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the supervision of the Editors with the assistance o f the Series 
Adv i sory Board and are selected to maintain the integrity of the 
symposia ; however, verbat im reproductions o f previously pub­
lished papers are not accepted. Both reviews and reports o f 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

ONE OF THE MOST PERVASIVE PROBLEMS in chemistry is the 

separation of complex materials into component parts, either to 
characterize a mixture or natural product or to remove a particular 
component from a matrix. Supercritical fluids—in particular, 
supercritical carbon dioxide—are currently undergoing exciting 
developments in meeting both types of challenges while being used 
in extractions and in chromatography. 

Supercritical fluid extraction (SFE) and supercritical fluid 
chromatography (SFC) are often considered disparate fields, with 
SFE being largely the purview of engineers and SFC that of 
analytical chemists. Both techniques are used in the analysis and 
processing of foods. Therefore, a symposium was held (from which 
this book was developed), in which learnings from both fields were 
combined to provide a useful summary of current trends and 
applications in the use of supercritical fluids in food-related research. 
Contributors (including leading researchers) from academia, 
government, and industry were chosen carefully to encompass 
different perspectives and areas of expertise in these fields. 

Combining the contributions of these authors in one text provides 
a coherent mix of theory, history, state-of-the-art technology, and 
practical and commercial applications. We thank the authors for their 
participation and contributions. We also thank the ACS Books 
Department for guidance and encouragement during preparation of 
this book. 

BONNIE A. CHARPENTIER 

MICHAEL R. SEVENANTS 

The Procter & Gamble Company 
Cincinnati, OH 45224 

December 30, 1987 
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Chapter 1 

Physical Chemistry 
of Supercritical Fluids 

A Tutorial 

C. T. Lira 

Department of Chemical Engineering, Michigan State University, 
East Lansing, MI 48824-1226 

Solubility behavior of compounds in supercritical 
fluids is interpreted using a simplified solution 
model. Solid-fluid and liquid-fluid phase equilibria 
data are presented and discussions of the phase 
behavior are provided. Phase transitions and 
transport properties are briefly discussed. 

Critical phenomena have f a s c i n a t e d many researchers. E a r l y 
s o l u b i l i t y experiments w i t h f l u i d s above t h e i r c r i t i c a l p o i n t s were 
pu b l i s h e d i n 1879 (1). The simple cubic equation of s t a t e that van 
der Waals b r i l l i a n t l y conceived i n 1873 has been shown to be 
capable of q u a l i t a t i v e l y d e s c r i b i n g v i r t u a l l y every type of phase 
behavior that has been experimentally observed (2-3) , yet phenomena 
i n h i g h pressure f l u i d s are s t i l l f a s c i n a t i n g to researchers over a 
century l a t e r . Although many advances have been made i n 
understanding of high pressure behavior, even q u a l i t a t i v e 
p r e d i c t i o n of bi n a r y phase behavior i s o f t e n d i f f i c u l t without some 
experimental data. This paper explores the p h y s i c a l chemistry of 
f l u i d s near t h e i r c r i t i c a l p o i n t s . Although the term s u p e r c r i t i c a l 
denotes c o n d i t i o n s above c r i t i c a l temperature and pressure, 
i n t e r e s t i n g behavior occurs throughout the c r i t i c a l r e g ion. For 
t h i s d i s c u s s i o n , the term s u p e r c r i t i c a l w i l l r e f e r to c o n d i t i o n s 
above the c r i t i c a l temperature and near the c r i t i c a l pressure. 

This d i s c u s s i o n i s prepared to provide i n t r o d u c t o r y 
i n f o r m a t i o n f o r researchers who are not a c t i v e l y i n v o l v e d i n 
s u p e r c r i t i c a l f l u i d research, but who have i n t e r e s t i n f o l l o w i n g 
developments i n the f i e l d . While i t i s not p o s s i b l e i n one short 
chapter to provide a summary of the work of the l a s t century, 
s e v e r a l review papers and symposia c o l l e c t i o n s have been p u b l i s h e d 
r e c e n t l y which provide e x c e l l e n t i n t r o d u c t o r y m a t e r i a l (4-9). In 
a d d i t i o n , McHugh and Krukonis have r e c e n t l y p u b l i s h e d an 
outstanding survey book of s u p e r c r i t i c a l f l u i d s t u d i e s (.10) . 

Through the l a s t century experimental data have been 
accumulated f o r a great many systems, but most data are f o r systems 
w i t h c r i t i c a l p o i n t s which don't d i f f e r g r e a t l y . Much curr e n t 

0097-6156/88/0366-0001$07.25/0 
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2 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 A N D C H R O M A T O G R A P H Y 

i n t e r e s t deals w i t h systems where the c r i t i c a l p r o p e r t i e s and, 
molecular i n t e r a c t i o n s of the pure components d i f f e r g r e a t l y . 
Because of l a r g e d i f f e r e n c e s i n molecular i n t e r a c t i o n s , the phase 
behavior i s s u b s t a n t i a l l y d i f f e r e n t from t h a t u s u a l l y presented i n 
textbooks. Although much has been learned, these m o l e c u l a r l y 
asymmetric systems are s t i l l not understood w e l l . Development of 
s u p e r c r i t i c a l processes w i l l evolve as the fundamental data base 
grows and researchers gain experience i n working w i t h these 
asymmetric systems. 

Chemical processing techniques evolve over periods of many 
years and i t seems u n l i k e l y t h a t s u p e r c r i t i c a l processes w i l l 
r a p i d l y replace d i s t i l l a t i o n , l i q u i d - l i q u i d e x t r a c t i o n , or 
a d s o r p t i o n i n most processes. These u n i t operations are h i g h l y 
developed and many fundamental r e l a t i o n s h i p s and e m p i r i c a l 
c o r r e l a t i o n s are used i n process design. Further, each process i s 
s e l e c t e d based on the p r o p e r t i e s of the mixture to be processed. 
The recent growth i n a v a i l a b i l i t y of h i g h pressure equipment has 
g r e a t l y f a c i l i t a t e d an expansion i n the number of fundamental 
s u p e r c r i t i c a l s t u d i e s , and the r a t e at which these s t u d i e s 
c o n t r i b u t e to our understanding should continue to a c c e l e r a t e . 
Thus, as we l e a r n more, s u p e r c r i t i c a l operations w i l l become 
i n c r e a s i n g l y important a l t e r n a t i v e s i n p r o c e s s i n g , s e p a r a t i o n , and 
a n a l y t i c a l techniques. 

Figure 1 i l l u s t r a t e s a p o s s i b l e flowsheet f o r design of an 
a r b i t r a r y chemical process. A f t e r c h a r a c t e r i z i n g the m a t e r i a l s i n 
step 2, experience i n working w i t h many d i f f e r e n t processes u s u a l l y 
permits s e l e c t i o n of a u n i t o p e r a t i o n (e.g. d i s t i l l a t i o n or l i q u i d -
l i q u i d e x t r a c t i o n ) without f u r t h e r modeling or design of the 
process. Because s u p e r c r i t i c a l processes are not understood w e l l , 
comparison of these operations w i t h s u p e r c r i t i c a l processes i s more 
complicated. Further a n a l y s i s of a s u p e r c r i t i c a l process i s 
necessary before a comparison may be made. 

Steps 4 and 6 of Figure 1 u l t i m a t e l y determine the success of 
a s u p e r c r i t i c a l process. However, without steps 3 and 5 most 
o p t i m i z a t i o n must f o l l o w experimental step 7 which leads to slow 
and expensive process development. Steps 3 and 5 are w e l l 
c h a r a c t e r i z e d f o r most processes, and although the design o f t e n 
i n v o l v e s e m p i r i c a l knowledge, we have enough fundamental 
understanding to optimize the process c o n d i t i o n s . As we develop 
understanding of the r e l a t i o n s h i p s between steps 3-5 f o r 
s u p e r c r i t i c a l systems, the development of an i n c r e a s i n g number of 
s u c c e s s f u l h i g h pressure processes w i l l emerge due to improved 
process design at step 6. Steps 1-3 are dependent on the s p e c i f i c 
m a t e r i a l s . The f o l l o w i n g d i s c u s s i o n focuses on steps 4 and 5 to 
provide i n f o r m a t i o n to the m a j o r i t y of readers who wish to develop 
an understanding of the types of processing which may be achieved 
and the e f f e c t s of temperature and pressure. 

The a p p l i c a t i o n of s u p e r c r i t i c a l processes w i l l always be 
i n t i m a t e l y coupled w i t h the h i g h pressure phase behavior and the 
p h y s i c a l chemistry of the system. S u p e r c r i t i c a l f l u i d s have 
r e c e i v e d much a t t e n t i o n because the s o l u b i l i t y of a s o l u t e i s 
r e a d i l y i n f l u e n c e d by small v a r i a t i o n s i n pressure or temperature. 
In both cases, the d e n s i t y of the s u p e r c r i t i c a l f l u i d a l s o changes. 
The s o l u b i l i t y of a given compound may be i n f l u e n c e d i n s e v e r a l 
ways. Both vapor pressure and i n t e r m o l e c u l a r f o r c e s determine 
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1. LIRA Physical Chemistry of Supercritical Fluids 3 

s o l u b i l i t i e s . The f o l l o w i n g d i s c u s s i o n should be h e l p f u l i n 
understanding the e f f e c t s . 

S o l u b i l i t y of S o l i d s i n S u p e r c r i t i c a l F l u i d s 

The s i m p l e s t type of phase behavior to understand i s the s o l u b i l i t y 
of a s o l i d s o l u t e , such as naphthalene, i n a s u p e r c r i t i c a l f l u i d . 
When the s o l u t e i s a c r y s t a l l i n e s o l i d , the s o l i d phase may be 
assumed to be pure and only the s u p e r c r i t i c a l phase i s a mixture. 
Imagine s o l i d naphthalene i n a c l o s e d v e s s e l under one atmosphere 
of carbon d i o x i d e at 40°C. The reduced temperature and reduced 
d e n s i t y of C0 2 are 1.03 and 3.7x10 3 r e s p e c t i v e l y . At t h i s 
pressure, the gas phase i s i d e a l and the naphthalene s o l u b i l i t y i s 
determined by i t s vapor pressure. As the container volume i s 
decreased i s o t h e r m a l l y , the s o l u b i l i t y i n i t i a l l y decreases when the 
gas phase i s s t i l l n e a r l y i d e a l . As the pressure i s increased 
f u r t h e r , however, the gas phase d e n s i t y becomes i n c r e a s i n g l y 
nonideal and approaches the mixture c r i t i c a l d e n s i t y (near the 
c r i t i c a l d e n s i t y of C0 2 because the gas phase i s s t i l l mostly C 0 2 ) . 
The reduced d e n s i t y of C0 2 increases r a p i d l y near the c r i t i c a l 
r e g i o n as shown i n Figure 2. The s o l v e n t power of C0 2 i s r e l a t e d 
to the d e n s i t y which leads to a r a p i d s o l u b i l i t y i n c r e a s e . A b r i e f 
d e s c r i p t i o n of i n t e r m o l e c u l a r i n t e r a c t i o n s i s h e l p f u l i n 
understanding t h i s behavior. 

For t h i s d i s c u s s i o n , we w i l l consider a s o l u t e molecule w i t h a 
d i p o l e moment and then g e n e r a l i z e the r e s u l t s . Imagine a molecule 
w i t h a d i p o l e moment at i n f i n i t e d i l u t i o n i n a nonpolar 
s u p e r c r i t i c a l f l u i d . The d i p o l e ' s f i e l d induces a response of the 
p o l a r i z a b l e f l u i d which r e s u l t s i n a net a t t r a c t i v e f o r c e . The 
p o l a r i z a b l e s o l u t e r e a c t s to the f l u i d ' s induced f i e l d and f u r t h e r 
increases the a t t r a c t i v e f o r c e . A s i m p l i f i e d mathematical model of 
these i n t e r a c t i o n s i s h e l p f u l i n understanding the reasons f o r 
s o l u b i l i t y enhancement and the d e n s i t y e f f e c t . 

Consider a_^spherical p o i n t d i p o l e s o l u t e molecule w i t h a 
d i p o l e moment, μ, at i n f i n i t e d i l u t i o n i n a s p h e r i c a l c o n t a i n e r of 
s u p e r c r i t i c a l f l u i d . With a continuum assumption, the f l u i d ' s 
e l e c t r i c a l p r o p e r t i e s may be represented by a homogeneous 
d i e l e c t r i c constant, e. The inhomogeneous f i e l d of the d i p o l e 
p o l a r i z e s the f l u i d which r e a c t s and gives r i s e to a f i e l d , R, at 
the d i p o l e . R w i l l be p r o p o r t i o n a l to μ as long as no s a t u r a t i o n 
e f f e c t s occur, 

where f i s c a l l e d the f a c t o r of the r e a c t i o n f i e l d . For our case a 
mathematical a n a l y s i s provides 

R - f μ ( D 

f - _ J _ 2(6-1) 
a 3 (2e+l) (2) 

where 
a - radius of p o i n t d i p o l e 
e - d i e l e c t r i c constant of f l u i d 

The i n t e r a c t i o n energy of a s p h e r i c a l n o n p o l a r i z a b l e p o i n t d i p o l e 
i n i t s own r e a c t i v e f i e l d i s then 
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4 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 AND C H R O M A T O G R A P H Y 

1. Selection of materials 
to be treated 

Optimization 

2. Characterization 
of materials 

4. Choice of solvent 
or solvent mixture 

6. Process design 

7. Experimental 
verification 

3. Thermodynamic 
Properties of 
Components 

5a. Modeling of > ·> Equilibrium 
Properties 

5b. Modeling of 
Transport 
Properties 

Final 
Process 

Figure 1. S c i e n t i f i c development of a chemical process. 

1.0 

Reduced Pressure 

10.0 

Figure 2. Reduced d e n s i t i e s i n the c r i t i c a l r e g i o n along 
isotherms. (Reproduced w i t h permission from Ref. 4. Copyright 
1983. D. Re i d e l . ) 
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1. LIRA Physical Chemistry of Supercritical Fluids 5 

Γ - - 1 Z.Î - - 1 f S - . (3) 

I n a more r e a l i s t i c case, w i t h a p o l a r i z a b l e d i p o l e , the r e s u l t 
becomes 

1 2 1-fa K } 

where a - p o l a r i z a b i l i t y of p o i n t 
d i p o l e 

Note tha t t h i s i n t e r a c t i o n energy i s even more fa v o r a b l e s i n c e (1-
f a ) < l . D e r i v a t i o n s of the r e s u l t s presented here are discussed by 
Bottcher (11). The d i e l e c t r i c constant of a f l u i d may be 
represented by the C l a u s i u s - M o s s o t t i f u n c t i o n (12-13). 

