least 25%. (The presence  of water may a l s o  
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C a r b o n  
scrubber 

co, to  
Pump 
circuit 

Dernister 

Receiver 

Pressure 
controller 

I" Ref lux 

Product  

CO, f rom z pump circuit 

FIGURE 1. Simplified diagram of equipment used f o r  column test. 
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PROBLEMS ASSOCIATED WITH GAS EXTRACTION 127 

be  important  i n  o t h e r  e x t r a c t i o n s  of n a t u r a l  p roducts  w i t h  carbon 

d ioxide .  For example, Zosel  (18) states t h a t  c o f f e e  beans should 

be  soaked wi th  w a t e r  p r i o r  t o  d e c a f f e i n a t i o n  wi th  s u p e r c r i t i c a l  

carbon d i o x i d e ) .  Hubert and Vitzthum a l s o  f i n d  t h a t  tobaccos of 

d i f f e r e n t  o r i g i n s  behave very  d i f f e r e n t l y .  In f u r t h e r  i l l u s t r a t i o n  

of t h e s e  f i n d i n g s  w e  c a r r i e d  out  some tests us ing  Burley A i r  cured 

tobacco w i t h  a mois ture  conten t  of about  10% us ing  carbon d i o x i d e  

a t  35.OoC and 1 2 2  b a r .  

e x t r a c t ,  b u t  i n s t e a d  i t  w a s  found t h a t  neophytadiene (c2oH38) had 

been e x t r a c t e d ,  t o g e t h e r  wi th  a smaller amount of methyl  p a l m i t a t e .  

(See F ig .  2 ) .  Neophytadiene h a s  t h e  s t r u c t u r e  3-methylene-7,11,15- 

trimethyl-1-hexadecene. When s i m i l a r  tests were c a r r i e d  out  w i t h  

V i r g i n i a n  and O r i e n t a l  tobaccos,  no neophytadiene w a s  found. 

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

C l e a r l y ,  p r e d i c t i o n  of equi l ibr ium d a t a  f o r  tobacco l e a v e s  

would b e  a formidable  problem. However, i n  s impler  s i t u a t i o n s  some 

p r o g r e s s  can b e  made. Broadly speaking,  t h e r e  are two approaches 

which have been a p p l i e d  t o  t h e  problem of e s t i m a t i n g  equi l ibr ium 

d a t a  i n  c l e a r l y  def ined  systems of t h e  type  encountered i n  gas  

e x t r a c t i o n  c a l c u l a t i o n s :  

1. t h e  u s e  of s o l u b i l i t y  parameters  

2. t h e  use  of equat ions  of s t a t e .  

The equat ion  of s ta te  may e i t h e r  be  a p p l i e d  t o  t h e  gas  phase o n l y ,  

i n  which c a s e  one of t h e  s t a n d a r d  a c t i v i t y  c o e f f i c i e n t  c o r r e l a t i o n  

methods i s  a p p l i e d  t o  t h e  l i q u i d  phase, o r  i t  may b e  a p p l i e d  t o  

both  t h e  gas  and l i q u i d  phases .  The f i r s t  of t h e s e  approaches 

s u f f e r s  from t h e  drawback t h a t ,  because d i f f e r e n t  equat ions  are 

used t o  r e p r e s e n t  t h e  two phases ,  t h e  convergence of t h e  behaviour  

of t h e s e  phases  a t  t h e  c r i t i c a l  p o i n t  is d i f f i c u l t  t o  r e p r e s e n t .  

Frequent ly ,  as a r e s u l t ,  erroneous phases  and phase behaviour  are 

p r e d i c t e d  i n  t h e  c r i t i ca l  reg ion  (19) .  This is p a r t i c u l a r l y  

u n f o r t u n a t e  i n  s u p e r c r i t i c a l  gas  e x t r a c t i o n  work s i n c e  b e s t  oper- 

a t i n g  c o n d i t i o n s  are o f t e n  t o  be found around t h i s  reg ion .  I n  

t h e  examples g iven  below, t h e  same equat ion  of s t a t e  has  been 

a p p l i e d  t o  both phases .  Using s t a n d a r d  thermodynamicrelat ionships ,  
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FIGURE 2. Gas chromatographic trace of t h e  e x t r a c t  obtained from 
Burley a i r -cured  tobacco (moisture  conten t  about  10%) 
using carbon d ioxide  a t  35.OoC and 1 2 2  b a r .  

Notes 

(1) The n i c o t i n e  conten t  of t h e  e x t r a c t  i s  low s i n c e  t h e  
l e a v e s  were comparat ively dry.  It is  necessary t o  
i n c r e a s e  t h e  water conten t  of t h e  l e a v e s  t o  a t  least  
25% t o  o b t a i n  s u b s t a n t i a l  e x t r a c t i o n  of t h e  n ico t ine .  

( 2 )  The n-hexadecane w a s  added a r t i f i c i a l l y  and w i l l  
probably have had an  "ent ra in ing"  a c t i o n  on t h e  
neophytadiene. An i n t e r e s t i n g  aspec t  of  gas  ex- 
t r a c t i o n  is t h a t  i t  is p o s s i b l e  t o  o b t a i n  enhanced 
vapour loadings  by us ing  s u i t a b l e  e n t r a i n e r s .  

waxy materials. 

___ 

(3) The unresolved peaks of high molecular  weight are 

( 4 )  The chromatographic c o n d i t i o n s  w e r e  as fo l lows:  

Column: 1.83 m x 0.32 c m  I.D. (6  f t  x 118 inch  I .D. )  
packed w i t h  5% SP-2250 ( a  phenylmethyl s i l i c o n e ,  50% 
phenyl) on Chromosorb W.  

Flow rate: 30 cm3/min of helium. 

Temperature program: 150OC f o r  f i r s t  f i v e  minutes ,  
then  r i s i n g  a t  4OCfmin t o  25OoC. 
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PROBLEMS ASSOCIATED WITH GAS EXTRACTION 129 

t h e  f u g a c i t y  of  every component w a s  c a l c u l a t e d  i n  each phase from 

t h e  volumetr ic  behaviour p r e d i c t e d  by t h e  equat ion  of state,  and 

t h e  condi t ions  f o r  which t h e  f u g a c i t y  of every component w a s  t h e  

s a m e  i n  t h e  gas  phase and i n  t h e  l i q u i d  phase w a s  e s t a b l i s h e d  by 

t r i a l  and e r r o r .  The s o l u b i l i t y  parameter approach (37) as 

p r e s e n t l y  developed i s  only intended t o  provide a q u a l i t a t i v e  ind i -  

c a t i o n  of t h e  types of substances which w i l l  d i s s o l v e  i n  a given 

gas under g iven  condi t ions .  I f  t h i s  approach could b e  shown t o  b e  

r e l i a b l e ,  i t  might b e  very h e l p f u l ,  b u t  more work appears  t o  b e  

requi red  on i t .  