τα ι - f <V · + £ r 1 <5> 
where V - molar volume 

N^— Avagadro's number 
α - f l u i d p o l a r i z a b i l i t y 
μ - f l u i d d i p o l e moment 

Equation 5 n e g l e c t s i n t e r a c t i o n s between quadrupoles, induced 
d i p o l e s , and m u l t i p l e bodies. An increase i n temperature at 
constant d e n s i t y decreases the c o n t r i b u t i o n of the f l u i d ' s d i p o l e 
to the d i e l e c t r i c constant due to increased random motion. The 
p o l a r i z a b i l i t y i s independent of temperature, although the 
p o l a r i z a b i l i t y of C0 2 r e p o r t e d l y decreases by 10% under a pressure 
of 100 to 200 atm (14-15). D i e l e c t r i c constant measurements f o r 
C0 2, which has no d i p o l e moment, show the C l a u s i u s - M o s s o t t i 
f u n c t i o n has a s l i g h t temperature and d e n s i t y dependence. The 
C l a u s i u s - M o s s o t t i f u n c t i o n i s w r i t t e n 

^ V - A £ + B £ A + C e A * (6) 

where A , Β , and C are the d i e l e c t r i c v i r i a l c o e f f i c i e n t s . The 
d i e l e c t r i c v i r i a l c o e f f i c i e n t s f o r C0 2 at 323K are A - 7.350 
cm 3/mol, Β - 50.7 cm 6/mol 2, C - -2515 cm f l/mol 3(16). € 

From the se data, we may use our simple d i p o l e model to 
c a l c u l a t e the d e n s i t y dependence of the i n t e r a c t i o n energy. For 
the simple case of the n o n - p o l a r i z a b l e p o i n t d i p o l e the i n t e r a c t i o n 
energy of Equation 3 v a r i e s almost l i n e a r l y w i t h C0 2 d e n s i t y as 
shown i s Figure 3. The c r i t i c a l d e n s i t y of C0 2 i s 10.64 mol/1. 

The simple model of Equation 3 considers a p o i n t d i p o l e 
immersed i n a f l u i d r a t h e r than a nonpolar, p o l a r i z a b l e molecule. 
In the l a t t e r case, where the i n t e r a c t i o n s r e s u l t i n d i s p e r s i o n 
f o r c e s r a t h e r than dipole-induced f o r c e s , the f u n c t i o n a l i t y of the 
f o r c e s permits e x t r a p o l a t i o n of the r e s u l t s from above. Since 
i n t e r m o l e c u l a r p a i r p o t e n t i a l s f o r d i s p e r s i o n f o r c e s and d i p o l e -
induced f o r c e s both vary as l / r e , where r i s the i n t e r m o l e c u l a r 
d i s t a n c e , we expect both forc e s to s c a l e the same w i t h volume 
dependence, although the magnitudes of the f o r c e s w i l l be 
d i f f e r e n t . I n f a c t , f o r most s i t u a t i o n s , d i s p e r s i o n f o r c e s are 
much l a r g e r than dipole-induced f o r c e s (17). 
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β 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 AND C H R O M A T O G R A P H Y 

The i n t e r a c t i o n energy f o r a nonpolar, s p h e r i c a l s o l u t e 
molecule (2) of radius a, surrounded by nonpolar s o l v e n t molecules 
(1) i s (18) 

3 h a 2 ' l / l l / 2 ' n 2 - l ' 
4 ~I» 2n 2 + l (7) 

where h - Planck's constant 
ν - e f f e c t i v e adsorption frequency 
η - r e f r a c t i v e index of f l u i d 

The d e n s i t y dependence of the r e f r a c t i v e index i s given by the 
Lorentz-Lorenz f u n c t i o n 

fej V - ^ + BRÂ (8) 

w i t h A - 6.658 cm 3/mol, Β - 3.3 cm 6/mol 2 f o r C0 2 at 323K (13). 
Using t h i s r e l a t i o n s h i p , the i n t e r a c t i o n energy of Equation 7 i s 
n e a r l y l i n e a r w i t h C0 2 d e n s i t y as shown i n Figure 3. R e l a t i o n s h i p s 
between the r e f r a c t i v e index and the d i e l e c t r i c constant are 
dis c u s s e d by Smyth (19). 

Although d e n s i t y dependence of s o l v e n t power i s described by 
Equations 3 and 7, a knowledge of s o l u b i l i t y dependence i s more 
u s e f u l . Smith and Walkley (20) compare s o l u b i l i t y data f o r three 
d i f f e r e n t s o l u t e s i n a v a r i e t y of l i q u i d organic s o l v e n t s and show, 
f o r nonpolar systems, that the log a r i t h m of s o l u b i l i t y i s r e l a t e d 
to the s o l v e n t s t r e n g t h i n the d i l u t e r e g i o n at constant 
temperature. This r e s u l t may be i n f e r r e d from Figure 4 which has 
been reproduced from t h e i r work. Note t h a t the p o l a r s o l v e n t s ' 
behaviors deviate s l i g h t l y from the behaviors of the other 
s o l v e n t s . The s o l u b i l i t i e s of s o l i d compounds i n s u p e r c r i t i c a l 
f l u i d s a l s o f o l l o w t h i s behavior i n the d i l u t e r e g i o n , as shown i n 
Figure 5. ( I t w i l l be shown l a t e r t h a t a p o r t i o n of t h i s l i n e a r 
r e g i o n i s due to a c a n c e l l a t i o n of e f f e c t s r a t h e r than p u r e l y 
a t t r a c t i v e f o r c e s . ) Although the curves e x h i b i t a s l i g h t downward 
curvature, the sol v e n t s t r e n g t h changes approximately l i n e a r l y w i t h 
d e n s i t y , as our model p r e d i c t s . One more c o n c l u s i o n may be made 
from our model by examining Equations 3 and 7. Since the 
s o l u b i l i t y depends on sol v e n t s t r e n g t h , which may be r e l a t e d to the 
so l v e n t ' s d i e l e c t r i c constant and r e f r a c t i v e index, the models 
p r e d i c t that a given compound w i l l be more s o l u b l e i n a 
s u p e r c r i t i c a l f l u i d w i t h a l a r g e r d i e l e c t r i c constant or r e f r a c t i v e 
index at the same d e n s i t y and temperature. This behavior i s 
u s u a l l y true although r e p u l s i v e f o r c e s , p o l a r i t y , and acid-base 
e f f e c t s are o f t e n important a l s o . 

These simple models permit a q u a l i t a t i v e understanding of 
s e v e r a l f a c t o r s i n f l u e n c i n g s o l u b i l i t y , but cannot q u a n t i t a t i v e l y 
p r e d i c t s o l u b i l i t y i n s u p e r c r i t i c a l f l u i d s . Phase e q u i l i b r i u m 
c a l c u l a t i o n s which are used to determine s o l u b i l i t i e s must consider 
e n e r g e t i c e f f e c t s i n a l l c o e x i s t i n g phases. S o l u b i l i t i e s are 
determined by a minimum i n Gibbs' energy when a l l phases are 
considered. Although we have discussed s o l u b i l i t y behavior f o r a 
given compound, s o l u b i l i t y comparisons between d i f f e r e n t compounds 
may not be made s o l e l y on these models of the s u p e r c r i t i c a l phase. 
A l s o , these models w i l l not p r e d i c t the c o r r e c t behavior at very 
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LIRA Physical Chemistry of Supercritical Fluids 

0.15-

Density (mol/1) 

Figure 3. Density dependent p o r t i o n s of i n t e r a c t i o n energies as 
modeled by the d i e l e c t r i c constant and r e f r a c t i v e index f o r C0 2 

4.0 r 

- L o g 1 0 *z solute Β 

Figure 4. S o l u b i l i t y behavior of S 8, I 2 , and S n l 4 i n v a r i o u s 
s o l v e n t s : 1,CS2; 2,CHBr 3; 6,CHC13; 7,CC1 4; 9,n-C 7H 1 6; 1 0 , S i C l 4 

l l , i - C 8 H 1 8 ; 12,CC1 2FCC1F 2; 1 3 , c - C 4 C l 2 F 4 ; 1 4 , c - C 6 F i i C F 3 ; 
1 5,C 7F 1 6. (Reproduced w i t h permission from Ref. 20. Copyright 
1960. The Royal So c i e t y of Chemistry.) 
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8 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 A N D C H R O M A T O G R A P H Y 

-2 

Molar Density (mol/1) 

Figure 5. S o l u b i l i t y behavior of s e v e r a l s o l i d compounds i n 
s u p e r c r i t i c a l SF 6 at 323 Κ: V - naphthalene, X - dibenzofuran, 
Δ - triphenylmethane, • - a c r i d i n e (Data from Ref. 21.) 
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1. LIRA Physical Chemistry of Supercritical Fluids 9 

h i g h d e n s i t i e s , because r e p u l s i v e f o r c e s and multiple-body 
i n t e r a c t i o n s , which we have not modeled, are important. In 
a d d i t i o n , the e x t r a p o l a t i o n to low pressures w i l l be i n c o r r e c t 
because the i n t e r m o l e c u l a r forces upon which the model i s based 
become n e g l i g i b l e and s o l u b i l i t i e s are determined by the vapor 
pressure of the s o l u t e . The models are only meant to represent 
d e n s i t y e f f e c t s i n the intermediate r e g i o n where the a t t r a c t i v e 
f o r c e s are d e n s i t y dependent. 

The continuum models of Equations 3 and 7 are inadequate f o r 
p o l a r solvents p a r t l y due to the d i f f i c u l t y of d e s c r i b i n g the l o c a l 
f i e l d a c t i n g on each sol v e n t molecule and the c o n f i g u r a t i o n of 
s o l v e n t molecules around the s o l u t e (22-23). Because of 
complicated behavior, e m p i r i c a l c o r r e l a t i o n s are g e n e r a l l y used to 
c h a r a c t e r i z e s o l v e n t - s o l u t e i n t e r a c t i o n s (24). U n f o r t u n a t e l y , 
t r a n s l a t i o n s of e m p i r i c a l c o r r e l a t i o n s i n t o fundamental p h y s i c a l 
models are d i f f i c u l t . E m p i r i c a l s o l v e n t - s o l u t e parameter s t u d i e s 
i n s u p e r c r i t i c a l f l u i d s are presented by Hyatt (2j>) , Sigman, et 
a l . , (26), and Smith, et a l . (27-28). Smith, et a l . , have 
i n v e s t i g a t e d the ττ* parameter (see Ref. 24) by observing the s h i f t 
i n the maximum UV adsorption wavelength of 2 - n i t r o a n i s o l e i n 
s e v e r a l s u p e r c r i t i c a l s o l v e n t s . Wavelength s h i f t s are 
c h a r a c t e r i s t i c of changes i n the s o l v e n t spheres ( c y b o t a c t i c 
region) surrounding the 2 - n i t r o a n i s o l e molecules. For C0 2 the 
wavelength s h i f t s may be r e l a t e d to Equation 7, although the 
r e l a t i o n s h i p appears to be complex (27). A l s o , s o l u b i l i t i e s i n 
s u p e r c r i t i c a l f l u i d s do not c o r r e l a t e d i r e c t l y w i t h the π* 
parameter (28). 

Q u a n t i t a t i v e s o l u b i l i t y c a l c u l a t i o n s are u s u a l l y performed 
u s i n g equation of s t a t e methods (10). Kim, et a l . , (29), d i s c u s s 
s o l u b i l i t y behavior i n the immediate v i c i n i t y of the c r i t i c a l p o i n t 
u s i n g macroscopic thermodynamic p r o p e r t i e s . 

The Enhancement Factor 

C h a r a c t e r i z a t i o n of the s o l v e n t power of s u p e r c r i t i c a l f l u i d s i s 
o f t e n q u a n t i f i e d by the enhancement f a c t o r . The enhancement f a c t o r 
i s the r a t i o of the a c t u a l s o l u b i l i t y to the i d e a l gas s o l u b i l i t y 
a t the same temperature 

Ε - y a c t u a l (9) 
P S/P 

s s where Ρ i s the s o l i d ' s vapor pressure. Note t h a t Ρ /Ρ » v i c i e a i ^ s 

the i d e a l gas s o l u b i l i t y , where gas phase n o n i d e a l i t i e s and ocner 
pressure c o r r e c t i o n s are omitted. Enhancement f a c t o r s of the order 
10 δ-10 7 are common. Since the s o l u b i l i t y changes r a p i d l y near the 
c r i t i c a l r e g i o n , the enhancement f a c t o r changes r a p i d l y a l s o . To 
s i m p l i f y the r e p r e s e n t a t i o n of the enhancement f a c t o r , consider the 
logarithm, 

l o g 1 0 Ε - l o g i c ( y a c t u a l ) - l o g 1 0 ( P S / P ) (10) 
which provides a d i f f e r e n c e r a t h e r than a r a t i o f o r the measure of 
s o l u b i l i t y enhancement. From our d i s c u s s i o n above, we expect the 
l o g a r i t h m of s o l u b i l i t y be approximately l i n e a r l y dependent on 
d e n s i t y i n the c r i t i c a l r e g i o n , t h e r e f o r e the l o g a r i t h m of the 
enhancement f a c t o r should be approximately l i n e a r l y dependent on 
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10 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 AND C H R O M A T O G R A P H Y 

d e n s i t y . L i n e a r behavior i s observed exp e r i m e n t a l l y as shown i n 
Figure 6a. Although the log a r i t h m of the s o l u b i l i t y has a s l i g h t 
downward curvature, the loga r i t h m of pressure has a s l i g h t upward 
curvature along the isotherm and the e f f e c t s c a n c e l . 