The w e l l  known Redlich-Kwong equat ion  (20) i s  t h e  equat ion  o f  

s ta te  most f r e q u e n t l y  used f o r  phase equi l ibr ium c a l c u l a t i o n s ,  

though i n  adapted forms i n  which t h e  parameters  a 

allowed t o  b e  temperature  dependent. 

and/or  bm are m 

a RT m 

= __ - T1/’V(V+bm) V-bm 

The composition dependence of t h e  parameters  a,,, and bm i s  u s u a l l y  

expressed by t h e  mixing r u l e s  

n 
and b, = x i b i  

i= 1 
( 3 )  

(xi is  t h e  mole f r a c t i o n  of component i i n  t h e  f l u i d  phase consid- 

ered and l i j  i s  t h e  i n t e r a c t i o n  parameter :  

lI1 = 122 = ... lnn = 0) .  Many o t h e r  equat ions  of s ta te  provide 

a b e t t e r  r e p r e s e n t a t i o n  of experimental  d a t a  f o r  t h e  volumetr ic  

behaviour of f l u i d  mixtures  than  does t h e  Redlich-Kwong equat ion .  

However no equat ion  of s t a t e  has  conclus ive ly  been shown t o  b e  any 
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130 K I N G  AKD BOTT 

b e t t e r  f o r  t h e  pu rpose  of phase  e q u i l i b r i u m  c a l c u l a t i o n s  of t h e  

t y p e  c o n s i d e r e d  h e r e  i n  non p o l a r  sys t ems .  The r e a s o n  f o r  t h i s  i s  

not  . d t o g e t h e r  c l e a r  b u t  may b e  connec ted  w i t h  t h e  f a c t  t h a t  t h e  

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

imp1 ies an i n t e g r a t i o n  of t h e  p a r t i a l  molar  volume a l o n g  an isotherm 

whirl1 p a s s e s  from t h e  g a s  phase  t o  t h e  l i q u i d  phase  th rough  meta- 

s t a b l e  and u n s t a b l e  r e g i o n s .  I n  t h e s e  r e g i o n s  no e x p e r i m e n t a l  d a t a  

a r e  , i v a i l a b l e  f o r  comparison and i t  may w e l l  b e  i n  t h e  r ep resen -  

t a t  i o n  of t h e s e  r e g i o n s  t h a t  t h e  Redlich-Kwong e q u a t i o n  i s  s u p e r i o r .  

11' b22' a22,  ... a and ti The pure  component p a r a m e t e r s  a l l ,  nn 
. . . ?inn r e q u i r e d  i n  Equa t ions  ( 2 )  and (3)  may b e  c a l c u l a t e d  from 

the l i q u i d  molar  volume and  vapour  p r e s s u r e  o f  each component a t  

Lhe t e m p e r a t u r e  of i n t e r e s t  u s i n g  a method proposed by 7udkev i t ch  

and l i ;  co-workers ( 2 1 ) .  A d i f f i c u l t y  i n  a p p l y i n g  t h e i r  method t o  

sys t ems  encoun te red  i n  g a s  e x t r a c t i o n  c a l c u l a t i o n s  i s  t h a t  many of 

the  fomponents  t o  b e  e x t r a c t e d  are of v e r y  low v o l a t i l i t y  and 

v a p o i r  p r e s s u r e  d a t a  a r e  n o t  a v a i l a b l e  f o r  them. A s  p a r t  of t h e  

p r e s t  nt work a conven ien t  thermodynamic method h a s  been  developed 

f o r  c x t r a p o l a t i n g  vaponr  p r e s s u r e  d a t a  t o  lower  t e m p e r a t u r e s  u s i n g  

heat c a p a c i t y  d a t a  (22,23)  and t h i s  method w a s  a p p l i e d  t o  hexadecane 

i n  one  of  t h e  examples below. 

A t  t h e  c r i t i c a l  t e m p e r a t u r e  of  a component, a and b may b e  

c a l c u l ~ i t e d  from t h e  e x p r e s s i o n s  

These s o - c a l l e d  " u n i v e r s a l  v a l u e s ' '  a r e  no rma l ly  used a t  temperatures  

a t  or above t h e  c r i t i c a l  t e m p e r a t u r e  of  a g i v e n  component. Corre-  
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PROBLEMS ASSOCIATED WITH GAS EXTRACTION 131 

l a t i o n s  g iv ing  a and/or  b as f u n c t i o n s  of temperature  e x i s t  and are 

u s e f u l  under c o n d i t i o n s  where Zudkevi tch 's  method cannot  b e  used.  

Soave 's  c o r r e l a t i o n  ( 2 4 )  i s  t y p i c a l  and is used i n  one of t h e  ex- 

amples below. I n  t h i s  c o r r e l a t i o n ,  b i s  t h e  u n i v e r s a l  v a l u e  g iven  

by E q .  (5) .  The parameter  a i s  given as a f u n c t i o n  of reduced 

tempera ture  and a c e n t r i c  f a c t o r  by t h e  express ions  

2 
and m = 0.480 + 1 . 5 7 4 ~  - 0 . 1 7 6 ~  

T is t h e  reduced tempera ture  and w t h e  a c e n t r i c  f a c t o r .  Soave's 

c o r r e l a t i o n  does not  extend t o  subs tances  with a c e n t r i c  f a c t o r s  

h i g h e r  t h a n  t h a t  of decane and i t  cannot be  used f o r  subs tances  

whose c r i t i c a l  c o n s t a n t s  are not  known. Under t h e s e  circumstances 

c o r r e l a t i o n s  of  Hederer, Peter and Wenzel ( 2 5 )  and of Brunner ( 2 6 ,  

27)  are u s e f u l .  

I n  view of i ts  s i m p l i c i t y  t h e  Redlich-Kwong equat ion  does 

work s u r p r i s i n g l y  w e l l  w i t h  complex systems,  though whether i t  i s  

q u i t e  good enough with t h e  v e r y  complex systems encountered i n  gas  

e x t r a c t i o n  work i s  perhaps deba tab le .  The accuracy of f i t  (and of 

p r e d i c t i o n )  which can b e  obta ined  wi th  moderately complex systems 

(when t h e  necessary  parameters  can b e  eva lua ted)  i s  i l l u s t r a t e d  i n  

t h e  fo l lowing  examples. 

F ig .  3 (28 )  shows t h e  f i t  ob ta ined  t o  d a t a  f o r  t h e  system 

e t h y l e n e / t o l u e n e  a t  73.5OC w i t h  112 = 0 and v a l u e s  of a and b 

obta ined  from pure  component d a t a  ( u n i v e r s a l  v a l u e s  i n  t h e  c a s e  of 

carbon d i o x i d e  and v a l u e s  c a l c u l a t e d  from vapour p r e s s u r e  a n d l i q u i d  
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FIGURE 3. Pressure-composi t ion diagram f o r  t h e  system e t h y l e n e l  
to luene  a t  73.5%. 