The s o l u b i l i t y and the enhancement f a c t o r are dependent on the 
i n t e r a c t i o n s i n the s u p e r c r i t i c a l phase, but are a l s o dependent on 
the p r o p e r t i e s i n the s o l i d phase. Equating the f u g a c i t i e s of the 
s o l i d compound i n both phases, and usi n g the convention th a t 
component 2 i s the s o l i d s o l u t e , 

f l - f? (ID 
or 

y 2 ^ 2
p = # 2

p e x P [ jjfi J (12) 
where φ2 i s the f u g a c i t y c o e f f i c i e n t of the s o l u t e i n the 
s u p e r c r i t i c a l phase, φ2 i s the f u g a c i t y c o e f f i c i e n t of the pure 
s o l u t e vapor a t the pure s o l i d vapor pressure Ρ , and ν i s the 
molar volume of the pure s o l i d . Thus, the enhancement f a c t o r i s 

.s f v S ( P - P S ) ] 
Ε - e x P Γ RT 1 (13) 

Φ2 

The numerator q u a n t i f i e s the e f f e c t of h y d r o s t a t i c pressure on the 
f u g a c i t y of the s o l i d phase. The exponential term i s known as the 
Poynting c o r r e c t i o n (17). The denominator q u a n t i f i e s the f l u i d 
phase i n t e r m o l e c u l a r i n t e r a c t i o n s and d e n s i t y e f f e c t s . Note tha t 
the enhancement f a c t o r i s dependent on the s o l i d volume as w e l l as 
the i n t e r a c t i o n s i n the s u p e r c r i t i c a l f l u i d . A s o l u t e w i t h a la r g e 
s o l i d molar volume w i l l have a l a r g e r enhancement f a c t o r than a 
s o l u t e w i t h a smaller s o l i d molar volume at the same temperature 
and pressure when the i n t e r a c t i o n s i n the s u p e r c r i t i c a l phase are 
i d e n t i c a l . To f u r t h e r understand the molecular i n t e r a c t i o n s i n 
s u p e r c r i t i c a l f l u i d s , i t i s i n t e r e s t i n g to decompose the 
enhancement f a c t o r i n t o these two e f f e c t s . We may defin e a f l u i d 
enhancement f a c t o r , E F, and a Poynting enhancement f a c t o r , E p, 

Ε = E F E p (14) 

1 s where E„ — χ and E p = ^ 2
e x P 

Φ2 

When s o l i d molar volumes are known, the Poynting c o r r e c t i o n 
e f f e c t may be d i v i d e d out of the enhancement f a c t o r . The 
r e s u l t s are shown i n Figure 6b f o r the data shown i n Figure 6a. 
For a l l these s o l u t e s , the d e n s i t y of the s u p e r c r i t i c a l phase 
i s a c c u r a t e l y approximated as the d e n s i t y of pure SF 6 s i n c e 
the s o l u b i l i t i e s are below y = .004. Along isotherms above 
the c r i t i c a l d e n s i t y , the f l u i d d e n s i t y increases s l o w l y 
w i t h l a r g e increases i n pressure (review Figure 2). Ε 
increases r a p i d l y i n t h i s r e g i o n due to pressure changls 
(Equation 14) and Ε decreases r a p i d l y . I f the pressure i s 
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1. LIRA Physical Chemistry of Supercritical Fluids 11 

increased f u r t h e r , a maximum i n the s o l u b i l i t y may occur i f the 
s o l u t e i s squeezed out of s o l u t i o n by r e p u l s i v e f o r c e s . Kurnik and 
Reid d i s c u s s t h i s e f f e c t f o r naphthalene i n ethylene (30). The 
s o l u b i l i t y begins to decrease when the f l u i d enhancement, Ê ,, 
begins to decrease f a s t e r than the Poynting enhancement increases. 
Note i n Figure 2 t h a t the f l u i d d e n s i t y diverges from the i d e a l gas 
d e n s i t y as the phase envelope i s approached along an isotherm from 
low pressure, but soon a f t e r the c r i t i c a l pressure i s passed, the 
isotherm turns and begins to approach the i d e a l gas isotherm again. 
In the l a t t e r r e g i o n , the r e p u l s i v e f o r c e s are l a r g e . The simple 
models of Equations 3 and 7 are not v a l i d i n t h i s r e g i o n ; Figure 5 
remains l i n e a r i n t h i s r e g i o n due to a c a n c e l l a t i o n of e f f e c t s . 

M e l t i n g of S o l i d s i n S u p e r c r i t i c a l F l u i d s 

While the study of c r y s t a l l i n e s o l i d s i n s u p e r c r i t i c a l f l u i d s i s 
r e l a t i v e l y elementary, researchers must be cognizant that under 
appropriate c o n d i t i o n s , s o l i d s melt s u b s t a n t i a l l y below t h e i r 
normal m e l t i n g p o i n t s . Figure 7 i l l u s t r a t e s the phase behavior i n 
a s o l i d - f l u i d system. From a cursory i n s p e c t i o n of the schematic, 
the diagram i s more complicated than might be expected because the 
system i s only a s o l i d - f l u i d system i n a c e r t a i n r e g i o n of the 
phase diagram. On the l e f t hand p o r t i o n of the f i g u r e , the curve 
l a b e l e d L XV represents the pure vapor pressure of the l i g h t e r 
component ( s u p e r c r i t i c a l f l u i d ) . The pure component p r o p e r t i e s of 
the heavy component (s o l u t e ) are denoted on the r i g h t hand side of 
the f i g u r e by the curves S 2V ( s u b l i m a t i o n ) , L 2V ( v a p o r i z a t i o n ) , and 
S 2L (pure m e l t i n g curve). A l l other curves on the f i g u r e denote 
phase behavior which occurs i n b i n a r y systems. The r e g i o n w i t h i n 
the boundary of l i n e s S 2LV, L=V, and L 2V on the r i g h t s i d e of the 
f i g u r e represents an area where the s o l i d has been melted and 
l i q u i d - f l u i d e q u i l i b r i u m e x i s t s . The p o i n t K 2 i s c a l l e d the upper 
c r i t i c a l end p o i n t , and may be s u b s t a n t i a l l y below the pure s o l i d 
m e l t i n g p o i n t . Figure 8 i l l u s t r a t e s the S 2LV l i n e s f o r s e v e r a l 
s o l u t e s i n ethane (31-33). L i q u i d - f l u i d behavior e x i s t s above the 
curves -- s o l i d - f l u i d behavior e x i s t s below the curves. 

Another r e g i o n of l i q u i d - f l u i d behavior e x i s t s near the 
c r i t i c a l p o i n t of the pure s u p e r c r i t i c a l f l u i d . This behavior 
occurs w i t h i n the r e g i o n bounded by S 2LV, K x, and L=V on the l e f t 
of Figure 7. This r e g i o n i s u s u a l l y very narrow, and t h e r e f o r e 
most p u b l i s h e d data are not i n t h i s r e gion. C a r e f u l measurements 
of van Gunst, et a l . (34), l o c a t e K± 1.5 degrees C e l s i u s and 1.2 
atm above the c r i t i c a l p o i n t of pure ethylene f o r the system 
ethylene-naphthalene. For systems where the s o l i d s o l u b i l i t y i s 
lower than naphthalene, t h i s r e g i o n i s even smaller and c l o s e r to 
the pure sol v e n t c r i t i c a l p o i n t . 

While the m e l t i n g p o i n t depressions f o r b i n a r y systems may not 
seem to be of great concern because most s t u d i e s are performed near 
the s o l v e n t c r i t i c a l p o i n t , i n t e r n a r y systems w i t h two s o l i d s and 
one s u p e r c r i t i c a l f l u i d the m e l t i n g p o i n t s may be lowered 
s i g n i f i c a n t l y . For example, the phase behavior of two s o l i d s i n 
contact w i t h a s u p e r c r i t i c a l f l u i d i s shown i n Figure 9. The 
dotted l i n e s represent the phase behavior i n the pure systems and 
the b i n a r y systems discussed above. New phase boundaries i n the 
t e r n a r y system are i n d i c a t e d by the s o l i d l i n e s . Note tha t the 
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12 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 A N D C H R O M A T O G R A P H Y 

Figure 6. 

8 10 
Molar Density (mol/1) 

Behavior of enhancement f a c t o r s , E, and f l u i d 
enhancement f a c t o r s , E F , f o r s e v e r a l s o l i d compounds i n 
s u p e r c r i t i c a l SF 6 at 323 Κ: V - naphthalene, X - dibenzofuran, Δ 
- triphenylmethane, • - a c r i d i n e (Data from Ref. 21.) 
(a) Linear behavior. (b) Poynting c o r r e c t i o n e f f e c t d i v i d e d out 
of the enhancement f a c t o r . 

m 
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K 2 

c t - / 
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S 2L \ 

/ cm I 
/ CO \ 

T c 2 

Temperature 
Figure 7. T y p i c a l phase behavior f o r b i n a r y systems w i t h very 
l a r g e d i f f e r e n c e s i n pure component p r o p e r t i e s . 
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0) 

01 
03 

PU 

Naphthalene- van Welie and Deipen 
Octacosane— Rodrigues and Kohn 
Octacosane- McHugh and Yogan 
Biphenyl— McHugh and Yogan 

Temperature, °C 

Figure 8. S 2LV l i n e s f o r s e v e r a l compounds i n s u p e r c r i t i c a l 
ethane. (Data from Ref. 31-33). 

Temperature 

Figure 9. T y p i c a l phase behavior f o r ternary systems w i t h very 
l a r g e d i f f e r e n c e s i n pure component p r o p e r t i e s . (Line segments 
q-K 2, S 2+ (L=V); q-K2, S 3+ (L=V); p - K l f S 2+ (L-V); p-KJ, S 3+ 
(L=V)). 
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14 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 AND C H R O M A T O G R A P H Y 

r e g i o n of s o l i d - f l u i d behavior i s decreased f u r t h e r and the new 
c r i t i c a l end p o i n t s (given by ρ and q) are much c l o s e r . As an 
example of the dramatic m e l t i n g p o i n t depressions which may occur 
i n such systems, the ethylene-naphthalene-hexachloroethane system 
i s i l l u s t r a t e d i n Figure 10. The m e l t i n g p o i n t of the pure 
compounds at atmospheric pressure are: naphthalene, 80.1°C; 
hexachloroethane, ~190°C. The e u t e c t i c m e l t i n g temperature of the 
s o l i d mixture at atmospheric pressure i s 56.6°C, and yet under 60 
atm of ethylene, the s o l i d mixture melts j u s t above 25°C. Al s o 
note th a t p o i n t ρ extends s e v e r a l degrees beyond the c r i t i c a l 
temperature of ethylene. The l i q u i d mixture contains d i s s o l v e d 
ethylene. Very few experimental stu d i e s of t h i s type e x i s t i n the 
l i t e r a t u r e ; More studi e s would be h e l p f u l i n developing p r e d i c t i v e 
modeling. 

S o l i d S o l u b i l i t i e s i n Multicomponent Systems 

Solute/Cosolvent/Solvent Systems. S o l u b i l i t i e s of s o l i d s may be 
modified by adding a small c o n c e n t r a t i o n of a nonpolar hydrocarbon 
(e.g. propane, octane) or a p o l a r molecule (e.g. acetone, 
methanol). C0 2 has a small p o l a r i z a b i l i t y and no d i p o l e moment, so 
a d d i t i v e s increase the p o l a r i z a b i l i t y of the s o l v e n t ( i . e . the 
r e f r a c t i v e index of Equation 7) and the d i e l e c t r i c constant 
(Equation 3). P o l a r cosolvent molecules a l s o i n t e r a c t w i t h 
f u n c t i o n a l groups on the s o l u t e s . Cosolvents may increase 
s o l u b i l i t i e s up to an order of magnitude although the enhancement 
i s dependent on cosolvent concentration. U n f o r t u n a t e l y , r e l a t i v e l y 
few fundamental cosolvent stu d i e s are p u b l i s h e d at t h i s time. 

Among the cosolvents s t u d i e d , methanol and acetone have 
r e c e i v e d the greatest i n t e r e s t (36-38). Methanol may act as e i t h e r 
a Lewis a c i d or a Lewis base while acetone i s a weaker Lewis base 
and very s l i g h t l y a c i d i c (.39) . The d i p o l e moment of acetone i s 
2.88 Debeye compared to 1.7 Debeye f o r methanol. Based on these 
p r o p e r t i e s , Walsh, et a l . , (40), i n t e r p r e t the data of Van A l s t e n 
(37) and Schmitt (38.) and present l i q u i d phase IR measurements 
which show Lewis acid-base i n t e r a c t i o n s i n the systems 
methanol/acridine and acetone/benzoic a c i d . S u p e r c r i t i c a l 
s o l u b i l i t y data of Dobbs, et a l . , (.36) , e x h i b i t trends which 
i n d i c a t e the importance of acid-base i n t e r a c t i o n s . Van A l s t e n and 
Schmitt present data which show that acid-base i n t e r a c t i o n s are a 
secondary cosolvent e f f e c t superimposed on a primary e f f e c t 
determined by cosolvent concentration. 

Acid-base i n t e r a c t i o n s may a l s o occur between the cosolvent 
and the s u p e r c r i t i c a l f l u i d . Hyatt (25) f i n d s the b a s i c i t y of C0 2 

i n the ether to e t h y l acetate range. When i n t e r p r e t i n g Van 
A l s t e n ' s data, Walsh, et a l . , consider that C0 2 as a Lewis base, 
may i n t e r a c t w i t h methanol and compete w i t h acetone. C u r r e n t l y , 
very few data are a v a i l a b l e f o r study of these e f f e c t s . 

Yonker, et a l . , (27), present a study of C0 2/methanol mixtures 
at 50°C using UV absorbance maxima s h i f t s f o r 2 - n i t r o a n i s o l e . A 
5.6 wt % methanol mixture e x h i b i t s a more pressure s e n s i t i v e 
wavelength s h i f t than pure C0 2, which i n d i c a t e s a more s e n s i t i v e 
s o l v e n t sphere, however, the absorbance maximum f o r a 9.5 wt % 
mixture i s i n s e n s i t i v e to pressure, which i s i n t e r p r e t e d as an 
i n d i c a t i o n that the s o l u t e / s o l v e n t sphere does not change w i t h 
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16 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 AND C H R O M A T O G R A P H Y 

d e n s i t y . The r e l a t i o n s h i p s between these measurements and 
s o l u b i l i t y behavior are not w e l l understood (28). 

S o l u b i l i t i e s of n o n f u n c t i o n a l compounds are a l s o enhanced by 
c o s o l v e n t s , but the enhancements are more dependent on the 
cosolvent c o n c e n t r a t i o n than the cosolvent f u n c t i o n a l i t y (37-38) . 
Nonpolar, p o l a r i z a b l e hydrocarbon cosolvents seem more e f f e c t i v e 
than p o l a r cosolvents f o r enhancing n o n f u n c t i o n a l compound 
s o l u b i l i t i e s i n C0 2 (26,38), although the d i f f e r e n c e s are s m a l l . 
These d i f f e r e n c e s are n e g l i g i b l e i n ethane (38)> which i s more 
p o l a r i z a b l e than C0 2. 

Cosolvent s t u d i e s must be c a r e f u l l y performed. A d d i t i o n of 
the cosolvent s h i f t s the c r i t i c a l p r o p e r t i e s from the pure solvent 
c r i t i c a l p r o p e r t i e s . These c o n d i t i o n s must be known to assure that 
the mixture remains homogeneous throughout the range of 
experiments. A l s o , the cosolvent may create s i g n i f i c a n t m e l t i n g 
p o i n t depression of s o l i d s . Dobbs, et a l . , (36.), r e p o r t that a 3.5 
mol % methanol/C0 2 solvent melts r e s o r c i n o l (T = 111°C) at 35°C and 
pressures between 100-350 bar. 

Solute/Solute/Solvent Systems. S o l u t e / s o l u t e / s o l v e n t s t u d i e s are 
presented by Kurnik and Reid, (41), Kwiatkowski, et a l . , (42), and 
Gopal, et a l . , (43.). Unfortunately, some stu d i e s have not proven 
c l e a r l y that s o l u t e s were always s o l i d s under experimental 
c o n d i t i o n s . In general i t i s noted, f o r s o l i d s o l u t e s , that the 
t e r n a r y s o l u b i l i t y of a l e s s s o l u b l e s o l i d i s g r e a t l y increased by 
the presence of a s i g n i f i c a n t l y more s o l u b l e s o l i d (36) . For 
example, i n the naphthalene/phenanthrene/C0 2 system, naphthalene 
increases the s o l u b i l i t y of phenanthrene and the t e r n a r y system 
s e l e c t i v i t y i s s u b s t a n t i a l l y below the s e l e c t i v i t y p r e d i c t e d from 
the r a t i o of b i n a r y s o l u b i l i t i e s . Thus, s u b s t a n t i a l l y s o l u b l e 
s o l i d s act as cosolvents f o r l e s s s o l u b l e compounds. 