The f u l l  and broken curves have been p r e d i c t e d  us ing  t h e  
Redlich-Kwong equat ion  w i t h  L12 = 0.0 and 0.04 respec- 
t i v e l y  (according t o  t h i s  equat ion  

p = - - - -  RT a 
V-b T%V(V+b) 

2 a1 + x2 2 a2 + 2x x ( a  a )'(I - L ~ ~ )  
1 2  1 2  where a = x 

and b = x b + x b ) .  

(Reprinted w i t h  permission of t h e  E d i t o r s  of t h e  
Birmingham Univers i ty  Chemical Engineer . )  

1 1  2 2  
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volume a t  73.5OC i n  t h e  c a s e  of  t o l u e n e ) .  

b e t t e r e d .  Fig.  4 (29) shows t h e  f i t  ob ta ined  f o r  t h e  system carbon 

dioxideln-hexadecane a t  6OoC, u s i n g  a and b v a l u e s  o b t a i n e d  as i n  

t h e  prev ious  example; 112 is  h e r e  0.08. I n  t h i s  c a s e  t h e  f i t  ob- 

t a i n e d  us ing  t h e  method developed by L e e  and Kesler (30) and by 

J o f f e  (31) ( i n c o r p o r a t i n g  t h e  g e n e r a l i s e d  mixing r u l e  of P locker ,  

Knapp and P r a u s n i t z  (32)) i s  a l s o  shown. This  method is  based on 

t h e  Benedict ,  Webb and Ruben equat ion  of state (33). It is clear 

t h a t  t h e  Redlich-Kwong equat ion  f i t s  t h e  d a t a  b e t t e r .  A s i m i l a r l y  

c l o s e  f i t  can b e  o b t a i n e d  f o r  t h e  system carbon d ioxidefd iphenyl -  

methane a t  6OoC, w i t h  112 = 0.07. Having e s t a b l i s h e d  112 f o r  two 

of t h e  c o n s t i t u e n t  b i n a r y  sys tems,  a n  a t tempt  may b e  made t o p r e d i c t  

t h e  " r e l a t i v e  v o l a t i l i t y "  of  diphenylmethane t o  n-hexadecane i n  t h e  

t e r n a r y  system carbon dioxidefn-hexadecaneldiphenylmethane. (The 

r e l a t i v e  v o l a t i l i t y  of diphenylmethane i s  h e r e  def ined  as 

The f i t  could h a r d l y  b e  

1 =  
DPM X 

1 
X~~~ = 

mole f r a c t i o n  of diphenylmethane on a C02 - 
f r e e  b a s i s  i n  vapour phase 

mole f r a c t i o n  of hexadecane on a C02 - f r e e  

b a s i s  i n  vapour phase 

mole f r a c t i o n  of diphenylmethane on a CO - 
2 

f r e e  b a s i s  i n  l i q u i d  phase 

mole f r a c t i o n  of hexadecane on a C02 - f r e e  

b a s i s  i n  t h e  l i q u i d  phase) 

It is s e e n  from Fig .  5 t h a t  t h e  exper imenta l  and p r e d i c t e d  

r e l a t i v e  v o l a t i l i t i e s  are i n  reasonable  agreement, though a n  a r b i -  

t r a r y  v a l u e  of 0.03 had t o  be  a s c r i b e d  t o  t h e  i n t e r a c t i o n  parameter  

i n  t h e  n-hexadecanefdiphenylmethane system. 

It i s  a l s o  p o s s i b l e  t o  p r e d i c t  and c o l l a t e  d a t a  f o r  t h e  so lu-  

b i l i t y  of s o l i d s  i n  gases  by apply ing  t h e  Redlich-Kwong equat ion  t o  

t h e  gas  phase. It is seen from Fig .  6 t h a t  t h e  d a t a  f o r  t h e  system 
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136 K I N G  AND BOTT 

FIGURE 6. The s o l u b i l i t y  of  n a p h t h a l e n e  i n  compressed ca rbon  
d i o x i d e  a t  35OC compared w i t h  v a l u e s  p r e d i c t e d  by t h e  
Redlich-Kwong e q u a t i o n  w i t h  a and b g i v e n  by Soave ' s  
c o r r e l a t i o n .  
d e s c r i b e d  i n  a n  accompanying pape r  (38). 

The work on  which t h i s  f i g u r e  i s  based i s  

carbon d i o x i d e / n a p h t h a l e n e  a t  35.OoC can be  c o l l a t e d  q u i t e  w e l l  wi th  

l I 2  = 0.0976 ( 3 4 ) .  

3 . 2  Other  Problems i n  t h e  Design and 
C o n s t r u c t i o n  of a n  E x t r a c t i o n  Un i t  

So f a r  on ly  one a s p e c t  of t h e  d e s i g n  h a s  been  c o n s i d e r e d ;  t h e r e  

Those of a commercial n a t u r e a r e  

-_ 

a r e  o t h e r  problems t o  b e  overcome. 

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



PROBLEMS ASSOCIATED WITH GAS EXTRACTION 137 

cons idered  i n  S e c t i o n  4 ,  but  t h e r e  are o t h e r s ,  some of which are 

l i s t e d  below: 

(1) Handling of s o l i d s .  I n  t h e  ear l ier  s e c t i o n  i t  w a s  s t a t e d  

t h a t  one of  t h e  important  c h a r a c t e r i s t i c s  of compressed s u p e r c r i t -  

i ca l  gases  w a s  t h e i r  good powers of p e n e t r a t i o n  i n t o  s o l i d s .  It i s  

i n  t h e  e x t r a c t i o n  of s o l i d s ,  t h e r e f o r e ,  t h a t  one p o t e n t i a l  a p p l i -  

c a t i o n  of t h e  process  l i e s .  Unfor tuna te ly ,  i t  i s  very  d i f f i c u l t  t o  

i n t r o d u c e  s o l i d  material i n t o  a h igh  p r e s s u r e  r e g i o n  and t h e n  t o  

remove i t  wi thout  i n c u r r i n g  a s u b s t a n t i a l  l o s s  of t h e  h i g h  p r e s s u r e  

gas .  (The u s u a l  approach which i s  fol lowed,  f o r  i n s t a n c e  i n  t h e  

p r e s s u r e  g a s i f i c a t i o n  of c o a l ,  involves  t h e  use  of lock-hoppers. 

When comparat ively h igh-boi l ing  s o l v e n t s  (such as to luene)  are 

used,  t h e  most favourable  approach i s  probably t o  form a s l u r r y  

between t h e  s o l v e n t  and t h e  s o l i d  a t  a s u b c r i t i c a l  t empera ture  and 

normal p r e s s u r e  and t o  i n j e c t  t h i s  s l u r r y  i n t o  t h e  high p r e s s u r e  

reg ion .  The stream of  p r e s s u r i s e d  s l u r r y  i s  then hea ted  t o  t h e  

e x t r a c t i o n  temperature .  This  technique  is employed by t h e  Nat iona l  

Coal Board ( 3 5 ) .  