S o l u b i l i t y of L i q u i d s i n S u p e r c r i t i c a l F l u i d s 

A s o l u t e that i s a l i q u i d at the temperature of a s u p e r c r i t i c a l 
e x t r a c t i o n has c r i t i c a l p r o p e r t i e s much c l o s e r to the s u p e r c r i t i c a l 
f l u i d ' s c r i t i c a l p r o p e r t i e s than the s o l i d s discussed above. Since 
the mixture i s somewhat l e s s m o l e c u l a r l y asymmetric, the c r i t i c a l 
temperature of the s u p e r c r i t i c a l f l u i d l i e s above the m e l t i n g 
temperature of the s o l u t e . As a r e s u l t , the v a p o r i z a t i o n (L 2V) 
curve i s g e n e r a l l y the only pure s o l u t e property to be of concern 
on mixture P-T t r a c e s . Many l i t e r a t u r e references are a v a i l a b l e 
f o r mixtures that f a l l i n t o t h i s category, because these systems 
comprise the b u l k of high pressure v a p o r - l i q u i d e q u i l i b r i a research 
of the l a s t century, however, most data are f o r hydrocarbon r e l a t e d 
systems and the c u r r e n t i n t e r e s t extends beyond these systems. A 
few cases of s p e c i a l i n t e r e s t w i l l be mentioned and f u r t h e r 
i n f o r m a t i o n may be found i n other references (4-10). 

High pressure v a p o r - l i q u i d behavior i s t y p i c a l l y c l a s s i f i e d 
i n t o one of f i v e b a s i c types i l l u s t r a t e d i n Figure 11. 
( C l a s s i f i c a t i o n numbering of the systems v a r i e s and one a d d i t i o n a l 
c l a s s i f i c a t i o n i s sometimes added (8,10,17)). I f the only area of 
i n t e r e s t i s above the c r i t i c a l p o i n t of the l i g h t e r component, then 
the only temperatures of i n t e r e s t are above C x. As an i l l u s t r a t i o n 
of type I I I behavior, a P-x-y diagram of the ethylene-n-propanol 
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Figure 11. Fiv e c l a s s e s of b i n a r y phase behavior t y p i c a l l y 
observed. (Reproduced w i t h permission from Ref. 10. Copyright 
1986 Butterworths.) 
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system i s shown i n Figure 12. Comparing t h i s f i g u r e to Figure 11c, 
the temperature i s above the c r i t i c a l temperature of the l i g h t 
component, but below the temperature of the c r i t i c a l endpoint 
denoted by the t r i a n g l e . A wide range of i n t e r e s t i n g l i q u i d -
l i q u i d - f l u i d behavior e x i s t s i n these systems i n s u b c r i t i c a l 
regions a l s o . 

Compare the behavior of the ethylene-n-propanol system to a 
type I system, C0 2-hexane, shown i n Figure 13. Note th a t i n both 
cases, s o l u b i l i t y of the s u p e r c r i t i c a l component i n the l i q u i d 
phase increases r a p i d l y as the pressure increases. This phenomenon 
can l e a d to s u b s t a n t i a l s w e l l i n g of the l i q u i d phase. The 
s o l u b i l i t y of the heavy component i n the l i g h t e r phase does not 
increase r a p i d l y w i t h an increase i n pressure u n t i l the mixture 
c r i t i c a l p o i n t i s approached or an a d d i t i o n a l phase i s formed. The 
c o n d i t i o n s of these occurrences may be s u b s t a n t i a l l y removed from 
the pure s u p e r c r i t i c a l f l u i d c r i t i c a l c o n d i t i o n s . 

I n t e r e s t i n g behavior occurs i n t e r n a r y systems when two 
immiscible l i q u i d s are contacted w i t h a s u p e r c r i t i c a l f l u i d . The 
s u p e r c r i t i c a l f l u i d i s p r e f e r e n t i a l l y d i s s o l v e d i n the most 
ch e m i c a l l y s i m i l a r phase, e f f e c t i v e l y i n c r e a s i n g the degree of 
l i q u i d - l i q u i d i m m i s c i b i l i t y (46). In a d d i t i o n , i t i s p o s s i b l e to 
create i m m i s c i b i l i t y from a homogeneous l i q u i d mixture by 
c o n t a c t i n g the l i q u i d phase w i t h a h i g h pressure gas i f one l i q u i d 
component i s s u f f i c i e n t l y c h e m i c a l l y d i f f e r e n t than the 
s u p e r c r i t i c a l component. 

Most cur r e n t i n t e r e s t i n l i q u i d - f l u i d behavior focuses on the 
s e p a r a t i o n of d i s s o l v e d organic species from water. Studies w i t h 
both a l c o h o l s and organic acids are published. R e s u l t s are u s u a l l y 
summarized on t e r n a r y diagrams s i m i l a r to diagrams used f o r l i q u i d -
l i q u i d e q u i l i b r i a . The n-propanol-water-ethylene system i s 
i l l u s t r a t e d i n Figure 14. The s u p e r c r i t i c a l phase compositions are 
very n e a r l y pure ethylene and cannot be discerned from t h i s 
diagram. Note the s i g n i f i c a n t s o l u b i l i t y of the s u p e r c r i t i c a l 
f l u i d i n the l i q u i d , and a l s o the i m m i s c i b i l i t y e f f e c t . 

Transport P r o p e r t i e s of S u p e r c r i t i c a l F l u i d s 

Transport p r o p e r t i e s , i n c l u d i n g d i f f u s i o n c o e f f i c i e n t s and 
v i s c o s i t i e s , undergo changes i n the c r i t i c a l r e g i o n . As mentioned 
i n Figure 1, these p r o p e r t i e s are u s e f u l i n o p t i m i z i n g 
s u p e r c r i t i c a l processes and the use of these p r o p e r t i e s should 
become more important as s u p e r c r i t i c a l f l u i d process c a l c u l a t i o n s 
develop. This d i s c u s s i o n i s presented to s t r e s s the d e n s i t y 
dependence of these p r o p e r t i e s . 

V i s c o s i t y . V i s c o s i t y measurements are a v a i l a b l e f o r a v a r i e t y of 
f l u i d s at h i g h pressure (48). Several corresponding s t a t e s methods 
have been developed u s i n g d i f f e r e n t c h a r a c t e r i s t i c v i s c o s i t i e s . 
One of the e a s i e s t techniques to i n t e r p r e t f o r an i n t r o d u c t i o n i s 
the technique used by Comings, et a l . , (49)· These researchers 
used a reduced v i s c o s i t y based on the v i s c o s i t y at P=0, 

T7%(T,P)/rKT,P=0). 
The value of the v i s c o s i t y at 1 atm i s a s a t i s f a c t o r y approximation 
f o r the zero pressure v i s c o s i t y . As shown i n Figure 15, the 
v i s c o s i t y changes by a f a c t o r of 3 or 5 i n the c r i t i c a l r e g i o n , 
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Figure 12. Binary phase behavior of ethylene-n-propanol at 
14.5 °C, a type I I I system. (Reproduced w i t h permission from 
Réf. 10. Copyright 1986 Butterworths.) 
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Figure 13. Binary phase behavior of C02~n-hexane, a type I 
system. (Reproduced w i t h permission from Réf. 10. Copyright 
1986 Butterworths.) 
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η - P R O P Y L 
A L C O H O L 

H 2 0 

Figure 14. Ternary phase behavior of n-propanol-water-C02 at 
15 °C and 750 p s i a . (Reproduced w i t h permission from Ref. 10. 
Copyright 1986 Butterworths.) 
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Figure 15. Reduced v i s c o s i t y i n the s u p e r c r i t i c a l r e gion. 
(Data from Ref. 49.) 
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1. LIRA Physical Chemistry of Supercritical Fluids 21 

r a t h e r than orders of magnitude. At higher reduced temperatures 
the pressure e f f e c t i s l e s s pronounced. Compare Figure 15 w i t h 
Figure 2 to note that the v i s c o s i t y and d e n s i t y changes are 
coupled. 

D i f f u s i o n C o e f f i c i e n t s . S e l f d i f f u s i o n c o e f f i c i e n t s f o r C0 2 (50-
52.) , ethylene (53) , water (54), and methane (55) are presented i n 
Figure 16. The c r i t i c a l d e n s i t i e s of these f l u i d s are 10.6, 7.8, 
17.9, and 10.1 mol/1, r e s p e c t i v e l y . Figure 16 i s presented f o r 
i l l u s t r a t i v e purposes only and the references provide a d i s c u s s i o n 
of t h e o r e t i c a l c o n s i d e r a t i o n s and mathematical r e l a t i o n s h i p s 
between d e n s i t y , v i s c o s i t y , and d i f f u s i o n . 

B inary d i f f u s i o n c o e f f i c i e n t s are a v a i l a b l e f o r a few 
mixtures. The d i f f u s i o n values are between the s o l v e n t s e l f -
d i f f u s i o n c o e f f i c i e n t s and normal l i q u i d phase d i f f u s i o n 
c o e f f i c i e n t s and the values are summarized i n Table I . 

Table I . Binary 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 

Solvent Approximate 
Temperature Density Range 

(Ref.) Solute (K) (mol/1) - l o g 1 0 ( D 1 2 [ c m 2 / s ] ) 

C0 2 

(56) 

Benzene 
Phenol 
Naphthalene 

313 7-18 3.5-4. 0 

C0 2 

(57) 

Benzene 
n- Propylbenzene 
1,3,5-Trimethyl-

benzene 

313 7-18 3.5-4. ,0 

C0 2 

(58) 
Benzoic a c i d 
2-Naphthol 

308-323 15-17 4.04-4. .30 

(58) 
Benzoic a c i d 
Naphthalene 

318-338 7.5-10 3.8-4, .08 

2,3-Dimethylbutane 
Benzene 

(59) Toluene 
Naphthalene 
Phenanthrene 

523-548 4.0-5.3 3.4-3 .6 

In general, mass t r a n s f e r i s not l i m i t e d by d i f f u s i o n r a t e s i n 
the s u p e r c r i t i c a l phase. I n f a c t , s i g n i f i c a n t buoyancy e f f e c t s i n 
s u p e r c r i t i c a l f l u i d s enhance mass t r a n s f e r r a t e s w i t h convective 
mixing (58)· U s u a l l y , mass t r a n s f e r l i m i t a t i o n s w i l l occur i n 
e i t h e r a l i q u i d or s o l i d phase. 
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Figure 16. S e l f d i f f u s i o n c o e f f i c i e n t s f o r s e v e r a l f l u i d s : 
C0 2, (313-318K, 1.03-1.05 Τ ), (50); C0 o (323K, 1.06 Τ ), 
(51); • - C 0 2 l (308K, 1.01 Ï ), (52); Δ - C 2H 4, (323K, 1.14 , 
(53) ; V - H 20, (673K, 1.04 Τ Γ ) , (54); X 
(54) . Γ 

J 2 r 

CH. (198K, 1.04 Τ J , 
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1. LIRA Physical Chemistry of Supercritical Fluids 23 

Conclusion 

This chapter provides an i n t r o d u c t i o n to s u p e r c r i t i c a l f l u i d 
behavior. As a t u t o r i a l , q u a l i t a t i v e f l u i d behavior i s s t r e s s e d 
r a t h e r than q u a n t i t a t i v e d e s c r i p t i o n . S o l u b i l i t i e s i n s o l i d - f l u i d 
systems are i n t e r p r e t e d w i t h a simple f l u i d model. Enhancement 
f a c t o r s are introduced to demonstrate the importance of r e p u l s i v e 
f o r c e s . Intermolecular i n t e r a c t i o n s i n cosolvent systems are 
discussed. L i q u i d - f l u i d phase behavior and phase t r a n s i t i o n s i n 
l i q u i d - f l u i d and s o l i d - f l u i d systems are b r i e f l y presented. 
Transport p r o p e r t i e s are b r i e f l y presented to s t r e s s t h e i r d e n s i t y 
dependence. 

Many i n t r o d u c t o r y t o p i c s have been omitted from t h i s 
d i s c u s s i o n , such as polymer behavior and mixture f r a c t i o n a t i o n (see 
Ref. 10). Reactions i n s u p e r c r i t i c a l f l u i d s are a l s o discussed 
elsewhere (60). I n t e r e s t i n g a p p l i c a t i o n s of s u p e r c r i t i c a l 
p r o c e s s i n g of m a t e r i a l s are published, i n c l u d i n g powder 
manufacturing (10,60) and d r y i n g of gels (62.) . Although the number 
of a p p l i c a t i o n s continues to grow, each process r e q u i r e s steps 
where an understanding of phase behavior f a c i l i t a t e s process 
o p t i m i z a t i o n . As an overview, t h i s chapter should be h e l p f u l i n 
understanding more d e t a i l e d s t u d i e s . 
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Chapter 2 

Processing with Supercritical Fluids 
Overview and Applications 

Val J. Krukonis 

Phasex Corporation, 360 Merrimack Street, Lawrence, MA 01843 

When supercritical fluid extraction first came under 
investigation in the U.S. it received much research 
effort because of its potential for carrying out 
separations with low energy consumption. Such 
investigations received a great deal of publicity in 
trade and technical journals. Because the process 
development activities were mostly unsuccessful, 
interest in supercritical fluids waned; during the 
past three years, however, resurgent interest 
developed . A review of the events of the past ten 
years, namely, the events that created the initial 
interest in supercritical fluid extraction, the 
events that caused (temporarily) a decrease in 
interest in the technology, and the factors 
responsible for the current resurgent interest is 
developed. Two examples of supercritical fluid 
extraction applications that are of interest to food 
and flavor chemists, fish oils concentration and 
enzyme-catalyzed reactions, are described. 

This chapter describes a recent and controversial period of 
supercritical fluid history, 1977-1987. An outline of the 
information to be covered in this chapter is given in Table I. 
The history of supercritical fluid solubility phenomena was 
summarized in an earlier paper (1). That paper reviewed the 
first literature report on the subject by Hannay and Hogarth in 
1879 (2), the work of many researchers who investigated the phase 
behavior of various materials dissolved in supercritical fluids 
(3-5), and some process/product applications of supercritical 
fluid extraction (6-8). A quite detailed historical development, 
covering in depth the first score years after 1879, has been 
published elsewhere (9). 