( 2 )  Development of  a n  ex t rac t - recovery  system which does not  

i n c u r  s u b s t a n t i a l  energy l o s s .  One method of recovery is t o  lower 

t h e  pressure :  t h e  energy l o s s  on r a i s i n g  t h e  p r e s s u r e  of t h e  re- 

cycled gas  can then  be recovered t o  some e x t e n t  by c a r r y i n g  o u t  t h e  

i n i t i a l  expansion through d t u r b i n e .  Problems could r e s u l t  from 

t h i s  arrangement ,  however, s i n c e  t h e  d e p o s i t  of s o l u t e  and t h e  

p o s s i b l e  presence  of l i q u i d  d r o p l e t s  could produce s e v e r e  e r o s i o n .  

A l t e r n a t i v e  techniques  which have been t r i e d  are ( a )  a d s o r p t i o n  i n  

a f i x e d  bed, (b)  washing t h e  g a s  w i t h  a s u b c r i t i c a l  l i q u i d  s o l v e n t ,  

and (c )  p r e c i p i t a t i n g  t h e  s o l u t e  by a change i n  temperature .  These 

t h r e e  a l t e r n a t i v e s  do not involve  e x t e n s i v e  p r e s s u r e  changes. 

(3) Pump design.  Problems a s s o c i a t e d  w i t h  t h e  pumping of 

gases  near c r i t i c a l  c o n d i t i o n s  are w e l l  known t o  engineers  wjo are 

r e q u i r e d  t o  work w i t h  t h e s e  c o n d i t i o n s .  

r e l a t i v e l y  high p r e s s u r e  and p r e s s u r e  g r a d i e n t s  w i t h i n  t h e  pump 

The combined e f f e c t s  of 
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138 KING AND BOTT 

5ystem can  le,ad t o  e a r l y  pump component f a i l u r e .  These d i f E i c u l t i e s  

may h e  a t t r i b u t e d  t o  t h e  s u b s t a n t i a l  changes  i n  the p h y s i c a l  prop- 

c r t i e i  accompanying p r e s s u r e  changes  near t h e  c r i t i c a l  p o i n t .  

( i t )  @LKrials o f  c o n s t r u c t i o n .  In c e r t a i n  p r o c e s s e s ,  t h e  

i ieces5ary c h o i c e  of s o l v e n t  r e q u i r e s  a r e l a t i v e l y  h i g h  t e m p e r a t u r e .  

l h i s  1'; t h e  s i t u a t i o n ,  f o r  example,  when u s i n g  a complex s o l v e n t  t o  

c x t r a i  I c o a l  s u b s t a n c e .  Ea r l i e r ,  t r i m e t h y l b e n z e n e  and t e t r a m e t h y l -  

benzene were c i t e d  as  s u i t a b l e  s o l v e n t s  f o r  tar s a n d s  and o i l  s h a l e  

a t  around 4 5 O o C  and between 70 and 200 b a r .  Such c o n d i t i o n s  demand 

1 h i g h  q u a l i t y  mater ia l  of  c o n s t r u c t i o n ;  even  so,  t h e  vesse l  w a l l  

t i i icknixss r e q u i r e d  t o  w i t h s t a n d  t h e  severe c o n d i t i o n s  c o u l d  h e  

e x t r  e i iwly l a r g e .  S p e c i a l  f a b r i c a t i o n  and c a r e f u l  examina t ion  

t e c h n i q u e s  would b e  r e q u i r e d  and t h e s e  v e s s e l s  would b e  e x p e n s i v e .  

( 5 )  S a f e t y  problems.  The d e s i g n  o f  equipment t o  o p e r a t e  a t  

elevated p r e s s u r e s  r e q u i r e s  care. A p p l i c a t i o n s  of  g a s  e x t r a c t i o n  

i n  t hc  food i n d u s t r y  s h o u l d  p r e s e n t  less d i f f i c u l t y  t h a n  i n  t h e  

(oal i n d u s t r y  s i n c e  t h e  e x t r a c t i o n  t e m p e r a t u r e  i s  low. However, 

.it t h e  h i g h e r  t e m p e r a t u r e s  r e q u i r e d  i n  t h e  e x t r a c t i o n  of c o a l  and 

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

.ind g1,nd mater ia l s  f o r  v a l v e s  w i l l  p r e s e n t  d i f f i c u l t i e s .  1 t 

~ l iou lc l  b e  p o i n t e d  o u t  that  t h e r e  is  a lways  a r i s k  i n  o p e r a t j n g  w i t h  

gases c+t h i g h  p r e s s u r e s  o r  w i t h  l i q u i d s  a t  p r e s s u r e s  o n l y  s l i g h t l y  

below t h e  c r i t i c a l  p r e s s u r e  s ince,  i n  t h e  e v e n t  of  f a i l u r e ,  each 

t~ l emen t  of  f l u i d  is c a p a b l e  of a v e r y  c o n s i d e r a b l e  d e g r e e  of ex- 

pansioi . 
( 6 )  C o n t a m i n a t i o n  problems.  As i n  o t h e r  e x t r a c t i o n  p r o c e s s e s  

t h e r e  is a d a n g e r  t h a t  t h e  materials used  t o  e x t r a c t  t h e  p r o d u c t  m a y  

c o n t a m i n a t e  t h e  p r o d u c t .  Con tamina t ion  by a n  e x t r a c t i n g  g a s ,  s u c h  

'17 ca rhon  d i o x i d e  or by  i m p u r i t i e s  i n  i t ,  i s  u n l i k e l y  i n  g a s  ex- 

t r a c t i m  and t h e  p r o c e s s  i s  s u p e r i o r  t o  normal  l i q u i d  e x t r a c t i o n  i n  

th is  r t g a r d .  However, t h e  u s e  of e n t r a i n e r s  c o u l d  produce problems.  