0097-6156/88/0366-0026$06.00/0 
© 1988 American Chemical Society 
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2. K R U K O N I S Processing with Supercritical Fluids 27 

Table I . PROCESSING WITH SUPERCRITICAL FLUIDS 

OVERVIEW 1977-1987 
-The Promises 
-The Loss o f L u s t e r 
-The Monotonie Recovery 

APPLICATIONS 
- L i p i d s ( F i s h o i l s c o n c e n t r a t i o n , 

c h o l e s t e r o l e x t r a c t i o n from 
animal f a t s ) 

-Enzyme Reactions 

Overviev 

In the e a r l y stages of process development i n the U . S . , many 
" p r o m i s e s " were made about the c a p a b i l i t i e s o f , and a p p l i c a t i o n 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 . When the w i d e l y - t o u t e d 
a p p l i c a t i o n s d i d not m a t e r i a l i z e , as e x e m p l i f i e d by 
commercial ized p r o c e s s e s , f o r example, the " l u s t e r " of 
s u p e r c r i t i c a l f l u i d s o l v e n t s r a t h e r q u i c k l y faded. I t i s 
i n f o r m a t i v e to review some of the trade and a s s o c i a t i o n j o u r n a l 
a r t i c l e s that were p u b l i s h e d d u r i n g t h i s p e r i o d because of t h e i r 
i n f l u e n c e on many researchers and companies i n t h e i r future 
i n v e s t i g a t i o n s o f 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 . 

Some of the t i t l e s which appeared d u r i n g the e a r l y p e r i o d 
of i n v e s t i g a t i o n of 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 i n the U . S . 
i n c l u d e d the f o l l o w i n g : " C r i t i c a l f l u i d s aim f o r a broad 
i n d u s t r i a l r o l e " (Chem. E n g . , March 1979), "Gas s o l v e n t s : about 
to b l a s t o f f " (Bus. Week, J u l y 1981), " S u p e r c r i t i c a l F l u i d s 
Promise Quick E x t r a c t i o n of Food V o l a t i l e s " (Food D e v e l . , August 
1981), "The promise f o r s u p e r c r i t i c a l f l u i d s " (January 1983), 
" S e p a r a t i o n technology - keep an eye on 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 " (Chem. P r o c , January 1985), and "The magic of 
s u p e r c r i t i c a l f l u i d s " (Chem. E n g . , February 1985). The a r t i c l e s 
conta ined p e r v a s i v e promises , as r e f l e c t e d i n some s e l e c t e d 
phrases from the a r t i c l e s , e . g . , "tremendous d i s s o l v i n g 
c a p a c i t y " , "energy s a v e r " , " s u p e r i o r s o l v e n t s " , " s i g n i f i c a n t 
a l t e r n a t i v e to d i s t i l l a t i o n " , " o n the t h r e s h o l d of a new 
t e c h n o l o g y " , " n o t h i n g l e s s than a new u n i t o p e r a t i o n " , and "magic 
s o l v e n t s " . The l a c k of commercial success i n the areas that had 
been suggested i n the a r t i c l e s , f o r example, f o r r e p l a c i n g 
d i s t i l l a t i o n i n the s e p a r a t i o n of m i s c i b l e l i q u i d s , r e s u l t e d i n a 
r e v e r s a l o f i n t e r e s t i n s u p e r c r i t i c a l f l u i d s as e x t r a t i o n 
s o l v e n t s . The t i t l e o f another a r t i c l e , " S u p e r c r i t i c a l f l u i d s : 
s t i l l seeking acceptance" (Chem. E n g . , February 1985), r e f l e c t e d 
the a t t i t u d e that a f t e r almost ten years o f e f f o r t i t wasn't 
c l e a r where s u p e r c r i t i c a l f l u i d s f i t . 

One e x p l a n a t i o n f o r the l a c k o f success d u r i n g t h i s e a r l y 
p e r i o d of a c t i v i t y r e s i d e s i n the then ex is tence of u n b r i d l e d 
enthusiasm about the p o t e n t i a l f o r s u p e r c r i t i c a l f l u i d s . There 
were many m i s a p p l i c a t i o n s , e s p e c i a l l y i n the r e s e a r c h e f f o r t that 
was d i r e c t e d to l a r g e volume chemicals separated by 
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d i s t i l l a t i o n . Perhaps i n p a r t i a l r e c o n c i l i a t i o n of the 
m i s a p p l i c a t i o n o f 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 to s e p a r a t i n g 
l a r g e volume chemica ls , i t i s important to r e c a l l that dur ing the 
l a t e 7 0 ' s , which was c o i n c i d e n t w i t h r i s i n g i n t e r e s t i n 
s u p e r c r i t i c a l f l u i d s i n the U . S . , energy c o n s e r v a t i o n became an 
important c o n s i d e r a t i o n f o r new process development or o l d 
process improvement. In some cases 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 
was shown to be a lower energy consuming process than 
d i s t i l l a t i o n , and i t t h e r e f o r e was q u i t e w i d e l y d i r e c t e d to 
s o l v i n g some of the energy i l l s o f the Chemical Process 
I n d u s t r i e s . Energy savings a l o n e , however, do not assure 
economic v i a b i l i t y o f any p r o c e s s . 

Some of the process and a p p l i c a t i o n s development e f f o r t 
that was c a r r i e d out d u r i n g t h i s p e r i o d c o u l d have been p r e d i c t e d 
to be f r u i t l e s s based upon then e x i s t i n g d a t a . For example, much 
of the i n f o r m a t i o n necesary to evaluate the p o t e n t i a l 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 , e s p e c i a l l y f o r s e p a r a t i n g many 
chemicals from water, was o b t a i n a b l e from a paper by A l f r e d 
F r a n c i s (10) . His work was, when i t was p u b l i s h e d i n 1954 (and 
perhaps i t i s s t i l l t o d a y ) , the g r e a t e s t s i n g l e source of 
s o l u b i l i t y and d i s t r i b u t i o n data of compounds i n l i q u i d carbon 
d i o x i d e . Because the p r o g r e s s i o n from l i q u i d to s u p e r c r i t i c a l 
s o l v e n t p r o p e r t i e s i s cont inuous , the l i q u i d carbon d i o x i d e data 
of F r a n c i s are v a l u a b l e f o r e s t i m a t i n g s o l u b i l i t y and e x t r a c t i o n 
behavior i n the s u p e r c r i t i c a l f l u i d regions as w e l l . 

As an example of the breadth and depth of F r a n c i s ' s t u d i e s 
one f i g u r e from reference 10 i s reproduced i n F i g u r e 1; i t shows 
many t e r n a r y phase diagrams o f carbon d i o x i d e (at c o n d i t i o n s of 
800 p s i , 2 5 ° C ) . The top apex of each phase diagram represents 
carbon d i o x i d e and the other two a p i c e s , r e s p e c t i v e l y , two other 
compounds whose i d e n t i t i e s are obtained from a master t a b l e i n 
the a r t i c l e . For example, i n the top r i g h t t e r n a r y diagram (D4) 
shown i n F i g u r e 1, HD represents n-hexadecane and HN, 
hydrocinnamaldehyde, and from t h i s phase diagram, much 
i n f o r m a t i o n can be o b t a i n e d , e . g . , the s o l u b i l i t y of n-hexadecane 
i n 0θ£ , the s o l u b i l i t y o f CO2 i n n-hexadecane, and s i m i l a r l y 
f o r hydrocinnamaldehyde. A d d i t i o n a l l y the c o n c e n t r a t i o n s of a l l 
components that r e s u l t i n complete m i s c i b i l i t y or i n 
three-component two-phase regions can be o b t a i n e d . F r a n c i s 
r e p o r t e d on 464 t e r n a r y systems that i n c l u d e d compounds ranging 
from simple hydrocarbons , a l c o h o l s , e s t e r s , and aldehydes to much 
more complex s u b s t i t u t e d aromatics and h e t e r o c y c l i c s . The 
breadth and importance of h i s c o n t r i b u t i o n s cannot be 
o v e r e s t i m a t e d , y e t , a p p a r e n t l y h i s work was q u i t e f r e q u e n t l y not 
c o n s u l t e d f o r i t s r e l e v a n c e ; a number of r e s e a r c h groups 
subsequently " r e d i s c o v e r e d " that c e r t a i n separat ions were not 
advantageously c a r r i e d out by 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 
r e l a t i v e to p r o c e s s i n g by d i s t i l l a t i o n . 

The t h i r d entry i n Table I i s "The monotonie r e c o v e r y " , 
i m p l y i n g that the i n t e r e s t i n 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 i s 
a g a i n i n c r e a s i n g . Although the l e s s than l u s t r o u s performance of 
s u p e r c r i t i c a l f l u i d s i n energy r e d u c t i o n a p p l i c a t i o n s delayed or 
reduced other process development a c t i v i t y , c u r r e n t l y there i s 
i n c r e a s i n g a c t i v i t y i n 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 . The 
resurgent i n t e r e s t r e s i d e s i n a number of f a c t o r s , e . g . , 
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K R U K O N I S Processing with Supercritical Fluids 

Figure 1. Ternary phase diagrams of carbon d i o x i d e and other 
compounds at 800 p s i and 25 °C. (Reproduced w i t h permission 
from Ref. 10. Copyright 1954 J . Phys. Chem.) 
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30 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 A N D C H R O M A T O G R A P H Y 

i n c r e a s i n g s c r u t i n y of t r a d i t i o n a l s o l v e n t s , i n c r e a s i n g emphasis 
on p o l l u t i o n c o n t r o l , and i n c r e a s i n g performance demands on 
p r o d u c t s . These f a c t o r s have motivated companies and government 
agency l a b o r a t o r i e s to evaluate a l t e r n a t i v e processes f o r 
s o l u t i o n s to s p e c i f i c separat ions or p r o c e s s i n g problems, and 
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 i s one o f the processes that are 
being a p p l i e d and e v a l u a t e d . Whereas i n the e a r l y 80 's the 
development o f g e n e r i c processes u t i l i z i n g s u p e r c r i t i c a l f l u i d s 
f o r s e p a r a t i n g w i t h low energy consumption a broad spectrum of 
products i n the chemical process i n d u s t r i e s was a d e s i r e d (and 
perhaps unachievable) g o a l , c u r r e n t successes are r e s u l t i n g from 
a p p l i c a t i o n o f the t e c h n i c a l and economic mer i t s o f s u p e r c r i t i c a l 
f l u i d s on a case by case b a s i s . Although carbon d i o x i d e can 
t e c h n i c a l l y r e p l a c e a v a r i e t y o f t a r g e t e d s o l v e n t s , i . e . , carbon 
d i o x i d e can " d o " the e x t r a c t i o n , economics must be evaluated 
e a r l y on i n order to determine the commercial v i a b i l i t y of 
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 . Furthermore, as i s r e q u i r e d f o r 
any r e a l i s t i c e v a l u a t i o n , a l l a l t e r n a t i v e separat ions processes 
and t h e i r c a p i t a l costs and o p e r a t i n g costs must be weighed i n 
deve loping the optimum process to separate a s p e c i f i c m i x t u r e . 
F a m i l i a r i t y w i t h the pros and cons of 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 and w i t h the reasons f o r the e a r l y " f a i l u r e s " has 
a i d e d r e s e a r c h e r s i n t h e i r s e l e c t i o n s o f p o t e n t i a l l y v i a b l e 
a p p l i c a t i o n s . 

A p p l i c a t i o n s 

A v a r i e t y of a p p l i c a t i o n s demonstrate p o t e n t i a l t e c h n i c a l and 
economic v i a b i l i t y , and a few are l i s t e d i n Table I I . 

Table I I . CURRENT SUPERCRITICAL FLUID EFFORT 

- R e c r y s t a l l i z a t i o n of Pharmaceuticals (12, 13) 
- F r a c t i o n a t i o n o f O i l s and Polymers (14, 15) 
- E x t r a c t i o n of R e s i d u a l Solvents and Monomers from Polymers (16) 
- P o l y m e r i z a t i o n i n S u p e r c r i t i c a l F l u i d s (17) 
- Treatment o f L i q u i d and S o l i d Wastes (18, 19) 
- Enzyme React ions i n S u p e r c r i t c a l F l u i d s (20-22) 
- E x t r a c t i o n of F l a v o r s , Aromas, and Colorants (1, 23, 24) 
- C o n c e n t r a t i o n of E i c o s a p e n t a n o i c A c i d from F i s h O i l s (25-29) 
- E x t r a c t i o n of C h o l e s t e r o l from B u t t e r , L a r d , Tal low & Eggs (30) 
- D e c a f f e i n a t i o n of Coffee (31) 
- E x t r a c t i o n of Hops (32) 

Not every pharmaceutical w i l l e v e n t u a l l y be comminuted by 
s u p e r c r i t i c a l f l u i d n u c l e a t i o n , not every polymer processed f o r 
molecular weight c o n t r o l by 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 , not 
every f l a v o r concentrated by 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 ; but 
some w i l l be . Two a p p l i c a t i o n s l i s t e d i n the t a b l e are a l r e a d y 
i n commercial p r o d u c t i o n , and s e v e r a l are i n advanced p i l o t p l a n t 
development and t e s t market e v a l u a t i o n . Hops e x t r a c t i o n i s being 
c a r r i e d out by P f i z e r , Inc . i n i t s p l a n t i n Sydney, NE (33)» and 
General Foods C o r p o r a t i o n has c o n s t r u c t e d a cof fee d e c a f f e i n a t i o n 
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2. K R U K O N I S Processing with Supercritical Fluids 31 

p l a n t i n Houston, TX which w i l l come on stream i n l a t e 1987 
( M ) · Information about these p l a n t s i s becoming q u i t e widely 
known, and the f a c t that these p l a n t s e x i s t i s a l s o r e k i n d l i n g 
i n t e r e s t i n 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 ; i t i s obvious now 
that 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 "works" somewhere and that i t 
can be s c a l e d . In Europe s e v e r a l 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 
p l a n t s p r o c e s s i n g c o f f e e , hops, t e a , and some s e l e c t e d spices 
have been o p e r a t i n g f o r many y e a r s . 

C h o l e s t e r o l e x t r a c t i o n s t u d i e s l i s t e d i n Tables I and II 
have progressed from the i n i t i a l s c a l e to an o p t i m i z a t i o n phase 
at the l a b o r a t o r i e s of the U n i v e r s i t y o f Wisconsin and Phasex 
C o r p o r a t i o n (35) . Whereas a l l the a p p l i c a t i o n s l i s t e d i n Table 
I I are i n t e r e s t i n g f o r d i s c u s s i o n , f i s h o i l s e x t r a c t i o n and 
enzyme r e a c t i o n s were s e l e c t e d f o r t h e i r newness a n d / o r n o v e l t y 
f o r d i s c u s s i o n h e r e . F i s h o i l 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 
f l u i d s e x h i b i t s the p o t e n t i a l to become the p r e f e r r e d separat ions 
process i f h i g h c o n c e n t r a t i o n l e v e l s o f e icosapentanoic a c i d are 
r e q u i r e d , and i t i s being i n v e s t i g a t e d by many workers . The 
subject o f enzyme r e a c t i o n s i n s u p e r c r i t i c a l f l u i d s i s , at 
present f o r the most p a r t , an i n t e r e s t i n g academic p u r s u i t but i t 
e x e m p l i f i e s the breadth of a p p l i c a t i o n of 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 . 

F i s h O i l s C o n c e n t r a t i o n 

Because evidence has accumulated that suggests c e r t a i n 
p o l y u n s a t u r a t e d f a t t y a c i d s found i n f i s h o i l s may have 
b e n e f i c i a l e f f e c t s f o r the c a r d i o v a s c u l a r system, e icosapentanoic 
a c i d (EPA) has become the subject o f intense study d u r i n g the 
past few y e a r s . S e v e r a l methods that e x h i b i t the t e c h n i c a l 
c a p a b i l i t i e s to concentrate EPA s u f f e r from c e r t a i n l i m i t a t i o n s 
i n t h e i r o p e r a t i o n and s c a l e up. High vacuum and molecular 
d i s t i l l a t i o n which can separate many low vapor pressure 
components r e q u i r e o p e r a t i o n at q u i t e h i g h temperature l e v e l s to 
achieve any reasonable p r o d u c t i o n r a t e s , and the h i g h temperature 
l e v e l can cause degradative r e a c t i o n of the unsaturated 
components i n f i s h o i l s . Chromatographic techniques such as 
HPLC, a l s o demonstrating the t e c h n i c a l a b i l i t y to produce a h i g h 
p u r i t y EPA " p e a k " , s u f f e r because of s c a l e up l i m i t a t i o n s . As 
r e l a t e d e a r l i e r , i n a c a s e - b y - c a s e e v a l u a t i o n s u p e r c r i t i c a l 
f l u i d s e x t r a c t i o n can emerge as a t e c h n i c a l l y and economical ly 
s u p e r i o r process e s p e c i a l l y when product performance demands 
p l a c e l i m i t a t i o n s upon c o n v e n t i o n a l p r o c e s s i n g t e c h n i q u e s . In 
the case of producing a h i g h c o n c e n t r a t i o n EPA p r o d u c t , 
s u p e r c r i t i c a l f l u i d f r a c t i o n a t i o n i s being i n v e s t i g a t e d because 
i t can achieve a 90+% c o n c e n t r a t i o n , s imultaneously a 90+% y i e l d , 
and i t can r e a d i l y be s c a l e d to p r o d u c t i o n l e v e l s . 

T r i g l y c e r i d e s cannot be concentrated to any s i g n i f i c a n t 
degree by s u p e r c r i t i c a l f l u i d f r a c t i o n a t i o n ; t h i s i n a b i l i t y to 
concentrate EPA (other than by a few per cent (26)) i s a r e s u l t 
o f the random a s s o c i a t i o n of f a t t y a c i d chains on a g l y c e r o l 
backbone. On any s i n g l e g l y c e r o l moiety there might be, f o r 
example, a C 1 8 : l , a C20:5 , and a C 2 2 : l c h a i n , and i t i s 
imposs ib le to " e x t r a c t " C20:5 from the t r i g l y c e r i d e . 
S a p o n i f i c a t i o n and e s t e r i f i c a t i o n to the e t h y l e s t e r s enables a 
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32 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 AND C H R O M A T O G R A P H Y 

s u p e r c r i t i c a l f l u i d to separate the assembly of i n d i v i d u a l e s t e r s 
a c c o r d i n g to the d i s t r i b u t i o n c o e f f i c i e n t s o f each. The 
s e l e c t i v i t y o f carbon d i o x i d e f o r one e s t e r over another , i . e . , 
the r a t i o o f the r e s p e c t i v 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 , can be 
t a i l o r e d by v i r t u e o f o p e r a t i n g p r e s s u r e . 

The f i r s t r e p o r t on the s u p e r c r i t i c a l f l u i d f r a c t i o n a t i o n 
of f i s h o i l s appeared i n A p r i l 1984. Eisenbach (25) , working wih 
e t h y l e s t e r s of c o d f i s h o i l , showed that by o p e r a t i n g i n the 
r e t r o g r a d e condensation r e g i o n , i . e . , that r e g i o n o f 
s u p e r c r i t i c a l f l u i d phase space where an i s o b a r i c increase i n 
temperature causes a decrease i n the s o l u b i l i t y of a d i s s o l v e d 
compound, he c o u l d i s o l a t e a f r a c t i o n c o n t a i n i n g 90+% C20 e s t e r s . 
The f r a c t i o n a l s o conta ined some C18's and C 2 2 r s , but 90+% o f the 
f r a c t i o n was composed of C 2 0 ' s . The s u p e r c r i t i c a l f l u i d 
f r a c t i o n a t i o n was c a r r i e d out u s i n g an i n t e r n a l r e f l u x brought 
about by a " h o t f i n g e r " , i . e . , a heated zone l o c a t e d p h y s i c a l l y 
above the e x t r a c t i o n zone, which causes a p a r t i a l l i q u e f a c t i o n of 
the components that are d i s s o l v e d i n the gas stream l e a v i n g the 
e x t r a c t i o n zone. The l i q u i d e s t e r r e f l u x that f a l l s downward 
s imulates somewhat a continuous c o u n t e r c u r r e n t e x t r a c t i o n and 
b r i n g s about a c o n c e n t r a t i o n maximum i n C20 e s t e r s and i n EPA 
d u r i n g the course of the e x t r a c t i o n . I n c i d e n t a l l y , t h i s r e p o r t 
o f 90% c o n c e n t r a t i o n of C20 e s t e r s was l a t e r m i s i n t e r p r e t e d to be 
a 90% c o n c e n t r a t i o n of EPA i n the product (36)» and t h i s same 
m i s i n t e r p r e t a t i o n was repeated l a t e r (37) . Many mispercept ions 
p r e v a i l s t i l l today about the separat ions that are achievable (or 
not a c h i e v a b l e ) by 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 , and t h u s , the 
c o n f u s i o n on the C20/EPA c o n c e n t r a t i o n i s expanded upon here i n 
order to present as complete a p i c t u r e as p o s s i b l e of the 
c a p a b i l i t i e s (and l i m i t a t i o n s ) o f the technology i n the f i s h o i l s 
a p p l i c a t i o n . S u p e r c r i t i c a l f l u i d s do e x h i b i t some very 
a t t r a c t i v e s e p a r a t i o n p r o p e r t i e s , but they are not "magic 
s o l v e n t s " ; they cannot produce 90% EPA s t a r t i n g with the f i s h 
o i l e s t e r s used by Eisenbach i n the hot f i n g e r e x t r a c t o r he 
d e s c r i b e d . 

Some simple m a t e r i a l balance c o n s i d e r a t i o n s permit the 
maximum a c h i e v a b l e EPA c o n c e n t r a t i o n to be c a l c u l a t e d u s i n g the 
data shown i n Table I I I which g ives the composit ion of the 
c o d f i s h o i l e s t e r s that were t e s t e d by E i s e n b a c h . As i s 
c a l c u l a t e d from the va lues g iven i n the t a b l e , the C20 f r a c t i o n 
comprises 26.7% (w/w) of the feed s t o c k , , and the C20:5 (EPA) 
component comprises 54.7% of the C 2 0 ' s . Since to a f i r s t 
approximation s u p e r c r i t i c a l e x t r a c t i o n separates by carbon 
number, i . e . , by the l e n g t h or molecular weight of the f a t t y a c i d 
e s t e r , the data i n Table I I I show that the t h e o r e t i c a l maximum 
EPA c o n c e n t r a t i o n achievable i s 54.7%; i f the C20's c o u l d be 
separated i n t o a f r a c t i o n c o n t a i n i n g o n l y C 2 0 ' s , the EPA 
c o n c e n t r a t i o n i n that f r a c t i o n would be 54.7%. Eisenbach 
obta ined a C20 f r a c t i o n of 96.3% i n a two pass system which i s an 
e x c e l l e n t v a l u e ; i t i s c a l c u l a t e d that the EPA c o n c e n t r a t i o n i n 
that f r a c t i o n i s 52.7%, a l s o an e x c e l l e n t va lue r e l a t i v e to the 
t h e o r e t i c a l va lue of 54.7%. 

S e v e r a l other s t u d i e s on f i s h o i l s were r e p o r t e d (26-29) 
s h o r t l y a f t e r the Eisenbach paper a t t e s t i n g to the i n t e r e s t i n 
s u p e r c r i t i c a l f l u i d f r a c t i o n a t i o n to concentrate EPA. The most 
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K R U K O N I S Processing with Supercritical Fluids 

Table III. FATTY ACID PROFILES OP CODFISH OIL ESTERS 

Component concentration (Wtl) 
14:0 5.80 

15:0 0.19 

16:0 12.88 
16:1 9.79 

18:0 2.66 
18:1 23.25 
18:2 0.16 
18:4 2.19 

20:1 11.43 
20:4 0.50 
20:5 14.46 

22:1 8.64 
22:4 0.43 
22:5 0.49 
22:6 5.74 
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34 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 AND C H R O M A T O G R A P H Y 

r e c e n t study o f f i s h o i l s i s the work o f N i l s s o n et a l . , (38) at 
the N a t i o n a l Marine F i s h e r i e s S e r v i c e , S e a t t l e , WA; t h e i r work 
has shown t h a t , w i t h a feed of urea f r a c t i o n a t e d menhaden o i l 
e t h y l e s t e r s , s u p e r c r i t i c a l f l u i d f r a c t i o n a t i o n can concentrate 
EPA to 96%. The concept and p r i n c i p l e s o f urea f r a c t i o n a t i o n and 
i t s a b i l i t y to sequester and c r y s t a l l i z e s a t u r a t e d and mono-ene 
e s t e r s from a mixture of e s t e r s have been covered elsewhere 
(39) . As an example o f the a b i l i t y o f urea f r a c t i o n a t i o n to 
remove s a t u r a t e d and mono-ene components from a mixture of 
e s t e r s , Table IV l i s t s the composit ion of whole menhaden o i l 
e s t e r s and the e s t e r s that are produced by urea f r a c t i o n a t i o n of 
whole e s t e r s . An examination o f the composit ions of the two 
e s t e r feed stocks shows that the s a t u r a t e d and mono-unsaturated 
components have been almost q u a n t i t a t i v e l y removed by urea 
f r a c t i o n a t i o n ; important f o r s u p e r c r i t i c a l f l u i d f r a c t i o n a t i o n 
c o n s i d e r a t i o n s , the c o n c e n t r a t i o n o f EPA t h e o r e t i c a l l y achievable 
i n the C20 f r a c t i o n has been i n c r e a s e d to 96.8%. 

F i g u r e 2 shows an e x t r a c t i o n p r o f i l e of EPA obta ined d u r i n g 
the batch continuous e x t r a c t i o n of a charge of menhaden o i l e t h y l 
e s t e r s . E x t r a c t i o n c o n d i t i o n s were 2200 p s i g , 40°C, w i t h a 
100°C heated zone (the "hot f i n g e r " ) l o c a t e d above the 
e x t r a c t o r , which as e x p l a i n e d e a r l i e r , provides the r e f l u x flow 
to enhance the s e p a r a t i o n o f components. Each f r a c t i o n c o l l e c t e d 
was analyzed by c a p i l l a r y column gas chromatography f o r 
i n d i v i d u a l components. Each f r a c t i o n that was c o l l e c t e d 
r e p r e s e n t e d l e s s than 5% o f the charge i n order to s imulate a 
continuous c o n c e n t r a t i o n p r o f i l e o f the components i n the 
e x t r a c t . As the f i g u r e shows, the p r o f i l e has reached a maximum 
of 96% EPA c o n c e n t r a t i o n . The i n t e g r a t e d average c o n c e n t r a t i o n 
of EPA i n the f r a c t i o n c o l l e c t e d between p o i n t s P^ and P 2 i s 
90%, and the amount o f EPA i n t h i s h i g h c o n c e n t r a t i o n f r a c t i o n 
r e p r e s e n t s a r e c o v e r y , or y i e l d , o f 75% of the EPA that was 
i n i t i a l l y present i n the charge. (For emphasis again the 
c o n c e n t r a t i o n of EPA, not C 2 0 r s , i s 90%, and t h i s h i g h 
c o n c e n t r a t i o n i s made p o s s i b l e by the use of the urea 
f r a c t i o n a t e d e s t e r s . R e l a t i v e to the t h e o r e t i c a l maximum of 
96.8% c a l c u l a t e d from the i n f o r m a t i o n i n Table IV the 90% EPA 
c o n c e n t r a t i o n va lue obtained by N i l s s o n p o i n t s out the e x c e l l e n t 
f r a c t i o n a t i o n c a p a b i l i t i e s o f s u p e r c r i t i c a l f l u i d s . E i s e n b a c h , 
o f c o u r s e , showed the same i n h i s s t u d i e s when he achieved a 96% 
c o n c e n t r a t i o n o f C20's i n a f r a c t i o n . ) 

Because of the h i g h EPA c o n c e n t r a t i o n achieved i n 
l a b o r a t o r y t e s t s , 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 i s a p o t e n t i a l l y 
a t t r a c t i v e process from s c a l e - u p c o n s i d e r a t i o n s . A flow diagram 
of a continuous c o u n t e r c u r r e n t e x t r a c t i o n process that can 
produce a h i g h c o n c e n t r a t i o n EPA product and a h i g h c o n c e n t r a t i o n 
DHA (docosahexaenoic a c i d ) product at v e r y h i g h y i e l d s i s shown 
i n F i g u r e 3. In b r i e f e x p l a n a t i o n of the p r o c e s s , a feed stream 
of e t h y l e s t e r s i s fed to the f i r s t e x t r a c t i o n column of a 
two-column system where a s e p a r a t i o n between components l i g h t e r 
than the C20's and the combined C20/C22 components i s made. The 
C20/C22 stream l e a v i n g the bottom of Column I i s pumped to 
another column (Column II) where the C20's are separated from the 
C 2 2 ' s . Depending upon o p e r a t i n g c o n d i t i o n s ( e . g . , temperature, 
p r e s s u r e , s o l v e n t to feed r a t i o , r e f l u x of condensed e s t e r s 
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2. K R U K O N I S Processing with Supercritical Fluids 35 

TABLE I?. PATTT ACID PROFILES OF MEHHADEH OIL ETHYL ESTERS 

Cqupoaitlont Weight i 

Whole Eaters Urea. Fractionated 

14:0 7.8 * 

16:0 15.6 _ 
16:1ω7 10.9 0 .1 
16:3α>4 1.1 5.3 
16:4ω1 1.5 5.8 

18:0 3 .1 _ 
18:1ω9 7.5 -
18:1ω7 3.1 0.1 
18:2u>6 1.3 0.2 
18:3ω3 1.6 0.3 
18:4ω3 3.0 7.6 

20:1ω9 1.2 _ 
20:4ω6 1.0 1.4 
20:4ω3 0.2 0.2 
20:5ω3 16.5 48.6 

21:5ω3 0.7 1.3 

22:5ω3 2.5 0.9 
22:6*3 10.9 22.2 

By carbon number** 
C14 8.1 -
C16 32.1 0.2 
C18 21.3 14.0 
C20 21.8 50.3 
C22 14.2 27.4 

Below de tec tab le l e v e l . 
Minor u n i d e n t i f i e d peaks have been assigned a carbon number by 
r e l a t i v e column r e t e n t i o n t ime. 
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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 AND C H R O M A T O G R A P H Y 

90 % EPA FRACTION 90% D H A 

20 40 60 80 100 

WEIGHT PERCENT C O L L E C T E D 
Figure 2. E x t r a c t i o n p r o f i l e of e i c o s a p e n t a n o i c a c i d from batch 
continuous e x t r a c t i o n of menhaden o i l e t h y l e s t e r s . E x t r a c t i o n 
c o n d i t i o n s : 2200 p s i g , 40 °C, with a 100 °C heated zone above 
e x t r a c t o r . (Reproduced with p e r m i s s i o n from Ref. 38. Copyright 
1988 American O i l Chemists' S o c i e t y . ) 

co2 MAKEVP 

F i g u r e 3. Flow diagram of a 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 
process f o r f i s h o i l f r a c t i o n a t i o n . (Reproduced with p e r m i s s i o n 
from G l i t s c h , Inc.) 
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2. K R U K O N I S Processing with Supercritical Fluids 37 

r e t u r n e d to each column, and other f a c t o r s ) c o n c e n t r a t i o n s and 
y i e l d s o f EPA and DHA can be made as h i g h as d e s i r e d i n the 
r e s p e c t i v e streams. A d e t a i l e d d e s c r i p t i o n o f c a l c u l a t e d p l a n t 
performance based upon d i s t r i b u t i o n c o e f f i c i e n t s and 
s e l e c t i v i t i e s measured at the N a t i o n a l Marine F i s h e r i e s has been 
r e p o r t e d elsewhere (40, 41) . 