7 )  C o n t r o l  problems.  The need f o r  c o r r e c t  p r e s s u r e  and t e m -  

p e r a t u r e  programming of e x t r a c t i o n  p r o c e s s e s  c a n n o t  b e  over s t r e s sed .  
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(8) P o s s i b l e  d i f f i c u l t i e s  i n  g a i n i n g  a c c e p t a n c e  f o r  a p r o c e s s  

i n v o l v i n g  e l e v a t e d  p r e s s u r e s  in-industries n o t  accustomed t o  h igh  

p r e s s u r e  p r o c e s s e s .  I n  some i n d u s t r i e s ,  e.g. ,  t h e  ammonia manfac- 

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

technology i s  w e l l  unde r s tood  and p r e s e n t s  l i t t l e  d i f f i c u l t y  i n  

o p e r a t i o n  a l t h o u g h  a d e q u a t e  s a f e t y  p r e c a u t i o n s  a r e  i m p e r a t i v e .  I n  

o t h e r  i n d u s t r i e s ,  such as food p r o c e s s i n g ,  t h e  u s e  of h i g h  p r e s s u r e  

is q u i t e  a l i e n  and cou ld  l e a d  t o  o p e r a t i n g  and s a f e t y  problems. I t  

i s  r ecogn i sed ,  however, t h a t  even i n  t h e  food i n d u s t r y ,  t h e  u s e  of 

h i g h  p r e s s u r e  s t eam f o r  s t e r i l i s i n g  pu rposes  i s  q u i t e  common. 

4 .  COMMERCIAL PROBLEMS ASSOCIATED WITH THE PROCESS 

4 . 1  P a t e n t  Problems 

In many un ique  and d i f f i c u l t  p r o c e s s e s  t h e r e  is  a tendency t o  

u s e  P a t e n t  Laws as a p r o t e c t i o n  a g a i n s t  c o m p e t i t i o n .  Of t en  a p p l i -  

c a t i o n s  f o r  p a t e n t s  are made on t h e  v e r y  minimum of ev idence  i n  

o r d e r  t o  r e s e r v e  a commercial p o s i t i o n .  Tab le s  1 t o  3 ,  which g i v e  

only a r e l a t i v e l y  s m a l l  number of p a t e n t s ,  are s u f f i c i e n t  ev idence  

t o  i n d i c a t e  t h e  d i f f i c u l t y  w i t h  which a p o t e n t i a l  u s e r  of  t h e p r o -  

c e s s  i s  f aced .  The morass  of  p a t e n t s  i n  t h e  f i e l d  makes i t  ex- 

t r e m e l y  d i f f i c u l t  t o  de t e rmine  i f  i n f r ingemen t  i s  l i k e l y  i n  a 

p a r t i c u l a r  a p p l i c a t i o n .  The s i t u a t i o n ,  u n f o r t u n a t e l y ,  i s  l i k e l y  t o  

restrict  t h e  development of commercial  p r o c e s s e s .  

L i c e n s i n g  of  p r o c e s s e s  through p a t e n t  p r o t e c t i o n  may i n v o l v e  

a d d i t i o n a l ,  and sometimes h i g h ,  c o s t s .  

4 . 2  C a p i t a l  Cos t s  

High p r e s s u r e  p r o c e s s  p l a n t s  are n o t  cheap. The a d d i t i o n a l r e -  

qu i r emen t s  of t h e  s u p e r c r i t i c a l  gas  e x t r a c t i o n  p r o c e s s  a l r e a d y  de- 

s c r i b e d  make t h e  p r o c e s s  v e r y  h i g h l y  c a p i t a l  i n t e n s i v e .  The t ech -  

n i c a l  problems,  u n l e s s  e x t e n s i v e  r e s e a r c h  h a s  been c a r r i e d  o u t , m a k e  

c a p i t a l  i nves tmen t  a h i g h  r i s k .  
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140 KING AND BOTT 

4 . 3  q p e r a t i n g  C o s t s  

The need i n  some i n s t a n c e s ,  as i n  t h e  c o a l  i n d u s t r y ,  f o r  t h e  

me of h i g h  t e m p e r a t u r e s  coup led  w i t h  t h e  o t h e r  o p e r a t i n g  d i f f i -  

c u l t i e s  s u g g e s t s  t h a t  p l a n t  ma in tenance  c o s t s  w i l l  b e  h i g h .  The 

iise o f  h i g h  p r e s s u r e  may a l s o  r e s u l t  i n  e x c e s s i v e  o p e r a t i n g  c o s t s  

u n l e s s  ene rgy  r ecove ry  c a n  b e  e f f e c t i v e l y  p r a c t i s e d .  

'1.4 Scale Up Problems 

The problems a l r e a d y  n o t e d  i n  c o n n e c t i o n  w i t h  d e s i g n  are em- 

p h a s i s e d  i n  s ca l e  up o p e r a t i o n s .  E m p i r i c a l  d a t a  o b t a i n e d  on a 

small *:tale are e x t r e m e l y  d i f f i c u l t  t o  t rans la te  i n t o  f u l l  s c a l e  

o p e r a t i o n .  The r e a s o n  f o r  t h i s  d i f f i c u l t y  i s  t h e  l a c k  of under- 

s t a n d i n g  of  t h e  mechanisms g o v e r n i n g  t h e  ra te  p r o c e s s e s  i n  t h e  

e x t  ract- ion p r o c e s s .  

The u n c e r t a i n t y  o f  b e i n g  a b l e  t o  "scale up" from l a b o r a t o r y  

t y p e  expe r imen t s  makes i t  a l m o s t  cer ta in  t h a t  p i l o t  p l a n t  d a t a  

would b e  r e q u i r e d  t o  r e d u c e  t h e  r i s k  a s s o c i a t e d  w i t h  t h e  h i g h  

r a p i t a t  c o s t  ment ioned i n  S e c t i o n  4 . 2 .  The u s e  of p i l o t  equipment 

r e p r e s e n t s  f u r t h e r  e x t e n s i v e  c o s t s  and an i n e v i t a b l e  d e l a y  i n  t h e  

commissioning o f  t h e  commercial  p r o c e s s .  

5 .  EXPERIMENTAL APPARATUS ___ __ 
For t h e  r e a s o n s  o u t l i n e d  a t  t h e  b e g i n n i n g  of S e c t i o n  3, we 

have ,  ,%t Birmingham, c a r r i e d  out b o t h  p h a s e  e q u i l i b r i u m  determina-  

l i o n s  and column tes t s .  

The e s s e n t i a l  d e t a i l s  of  t h e  column which we u s e  and i ts  f l o w  

diagram are shown i n  F i g .  1. It was d e s i g n e d  and  b u i l t  t o  o p e r a t e  

a t  a p r e s s u r e  o f  up  t o  110 b a r  (1600 p s i g )  and  abou t  15OoC maximum. 

' ihe  volume o f  t h e  s t i l l  ( a u t o c l a v e )  w a s  4 . 5  l i t res  and t h e  known 

c h a r g e  f o r  e x p e r i m e n t a l  work w a s  of t he  o r d e r  of  500-600 mL ( r e l a -  

L i v e l y  small samples  were used t o  r e d u c e  t h e  p o s s i b i l i t y  of p h y s i c a l  

e n t r a i n m e n t ) .  
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PROBLEMS ASSOCIATED WITH GAS EXTRACTION 141 

The c o n t r o l  p a r t  of t h e  equipment c o n s i s t s  of a s u p e r c r i t i c a l  

packed s e p a r a t i o n  column ( s t a i n l e s s  s tee l  Knitmesh, 2.54 cm I . D . ) .  

The t o p  product  from t h i s  p a s s e s  through a p r e s s u r e  reducing v a l v e  

t o  t h e  r e c e i v e r .  Components depos i ted  i n  t h i s  r e c e i v e r  are  p a r t l y  

removed as product  and p a r t l y  r e f l u x e d .  The carbon d i o x i d e  from 

t h e  t o p  of t h e  r e c e i v e r  passes  t o  t h e  l i q u e f a c t i o n ,  s t o r a g e  and 

pumping u n i t  from which i t  r e t u r n s  ( a f t e r  v a p o u r i s a t i o n  i n  a h e a t e d  

s t a i n l e s s  steel  c o i l )  t o  t h e  b a s e  of  t h e  s t i l l .  The p r e s s u r e  i s  

genera ted  by two diaphragm pump heads which pump l i q u i d  carbon 

d ioxide .  These heads a r e  p laced  i n  a deep f r e e z e  u n i t  and are 

h y d r a u l i c a l l y  a c t u a t e d  by a heavy mechanism o u t s i d e  t h e  f r e e z i n g  

c a b i n e t .  Some of t h e  components i n  t h e  l i q u i d  charge  t o  t h e  s t i l l  

( d u r i n g  t h e  e n r i c h i n g  mode of o p e r a t i o n )  o r  i n  t h e  charge  pumped 

i n t o  t h e  head of t h e  column w i t h  subsequent  t r i c k l i n g  down t h e  

packing counter -cur ren t ly  (dur ing  t h e  s t r i p p i n g  mode of o p e r a t i o n )  

are s e l e c t i v e l y  d i s s o l v e d  i n  t h e  carbon d i o x i d e  stream r i s i n g  up 

t h e  column. The loaded carbon d i o x i d e  is p a r t l y  cooled down dur ing  

i t s  passage through t h e  p r e s s u r e  reducing v a l v e ,  where t h e  p r e s s u r e  

is reduced t o  one-half o r  one- th i rd .  The p r e s s u r e  c o n t r o l l e r  and 

t h e  l i n e  downstream are e l e c t r i c a l l y  h e a t e d  t o  prevent  t h e i r  

f r e e z i n g  and blocking dur ing  t h e  expansion of carbon d ioxide .  

low p r e s s u r e  carbon d i o x i d e  then  e n t e r s  t h e  r e c e i v e r  (a  p r e s s u r e  

s i g h t - g l a s s ,  o r  l a te r  a s t a i n l e s s  s teel  p i p e )  where t h e  s e p a r a t i o n  

of t h e  d i s s o l v e d  components should  b e  completed ( s e p a r a t i o n  begins  

i n  t h e  column head and cont inues  i n  t h e  t o p  l i n e  b e f o r e  e n t e r i n g  

t h e  r e c e i v e r ) .  The t o p  product  is  withdrawn as i t  accumulates i n  

t h e  r e c e i v e r  o r  is p a r t l y  r e t u r n e d  as a r e f l u x  t o  t h e  column head 

by means of a r e f l u x  pump. Carbon d ioxide ,  c o n t a i n i n g  d r o p l e t s  

and traces of d i s s o l v e d  components, is then l e d  t o  t h e  demis te r  ( a  

t u b e  packed w i t h  KnitMesh) and a carbon scrubber  f o r  p u r i f i c a t i o n  

b e f o r e  i t  e n t e r s  t h e  l i q u e f a c t i o n  c o i l  and t h e  r e s e r v o i r  of t h e  

l i q u i d  carbon d ioxide  i n  t h e  deep f r e e z e  u n i t .  Balancing t h e  feed- 

ra te  of t h e  f r e s h  carbon d i o x i d e  and t h e  withdrawal  ra te  of t h e  

scrubbed carbon d i o x i d e  f o r  l i q u e f a c t i o n  is a d e l i c a t e  o p e r a t i o n  

The 
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142 KING AND BOTT 

which d e t e r m i n e s  t h e  a c t u a l  f l o w r a t e  of carbon d i o x i d e  through t h e  

column. T h i s  f l o w r a t e  v a r i e d  from abou t  10 t o  100 mL of l i q u i d  

carbon d i o x i d e  p e r  minu te .  D i f f i c u l t i e s  o f  c o n t r o l  can  ar ise  due 

t o  t h e  ina l func t ion ing  of t h e  ca rbon  d i o x i d e  pump which i s  o p e r a t i n g  

under a d v e r s e  c o n d i t i o n s .  

'>ampling p o i n t s  w e r e  p rov ided  a t  t h e  c e n t r e  and  a t  t h e  t o p  of 

t h e  column € o r  d i r e c t  micro-sampling.  The microsamples  wereallowed 

t o  f low o u t  t h rough  p o r t s  i n  t h e  equipment and d i s s o l v e d  i n  a 

s u i t a b l e  o r g a n i c  s o l v e n t .  A n a l y s i s  w a s  e i t h e r  by TLC o r  GLC 

t e c h n i q u e s  i n  a n o t h e r  l a b o r a t o r y .  D i r e c t  s p o t t i n g  of a t h i n  l a y e r  

ch romatograph ic  p l a t e  ( a s  s u g g e s t e d  by S t a h l )  h a s  a l s o  been at-  

tempted.  A f t e r  some i n i t i a l  d i f f i c u l t i e s  t h e s e  tests w e r e  found t o  

be v a l u a b l e  s i n c e  t h e y  i n d i c a t e d  t h e  components (and unknowns) i n  

a g iven  sample.  

I n  some of o u r  work we have  i n v e s t i g a t e d  t h e  p o s s i b i l i t y  of 

removing t h e  product  from t h e  g a s  stream u s i n g  a d s o r p t i o n  columns. 

{lie equipment used  i n  t h i s  work is shown i n  F i g .  7 .  

inc a p p a r a t u s  was des igned  t o  o p e r a t e  a t  up t o  100°C and 140 

Ijar (2300 p s i g )  max. The e x t r a c t i o n  u n i t  c o n s i s t e d  of a p r e s s u r e  

Iced vessel h o l d i n g  7 l i t res  o f  l i q u i d ,  a p r e h e a t e r ,  a h o t - a i r  

Imth c o n t a i n i n g  a t e m p e r a t u r e  e q u i l i b r a t i n g  c o i l  w i t h  t h e  e x t r a c t o r  

(and cnrbon columns, i f  u s e d ) ,  a c o o l e r ,  a s p l i t - f l o w  doub le  v a l v e ,  

1 .;ampling a r r angemen t  (made o f  g l a s s )  and t h e  L C  d e t e c t o r  f o r  

rqoni tor ing of t h e  c o n c e n t r a t i o n  o f  t h e  e x t r a c t .  