Enzyme C a t a l y z e d Reactions 

Many b iotechnology r e l a t e d e x t r a c t i o n s u s i n g s u p e r c r i t i c a l f l u i d s 
have been suggested and i n v e s t i g a t e d , e . g . , e x t r a c t i o n of 
fermentat ion products such as a c e t i c a c i d (42) and ethanol (43) . 
Many of these were i n v e s t i g a t e d e x p e r i m e n t a l l y d u r i n g the p e r i o d 
o f emphasis o f energy r e d u c t i o n , but as the cost o f energy 
d e c l i n e d from i t s peak i n the e a r l y 1980's , 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 f o r i t s energy e f f i c i e n c y was found not ecenomical ly 
v i a b l e . ( I n t e r e s t i n g l y , F r a n c i s had a l s o p u b l i s h e d data on 
a c e t i c a c i d - and e t h a n o l - w a t e r - c a r b o n d i o x i d e t e r n a r y b e h a v i o r , 
which c o u l d have been used to c a l c u l a t 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 . ) Other r e s e a r c h s t u d i e s o f s u p e r c r i t i c a l f l u i d s i n 
b i o t e c h n o l o g y areas are s t i l l o n - g o i n g , and enzyme c a t a l y z e d 
r e a c t i o n s i n s u p e r c r i t i c a l f l u i d s represent a subset w i t h i n the 
broad range of b i o t e c h n o l o g y . 

The f i r s t study of enzyme c a t a l y z e d r e a c t i o n s i n a 
s u p e r c r i t i c a l f l u i d was r e p o r t e d by Randolph et a l . (44) who 
s t u d i e d the h y d r o l y s i s o f disodium p -n i trophenylphosphate 
hexahydrate u s i n g a l k a l i n e phosphatase. The workers c a r r i e d out 
the enzymatic h y d r o l y s i s i n carbon d i o x i d e at c o n d i t i o n s o f 100 
atm, 35°C i n an autoclave r e a c t o r . The disodium s a l t , enzyme, 
and a smal l amount o f water were charged to the a u t o c l a v e , and 
the extent o f c o n v e r s i o n determined as a f u n c t i o n of e lapsed 
r e a c t i o n t ime . The authors e x p l a i n e d t h e i r data by i n v o k i n g that 
the r a t e determining step i n the r e a c t i o n i s the d i s s o l u t i o n of 
the disodium s a l t i n s u p e r c r i t i c a l carbon d i o x i d e . (Other 
workers have, however, shown that the s a l t does not d i s s o l v e i n 
carbon d i o x i d e and that some other r e a c t i o n path must be 
o p e r a t i v e (45) . ) 

A l a t e r paper r e p o r t s on another enzyme c a t a l y z e d r e a c t i o n , 
the o x i d a t i o n of p - s u b s t i t u t e d phenols u s i n g polyphenol oxidase 
(46) . Polyphenol oxidase i s found i n h i g h c o n c e n t r a t i o n i n 
mushrooms, some f r u i t s , and i n tea and tobacco l e a v e s ; i t i s the 
cause o f the browning seen i n b r u i s e d or broken p l a n t t i s s u e s . 
The enzyme f u n c t i o n s i n p l a n t s to s y n t h e s i z e p o l y p h e n o l i c and 
q u i n o i d compounds which through t h e i r a n t i b i o t i c a c t i o n i n h i b i t 
m i c r o b i o l o g i c a l contamination when the p l a n t s are damaged. These 
workers used a flow r e a c t o r ; the c o n f i g u r a t i o n of the r e a c t i o n 
v e s s e l i s shown i n F i g u r e 4. The r e a c t a n t , p - c r e s o l , was charged 
to a zone near the r e a c t o r i n l e t , and the enzyme was s i t u a t e d 
near the r e a c t o r o u t l e t , the two zones separated by a b a r r i e r of 
g l a s s wool . A continuous flow of carbon d i o x i d e at 300 atm, 
40°C, c o n t a i n i n g 2% oxygen and s a t u r a t e d w i t h water (0.1%) was 
admitted to the r e a c t o r . The p - c r e s o l was d i s s o l v e d by the 
carbon d i o x i d e and t r a n s p o r t e d to the enzyme s e c t i o n where the 
r e a c t i o n between the enzyme and the p - c r e s o l d i s s o l v e d i n carbon 
d i o x i d e took p l a c e ; the flow r e a c t o r was used s p e c i f i c a l l y to 
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38 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 AND C H R O M A T O G R A P H Y 

remove any ambiguity i n the method of contact between the 
p - c r e s o l and the enzyme. The stream l e a v i n g the enzyme s e c t i o n 
was expanded to ambient pressure causing the d i s s o l v e d components 
to p r e c i p i t a t e ; they were c o l l e c t e d i n a t r a p s i t u a t e d i n a dry 
i c e - a c e t o n e b a t h . 

The r e a c t i o n sequence i s shown i n F i g u r e 5. The d i s s o l v e d 
p - c r e s o l i s e n z y m a t i c a l l y o x i d i z e d to the c a t e c h o l i c compound and 
i n t u r n to the ortho q u i n o i d spec ies which u s u a l l y e x h i b i t 
intense r e d c o l o r . An i n t e n s e , deep r e d s o l i d was seen to 
p r e c i p i t a t e w i t h i n a few seconds a f t e r the s t a r t o f the t e s t 
p o i n t i n g out that the r e a c t i o n was q u i t e r a p i d and a l s o that the 
q u i n o i d r e a c t i o n products were s o l u b l e i n carbon d i o x i d e . The 
m a t e r i a l that was c o l l e c t e d i n the t r a p (and the deep red 
m a t e r i a l that was a l s o found on the enzyme i n the r e a c t o r at the 
end o f the t e s t ) was analyzed by g e l permeation chromatography; 
the chromatogram i s shown i n F i g u r e 6. The molecular weight of 
the q u i n o i d ol igomers (formed because ortho and para q u i n o i d 
compounds have a s trong tendency to polymerize) i s seen to range 
from about 8000 to about 100, the molecular weight o f the 
"monomer", p -methyl orthoquinone , t h a t was produced v i a enzyme 
c a t a l y s i s . ) 

Another recent enzyme c a t a l y s i s study i n v e s t i g a t e d 
t r a n s e s t e r i f i c a t i o n r e a c t i o n s w i t h l i p a s e s (47) . The r e a c t i o n 
sequence i n v o l v e d l o a d i n g t r i o l e i n , f r e e s t e a r i c a c i d , l i p a s e , 
and a b u f f e r s o l u t i o n of TES ( N - t r i s ( h y d r o x y m e t h y l ) 
methyl-2-aminoethane s u l f o n i c a c i d ) i n t o a m a g n e t i c a l l y s t i r r e d 
a u t o c l a v e , a d m i t t i n g carbon d i o x i d e to a pressure o f 137 bar and 
temperature of 35°C, s t i r r i n g the contents f o r v a r y i n g p e r i o d s 
o f t ime , at the end o f which the contents were cooled w i t h dry 
i c e , the autoc lave opened, and a sample taken . The sample was 
r e s o l v e d i n t o t r i g l y c e r i d e s and f r e e f a t t y a c i d s by t h i n l a y e r 
chromatography, the spots scraped from the p l a t e and converted to 
methyl e s t e r s , and analyzed by gas chromatography. A maximum of 
16% replacement of o l e i c a c i d by s t e a r i c a c i d was measured. (In 
other t e s t s i t was found that mere exposure of the enzyme to 
s u p e r c r i t i c a l carbon d i o x i d e , i . e . , without any r e a c t i o n 
sequence, d i d not m a t e r i a l l y i n f l u e n c e the a c t i v i t y o f the l i p a s e 
enzyme.) 

Al though not s p e c i f i c a l l y f i t t i n g i n the category of enzyme 
c a t a l y z e d r e a c t i o n s i n s u p e r c r i t i c a l f l u i d s , there have been 
other s t u d i e s that have i n v e s t i g a t e d the e f f e c t s o f s u p e r c r i t i c a l 
f l u i d s on enzyme s t a b i l i t y . In some cases there was a l o s s of 
a c t i v i t y when the enzyme was exposed to s u p e r c r i t i c a l f l u i d s , and 
the l o s s of a c t i v i t y was a d e s i r a b l e f e a t u r e . In other s t u d i e s , 
there was no l o s s of a c t i v i t y , and the r e t e n t i o n o f a c t i v i t y was 
advantageous. 

As an example o f the caje where d e a c t i v a t i o n i s 
advantageous, moist carbon d i o x i d e at c o n d i t i o n s of 600 atm, 
80°C was found to improve the f l a v o r o f soy bean p r o t e i n and to 
d e a c t i v a t e peroxidase enzymes that can r e s u l t i n subsequent 
u n d e s i r a b l e o x i d a t i o n of r e s i d u a l l i p i d s i n the p r o t e i n meal 
(48) ; the d e a c t i v a t i o n o f the peroxidase was, t h u s , b e n e f i c i a l 
s i n c e a b e t t e r soy bean p r o t e i n meal product r e s u l t e d . 

In another i n s t a n c e , the removal of l i p i d s from mustard 
seed u s i n g s u p e r c r i t i c a l carbon d i o x i d e (49) , the a c t i v i t y of the 
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C 0 2 , 0 2 , H 2 0 , 
+ O L I G O - QUINONES 

- G L A S S WOOL FILTER 

E N Z Y M E ( S U P P O R T E D 
ON G L A S S B E A D S ) 

G L A S S WOOL FILTER 

ρ - C R E S O L 

G L A S S W O O L * H 2 0 
SATURATOR 

C 0 2 • 2 % 0 2 

Figure 4. Flow reac t o r f o r the o x i d a t i o n of p - s u b s t i t u t e d phenols 
using polyphenol oxidase. 

Oligomeric 

Mater ia l 

C H 3 C H 3 C H 3 

t Chemical I 
Reduction 

Figure 5. Reaction sequence of p - c r e s o l to ortho quinoid c a t a l y z e d 
by polyphenol oxidase. (Reproduced w i t h permission from Ref. 21. 
Copyright 1985 Humana Press, Inc.) 
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£ 0.1 

0 10 20 30 40 

ELUTION VOLUME , ML 

Figure 6. E l u t i o n p a t t e r n of polymeric m a t e r i a l formed during 
o x i d a t i o n of p - c r e s o l by polyphenol oxidase i n s u p e r c r i t i c a l gas 
and hexane. (Reproduced w i t h permission from Ref. 21. Copyright 
1985 Humana Press, Inc.) 
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2. K R U K O N I S Processing with Supercritical Fluids 41 

enzyme, myrosinase , i n the mustard seed was r e t a i n e d and 
r e t e n t i o n was a d e s i r a b l e r e s u l t . Myrosinase i s e s s e n t i a l i n 
forming one of the sensory compounds i n mustard s p i c e 
p r e p a r a t i o n s . In the p r e p a r a t i o n o f the s p i c e , the o i l s must be 
removed from mustard seed to prec lude s e p a r a t i o n and o x i d a t i o n of 
o i l s i n the f i n a l p r o d u c t . I f hexane i s used as the e x t r a c t i o n 
s o l v e n t , i t s a t i s f a c t o r i l y e x t r a c t s a l l the o i l s ; however, d u r i n g 
the r e s i d u a l s o l v e n t removal s t e p , the h i g h temperature can 
d e a c t i v a t e the myrosinase r e s u l t i n g i n a l e s s s a t i s f a c t o r y s p i c e 
p r e p a r a t i o n . S u p e r c r i t i c a l carbon d i o x i d e was found to be an 
e x c e l l e n t s o l v e n t , removing the u n d e s i r e d o i l s and s imultaneous ly 
r e t a i n i n g a l l the a c t i v i t y of myrosinase . 

C o n c l u s i o n 

As was brought out i n t h i s c h a p t e 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 has been promoted perhaps somewhat o v e r - z e a l o u s l y i n 
the p a s t , e s p e c i a l l y i n i t s p o t e n t i a l a p p l i c a t i o n to energy 
r e d u c t i o n . Although i t can " d o " many types o f separat ions i n 
energy r e l a t e d a p p l i c a t i o n s and elsewhere, i t probably w i l l not 
be economicaly v i a b l e i n a l l cases . Many f a c t o r s , not j u s t 
t e c h n i c a l f e a s i b i l i t y , combine to i n f l u e n c e the p o t e n t i a l 
a p p l i c a b i l i t y of any p r o c e s s , and a l l f a c t o r s must be e v a l u a t e d ; 
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 cannot be excepted from such 
c a r e f u l a n a l y s i s . 