iao t y p e s  of e x t r a c t i o n  v e s s e l  were used i n  t h e  expe r imen t s .  

lhe l a r g e r  v e s s e l  ( a p p r o x i m a t e l y  1.5 l i t r e s ) ,  a n  a u t o c l a v e ,  w a s  

o r i g i n a l l y  used f o r  t h e  e x t r a c t i o n  o f  l i q u i d s  and l a t e r  mod i f i ed  t o  

reduce ~ t s  volume s o  t h a t  s m a l l e r  samples  i n t r o d u c e d / c o n t a i n e d  i n  

-,ome f ~ i m  of r y l i n d r i c a l  c a r t r i d g e  cou ld  b e  e x t r a c t e d ;  t h e  cup 

~ r t r i l p e  (wi th  8 cups ,  each  approx ima te ly  1.5 mL, on a c e n t r a l  

3tern) was used  € o r  s o f t  s o l i d s  and l i q u i d s ;  a s t a t i c  bed e x t r a c t o r  

, ) f  76  nT c a p a c i t y  w a s  used f o r  h igh -me l t ing  s o l i d s .  A s m a l l t u b u l a r  
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144 K I N G  AND BOTT 

e x t r a c t o r  made from a 20 mm I.D. s t a i n l e s s  steel  t u b e  23 cm l o n g  

was used i n  l a t e r  t es t  r u n s ,  i t s  e x t r a c t i o n  volume b e i n g  18 mL. 

l i e  two ca rbon  a d s o r p t i o n  columns w e r e  o f  15 mm 1 . D .  p i p e  25cm 

.rnJ 1 2  cm long r e s p e c t i v e l y .  The pu rpose  of t h e  columns (which were 

packed a i t h  commercial ly  a v a i l a b l e  a c t i v a t e d  ca rbon)  was t o  e f f e c t  

p a r ~ i a l  s e p a r a t i o n  o f  t h e  e x t r a c t .  The adso rbed  material w a s  

‘;epar,iccly a n a l y s e d .  

Continuous sampl ing  and m o n i t o r i n g  o f  t h e  e x t r a c t  concen t r a t ion  

was a r l i i eved  u s i n g  a l i q u i d  chromatograph d e t e c t o r  (PYE System 2 

w i t h  a I ’ ID d e t e c t o r ) .  

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

d u r i n g  t h e  e x t r a c t i o n  i n  t h e  c r i t i c a l  r e g i o n  was developed in t h e  

form ( 3 -  a heat and p r e s s u r e - r e s i s t a n t  Ce r l -P lane r  s t r a i n  gauge, 

lwsed  on a micro a i r - c a p a c i t o r .  The s t r a i n  gauge was a t t a c h e d  t o  

L 2.511 cm (1 i nch )  OD p l u g  t o  f i t  i n  t h e  2.54  cm (1 i n c h )  p o r t  of 

the l a r g e  e x t r a c t o r .  Its normal c a p a c i t a n c e  w a s  1 pF (measured t o  

10 pl: by t h e  Wayne-Kerr U n i v e r s a l  B r i d g e  and r e c o r d e d ) .  -3 

6. EQUILIBRIUM DETERMINATIONS ________ 

\he equipment which is at p r e s e n t  u s e d  f a r  f l u i d  sys t ems  is 

c,hown i n  F i g .  8. Some of  ou r  ear l ier  work ( i n c l u d i n g  t h a t  vn t h e  

< t h y l e n e f t o l u e n e  sys t em shown i n  F i g .  3) was c a r r i e d  o u t  u s i n g  a 

s t a t i c  ce l l  w i t h  i n t e r n a l  s t irrer.  In t h i s  equipment ,  which i s  t o  

be d e s c r i b e d  i n  d e t a i l  i n  a n o t h e r  p u b l i c a t i o n ,  p r e s s u r e  was 

niaintnined c o n s t a n t  d u r i n g  sampling by mercury i n j e c t i o n .  

i n  t h e  equipment shown i n  F ig .  8,  t h e  vapour  phase  i s  r e c i r -  

r ulatcci  t h rough  t h e  l i q u i d  phase  c o n t a i n e d  i n  t h e  a u t o c l a v e  u n t i l  

c q u i l i k r i u m  h a s  been  a c h i e v e d  u n d e r  c o n t r o l l e d  c o n d i t i o n s  of t e m -  

p e r a t u r e  and p r e s s u r e .  Samples o f  t h e  vapour  and l i q u i d  phases  are 

then va lved  o f f  i n  sample bombs and t h e  c o n t e n t s  are a n a l y s e d .  

During t h e  a n a l y s i s  process t h e  c o n t e n t s  of t h e  sample bombs are 
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Pressure 
gauge  

To manometer 

condensers 
Gas f l ow  _jtL 

Liquid f l o w  __tc 

vessel 

FIGURE 8. Equipment used f o r  e q u i l i b r i u m  de termina t ions  i n  f l u i d  
syspems. 

a l lowed t o  expand g e n t l y  i n t o  p r e v i o u s l y  evacuated g l a s s  sampling 

vessels, which are placed immediately beneath t h e  bombs, and 

thence  i n t o  evacuated m e t a l  expansion vessels of known volume(34.34 

dm 

of t h e  l i q u i d  sample bomb). 

c i a b l e  v o l a t i l i t y ,  t h e  sampling vessels are cooled by immersion i n  

a s u i t a b l e  f r e e z i n g  mixture .  

weight)  of t h e  l i g h t e s t  component, i . e . ,  of t h e  e x t r a c t i n g  gas ,  

p r e s e n t  i n  each sample bomb is c a l c u l a t e d  f rom t h e  p r e s s u r e  rise i n  

t h e  expansion system dur ing  t h e  expansion process .  

3 i n  t h e  c a s e  of t h e  vapour sample bomb and 6.46 dm3 i n  t h e  case 

I f  t h e  e x t r a c t e d  material h a s  appre- 

The number of moles (and hence,  t h e  

During t h i s  
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146 K I N G  AND BOTT 

p rocess  t h e  m a t e r i a l  which was i n t i t i a l l y  i n  s o l u t i o n  i n  t h e  com- 

p r e s s e d  g a s  is d e p o s i t e d  a t  and around t h e  v a l v e s  immediately below 

t h e  Tanple  bombs and a l s o  more g e n e r a l l y  w i t h i n  t h e  sampl ing  bomb 

and connec t ing  p i p i n g .  Some o f  t h i s  "heavy" m a t e r i a l  i s  c a r r i e d  

down i n  t h e  g a s  s t r e a m  and c o l l e c t s  d i r e c t l y  i n  t h e  g l a s s  sampljng 

v i , s se l s .  The r ema inde r  i s  t r a n s f e r r e d  t o  t h e s e  v e s s e l s  by methods 

a p p r o p r i a t e  t o  t h e  sys t em unde r  s t u d y .  I f  t h e  heavy m a t e r i a l  i s  

comp,:ratively v o l a t i l e  and mob i l e  i t  h a s  been found t h a t  a g e n t l e  

s l o w  n i t r o g e n  stream i n t r o d u c e d  immedia t e ly  above t h e  sampl ing  

bomb and v e n t e d  v i a  t h e  sampl ing  v e s s e l s  (which i n  th i s  s i t u a t i o n  

. i r e  coo led  w i t h  a f r e e z i n g  m i x t u r e )  is e f f e c t i v e  f o r  t h i s  pu rpose .  

Lf t h e  "heavy" mater ia l  i s  compara t ive ly  i n v o l a t i l e ,  i t  i s  washed 

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

s o l v e n t ,  which i s  s u b s e q u e n t l y  e v a p o r a t e d  o f f .  For  example,  t h e  

i o J v e n t  used f o r  t h e  ca rbon  dioxide/n-hexadecane/diphenylmethane 

system ( F i g s .  4 and 5) w a s  a c e t o n e .  (To b e  s u i t a b l e ,  t h e  s o l v e n t  

should t ie (1) c a p a b l e  o f  d i s s o l v i n g  t h e  e x t r a c t  r e a d i l y  and ( 2 )  i t s  

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

t h a t  losses of e x t r a c t  d u r i n g  t h e  e v a p o r a t i o n  o f  t h e  s o l v e n t  are 

n e g l i g i b l e .  A b l a n k  t es t  i s  c a r r i e d  o u t  f o r  each s o l u t e / s o l v e n t  

combinat ion employed i n  which a known amount o f  e x t r a c t  is dissolved 

i n  t h e  s o l v e n t .  The s o l v e n t  is t h e n  e v a p o r a t e d  o f f  and i t  is ve r -  

i f i e d  t l i a t  no a p p r e c i a b l e  l o s s  o f  e x t r a c t  h a s  o c c u r r e d ) .  Having 

t r a n s f e r r e d  t h e  heavy e x t r a c t  t o  t h e  sampl ing  v e s s e l s  and evap- 

o r a t e d  o f f  t h e  s o l v e n t ,  t h e  we igh t  o f  heavy material  i n i t i a l l y  i n  

np le  bomb is de te rmined  by we igh ing  t h e s e  v e s s e l s .  I n  t h e  

case o f  a b i n a r y  sys t em,  such  as ca rbon  dioxide/n-hexadecane (F ig .  

h ) ,  thi5 comple t e s  t h e  a n a l y s i s  p r o c e s s ,  though s p o t  checks on t h e  

p u r i t v  of  t h e  e x t r a c t  are  o f t e n  made. I n  t h e  c a s e  of  a t e r n a r y  

\ys ten i ,  samples  o f  t h e  e x t r a c t  a r e  removed f o r  f u r t h e r  a n a l y s i s .  

l 'or  exmipl  e t h e  m i x t u r e s  o f  n-hexadecane and diphenylmethane which 

t o l l c c t e d  i n  t h e  r e c e i v e r s  i n  t h e  work on t h e  ca rbon  d i o x i d e /  

t i iphenylmethane sys t em w e r e  a n a l y s e d  by g a s  chromatography ( s i l i c o n e  

gum tyDe SE-30 w a s  u sed  as s t a t i o n a r y  phase i n  1.52m x 0.64cm O . D .  
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PROBLEMS ASSOCIATED WITH GAS EXTRACTION 147 

(5  f t  x 1/4" O . D . )  s t a i n l e s s  s tee l  columns which w e r e  o p e r a t e d  w i t h  

a f l ame  i o n i s a t i o n  d e t e c t o r  a t  200°C w i t h  n i t r o g e n  as c a r r i e r  g a s ) .  

The e q u i l i b r i u m  equipment which w e  u s e  f o r  s t u d y i n g e x t r a c t i o n s  

of s o l i d s  and of components embedded i n  a s o l i d  matrix i s  v e r y  

s imilar  t o  t h e  a p p a r a t u s  used  f o r  vapour  l i q u i d  s t u d i e s  e x c e p t  f o r  

t h e  omiss ion  of t h e  l i q u i d  sampling bomb. This equipment w a s  u sed  

f o r  t h e  s t u d i e s  on t h e  e x t r a c t i o n  of n a p h t h a l e n e  ( F i g .  6) and 

t o b a c c o  leaves (F ig .  Z), t h e  wash s o l v e n t s  used b e i n g  d i e t h y l e t h e r  

and a c e t o n e .  

Most o f  t h e  examples g i v e n  ear l ie r  i n  t h e  p a p e r  i n v o l v e  d a t a  

o b t a i n e d  w i t h  t h e  above p i e c e s  of equipment .  A more d e t a i l e d  

accoun t  o f  t h e  e q u i l i b r i u m  s t u d i e s  i s  i n  p r e p a r a t i o n .  

7. CONCLUDING REMARKS 

The problems a s s o c i a t e d  w i t h  t h e  i n t r o d u c t i o n  of s u p e r c r i t i c a l  

gas e x t r a c t i o n  as a commercial  p r o c e s s  are fo rmidab le .  The ma jo r  

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

thermodynamics o f  t h e  p r o c e s s  and t h e  mechanisms of t h e  r a t e  pro- 

cesses i n v o l v e d .  I n  a d d i t i o n ,  t h e  d e s i g n  o f  commercial  s c a l e  p l a n t  

from l a b o r a t o r y  r e s u l t s  c a n  p r e s e n t  "scale-up" d i f f i c u l t i e s .  

t h e  e n g i n e e r i n g  problems a s s o c i a t e d  w i t h  h i g h  p r e s s u r e  accompanied 

by h i g h  t e m p e r a t u r e ,  i n  some i n s t a n c e s ,  need a c c e p t a b l e  s o l u t i o n s .  

F i n a l l y  

The p r o t e c t i o n  of p r o c e s s e s  by p a t e n t s  and t h e  c o s t s  a s s o c i a t e d  

w i t h  t h e  t e c h n i c a l  problems r e p r e s e n t  commercial  d i f f i c u l t i e s  which 

a l s o  need s o l u t i o n  b e f o r e  widesp read  u s e  o f  t h e  t echno logy  is pos- 

s i b l e .  

D e s p i t e  t h e  d i f f i c u l t i e s ,  however, i t  i s  c e r t a i n  because  of 

t h e  i n h e r e n t  advan tages  of  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  t h a t  t h e  

p r o c e s s  h a s  a commercial  f u t u r e ,  

f o r  h i g h  v a l u e  p r o d u c t s  b u t  a s  t h e  t echno logy  deve lops  i t s  u s e  i n  

o t h e r  e x t r a c t i o n  a p p l i c a t i o n s  i s  more t h a n  p o s s i b l e .  

The i n i t i a l  a p p l i c a t i o n s  w i l l  b e  
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