A number o f a p p l i c a t i o n 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 have progressed to commercial s c a l e , many are i n 
advanced p i l o t p l a n t or t e s t market e v a l u a t i o n , and as the 
c a p a b i l i t i e s o f the technology are becoming b e t t e r understood and 
the technology emerging out from under the c l o u d of i n i t i a l hype 
and m i s p e r c e p t i o n , new a p p l i c a t i o n s are i n c r e a s i n g l y being 
i n v e s t i g a t e d as shown i n Table I I . The two a p p l i c a t i o n s that 
were d e s c r i b e d i n t h i s chapter were s e l e c t e d somewhat 
a r b i t r a r i l y , and they have not yet been subjected to the c a r e f u l 
e v a l u a t i o n suggested h e r e . The s u p e r c r i t i c a l f l u i d f r a c t i o n a t i o n 
o f f i s h o i l e s t e r s works v e r y w e l l from t e c h n i c a l c o n s i d e r a t i o n s , 
and i t can be compet i t ive economical ly i f the marketplace demands 
a 90+ % EPA p r o d u c t . As another example, d e - o i l i n g mustard seed 
by s u p e r c r i t i c a l carbon d i o x i d e which r e t a i n s the a c t i v i t y of the 
enzyme, myrosinase , may become v i a b l e i f g r e a t e r performance 
demands are p l a c e d on the s p i c e p r e p a r a t i o n . Case -by -case 
e v a l u a t i o n s are always r e q u i r e d ; by such e v a l u a t i o n v i a b l e 
a p p l i c a t i o n 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 are i n c r e a s i n g l y 
being i d e n t i f i e d . 
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Chapter 3 

Analytical Supercritical Fluid 
Extraction Methodologies 

Bob W. Wright, John L. Fulton, Andrew J. Kopriva, and Richard D. Smith 

Chemical Sciences Department, Pacific Northwest Laboratory, 
Richland, WA 99352 

Off-line supercritical fluid extraction, ultrasonic su­
percritical fluid extraction, and on-line supercritical 
fluid extraction-gas chromatography methodologies that 
have been developed specifically for analytical sample 
preparation and analysis are described. These methods 
offer the potential for extraction rate increases of 
over an order of magnitude, and are compatible with on­
line analysis which provides the basis for automated 
sample preparation and analysis. These methods are 
particularly useful for small sample sizes or trace 
levels of analytes, and have been demonstrated to 
operate quantitatively. Combined ultrasonic 
supercritical fluid extraction can further enhance 
extraction rates from macro-porous materials by inducing 
convection through internal pores. The apparatus and 
instrumentation are described in detail and several 
examples are presented illustrating the applicability of 
these methodologies. 

U n t i l r e c e n t l y , the use of s u p e r c r i t i c a l f l u i d s f o r sample 
e x t r a c t i o n was g e n e r a l l y c o n f i n e d to c h e m i c a l p r o c e s s i n g 
a p p l i c a t i o n s (1-3) . However, the use of 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) f o r a n a l y t i c a l purposes i s a t t r a c t i n g i n c r e a s e d 
a t t e n t i o n and the development of s e v e r a l new techniques has been 
reported (4-14). A number of p o t e n t i a l advantages are p o s s i b l e with 
SFE compared with conventional e x t r a c t i o n methods. These advantages 
i n c l u d e more r a p i d e x t r a c t i o n r a t e s , the p o s s i b i l i t y of more 
e f f i c i e n t e x t r a c t i o n s , i n c r e a s e d s e l e c t i v i t y , p o s s i b l e a n a l y t e 
f r a c t i o n a t i o n d u r i n g e x t r a c t i o n , and c o m p a t i b i l i t y with o n - l i n e 
a n a l y s i s methods such as continuous s p e c t r o s c o p i c m o n i t o r i n g or 
p e r i o d i c chromatographic analyses. 

The p o t e n t i a l advantages of SFE accrue from the p r o p e r t i e s of a 
solvent at temperatures and pressures above i t s c r i t i c a l p o i n t . At 
e l e v a t e d pressure t h i s s i n g l e phase w i l l have p r o p e r t i e s t h a t are 
intermediate between those of the gas and l i q u i d phases and are de­
pendent on the f l u i d composition, pressure, and temperature. The 
c o m p r e s s i b i l i t y of s u p e r c r i t i c a l f l u i d s i s l a r g e j u s t above the 
c r i t i c a l temperature and small changes i n pressure r e s u l t i n large 
changes i n d e n s i t y of the f l u i d . The d e n s i t y of a su­
p e r c r i t i c a l f l u i d i s t y p i c a l l y 100 to 1000 times g r e a t e r than that 

0097-6156/88/0366-0044$06.00/0 
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of the gas and s o l v a t i n g c h a r a c t e r i s t i c s approaching those of a 
l i q u i d are imparted. However, the d i f f u s i o n c o e f f i c i e n t s and 
v i s c o s i t y of the f l u i d remain intermediate between those of the gas 
and l i q u i d phases at moderate d e n s i t i e s (3.) , thus a l l o w i n g r a p i d 
mass t r a n s f e r of s o l u t e s compared with the l i q u i d . Many f l u i d s 
a l s o have c o m p a r a t i v e l y low c r i t i c a l temperatures t h a t allow 
e x t r a c t i o n s to be conducted at r e l a t i v e l y m i l d temperatures, e.g., 
31 °C f o r carbon d i o x i d e . In a d d i t i o n to c o n t r o l l i n g the f l u i d 
pressure and/or temperature to r e g u l a t e the d e n s i t y or s o l v a t i n g 
power, one can use various f l u i d s or f l u i d mixtures tha t e x h i b i t 
d i f f e r e n t s p e c i f i c chemical i n t e r a c t i o n s to o b t a i n the d e s i r e d 
solvent strength and s e l e c t i v i t y . The l i q u i d - l i k e solvent power and 
r a p i d m a s s - t r a n s f e r p r o p e r t i e s of s u p e r c r i t i c a l f l u i d s c l e a r l y 
p r o v i d e the p o t e n t i a l f o r more r a p i d e x t r a c t i o n r a t e s and more 
e f f i c i e n t e x t r a c t i o n than i s f e a s i b l e with l i q u i d s due to b e t t e r 
penetration of the matrix. 

This paper describes various a n a l y t i c a l s u p e r c r i t i c a l f l u i d ex­
t r a c t i o n methodologies developed i n the authors 1 laboratory and sum­
m a r i z e s s e l e c t e d i n v e s t i g a t i o n s conducted t o e v a l u a t e the 
a p p l i c a b i l i t y and e f f i c i e n c y of these methods f o r a range of 
a p p l i c a t i o n s . D e s c r i b e d m e t h o d o l o g i e s i n c l u d e o f f - l i n e 
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 , u l t r a s o n i c 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 , and o n - l i n e 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 - g a s 
chromatography. 

O f f - l i n e 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 

Sample pr e p a r a t i o n i s o f t e n more d i f f i c u l t and time-consuming than 
the a c t u a l a n a l y s i s procedure. Furthermore, e x t r a c t i o n of analytes 
from the matrix i s g e n e r a l l y the most time-consuming step of sample 
p r e p a r a t i o n and i t can l e a d to r e l a t i v e l y i n e f f i c i e n t a n a l y t e 
r e c o v e r i e s . O f f - l i n e 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 provides an a l ­
t e r n a t i v e to t r a d i t i o n a l Soxhlet or u l t r a s o n i c l i q u i d e x t r a c t i o n 
methods. Several recent studies have shown a n a l y t i c a l SFE provides 
comparable or b e t t e r e x t r a c t i o n e f f i c i e n c i e s than Soxhlet 
e x t r a c t i o n (8,12 r14) . More importantly, increased e x t r a c t i o n rates 
of over an order of magnitude were achieved (12.) r which o f f e r 
s i g n i f i c a n t time savings. O f f - l i n e SFE i s adaptable to sample s i z e s 
ranging from a few m i l l i g r a m s to s e v e r a l grams and i s e q u a l l y 
a p p l i c a b l e to the recovery of t r a c e analytes or complex mixtures. 
Examples of both types of a p p l i c a t i o n s are described. 

Apparatus. The o f f - l i n e SFE instrumentation c o n s i s t e d of three 
main components: a high-pressure pump, a heated e x t r a c t i o n c e l l , and 
a d e p r e s s u r i z a t i o n and sample c o l l e c t i o n system. A schematic 
diagram of t h i s instrumentation i s shown i n Figure 1. A modified 
Rabbit HPX solvent d e l i v e r y system equipped with a 10 mL/min pump 
head and an e l e c t r o n i c pressure monitor (Rainin Instrument Co., 
Woburn, MA) was used to p r e s s u r i z e and d e l i v e r the e x t r a c t i n g 
f l u i d s . The pump head, check valves, and s e v e r a l inches of the 
i n l e t l i n e immediately p r i o r to the pump head were c o o l e d by r e ­
c i r c u l a t i n g a -15 °C ethylene glycol-water mixture through copper 
blocks that were machined to f i t the pump head geometry. The i n l e t 
check valve c a r t r i d g e was a l s o m o d i f i e d f o r d i r e c t connection to 
1/8-in. s t a i n l e s s s t e e l t u b i n g to allow a l a r g e r supply of low-
pressure solvent to enter the pump. No other m o d i f i c a t i o n s to the 
check v a l v e s or p i s t o n assembly were r e q u i r e d . High-pressure 
syringe pumps with adequate volumes have also been used (1,14). 

The p r e s s u r i z e d f l u i d was t r a n s f e r r e d to the 316 s t a i n l e s s s t e e l 
high-pressure e x t r a c t i o n v e s s e l (shown i n Figure 2) through 1/16-in. 
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From High-Pressure Pump 

5.4 cm 

7.6 cm 

Sample 
to be 
Extracted 

To Heated Transfer 
Line, Restrictor, and 
Collection Vessel 

Borosilicate Glass 
Test Tube 

Teflon O-Rings 

Extraction Chamber 

316 Stainless Steel 
Extraction Vessel 

-6.3 cm-

Figure 2. Design of 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 v e s s e l . 
(Reproduced from Ref. 12. Copyright 1987 American Chemical Society.) 

American Chemical Society 
Library 

1155 ISth St., N.W. 
Washington, D.C. 20036 
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s t a i n l e s s s t e e l tubing. The e x t r a c t i o n c e l l was constructed to oper­
ate s a f e l y above 400 bar and 200 °C. The e x t r a c t i o n c e l l body and 
top were sealed with double T e f l o n O-rings. The t r a n s f e r l i n e from 
the pump extended to the bottom of the e x t r a c t i o n c e l l chamber (~5 
mL volume) where the sample was p l a c e d i n a 5.4 χ 1.3 cm o.d. 
b o r o s i l i c a t e g l a s s t e s t tube. This design allowed the e x t r a c t i o n 
f l u i d to sweep the sample from bottom to top and then e x i t the 
e x t r a c t i o n v e s s e l . A s t a i n l e s s s t e e l f r i t with 2.0-μιη pores was 
p l a c e d i n the e x i t port of the e x t r a c t i o n v e s s e l to prevent sample 
from being f l u s h e d out i n case of sudden pressure surges. Empty 
1/4-in. o.d. HPLC columns of the a p p r o p r i a t e l e n g t h to g i v e the 
d e s i r e d volume have a l s o be used as e x t r a c t i o n c e l l s . The 
e x t r a c t i o n v e s s e l was maintained at e l e v a t e d temperatures i n a 
H ewlett-Packard 5700 gas chromatograph oven. The oven was 
c o n t i n u o u s l y purged with n i t r o g e n when using flammable e x t r a c t i o n 
f l u i d s or f l u i d mixtures. The e x t r a c t stream was t r a n s p o r t e d from 
the e x t r a c t i o n c e l l to the e x t e r i o r of the oven through 1/16-in. 
i . d . g l a s s - l i n e d s t a i n l e s s tubing. The t r a n s f e r l i n e was connected 
to a 10-12-cm length of 50-pm i . d . s t a i n l e s s s t e e l t ubing which was 
crimped at the e x i t end to c o n t r o l the flow rate of the f l u i d and 
serve as a d e p r e s s u r i z a t i o n zone f o r the e x t r a c t i o n stream. Short 
lengths (5-10-cm) of 10-25-μιη i . d . fused s i l i c a t u b i n g have a l s o 
been used as r e s t r i c t o r s . 

The e x t r a c t i o n e f f l u e n t s were c o l l e c t e d by f r e e z i n g (or l i q u e f y ­
ing) i n a s e a l e d round bottom f l a s k c o o l e d i n a l i q u i d n i t r o g e n 
bath. This method ensured that no analyte losses to the atmosphere 
occurred during c o l l e c t i o n . C o l l e c t i o n can a l s o be done by bubbling 
the e x t r a c t i o n e f f l u e n t i n t o a v i a l c o ntaining a few mL of a solvent 
or i n t e r n a l standard s o l u t i o n (7 f14) . 

Trace Level E x t r a c t i o n . To provide a c h a l l e n g i n g sample f o r evalua­
t i o n of o f f - l i n e SFE, a c t i v a t e d carbon was spiked at 50 ppm with 
s e v e r a l p o l a r and higher molecular weight p o l y c y c l i c aromatic com­
pounds. A one-gram sample was subjected to 16 h of Soxhlet e x t r a c ­
t i o n using carbon d i s u l f i d e and then followed with a second s i m i l a r 
e x t r a c t i o n u s i n g methylene c h l o r i d e . Another sample was e x t r a c t e d 
f o r 1 h with s u p e r c r i t i c a l carbon dioxide at 125 °C and 400 bar. As 
shown i n Table I, no d e t e c t a b l e l e v e l s of the compounds were 
recovered i n the combined Soxhlet e x t r a c t s . However, low l e v e l s of 
the compounds were recovered with s u p e r c r i t i c a l carbon d i o x i d e 
e x t r a c t i o n of the a c t i v a t e d carbon. Although only low l e v e l s of the 

Table I. E x t r a c t i o n Comparison of A c t i v a t e d Carbon 
by Soxhlet and SFE 

Compound Soxhlet % Recovery SFE % Recovery 

Chrysene 0 1 
Benzanthrone 0 6 
1-Nitropyrene 0 10 
Dibenzocarbazole 0 10 
Coronene 0 0.2 

s p i k e d a n a l y t e s were recovered from the carbon, t h i s example 
i l l u s t r a t e s the p o t e n t i a l of SFE f o r e x t r a c t i n g l o w - l e v e l analytes 
from h i g h l y adsorptive matrices. 

Important c o n s i d e r a t i o n s i n a n a l y t i c a l SFE are the p r o v i s i o n s 
taken f o r c o l l e c t i n g the sample during the d e p r e s s u r i z a t i o n process. 
Depending on the exact c o n d i t i o n s , i t i s p o s s i b l e f o r the analytes 
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to nucleate and become en t r a i n e d i n the expanding gas and form an 
a e r o s o l which can be e a s i l y l o s t to the atmosphere. Experiments 
have shown that over 90% of t r a c e l e v e l analytes can be l o s t under 
some con d i t i o n s when using open c o l l e c t i o n i n a narrow-necked f l a s k 
c o o l e d to subambient temperatures (12.) . C o l l e c t i o n i n a s e a l e d 
v e s s e l e l i m i n a t e s l o s s e s due to e i t h e r v o l a t i l i t y or to a e r o s o l 
formation, but increases the experimental complexity. C o l l e c t i o n by 
bubbling the e x t r a c t i o n e f f l u e n t i n a few m i l l i l i t e r s of solvent i s 
a l s o e f f e c t i v e f o r low f l u i d flow r a t e s . The c o o l i n g due to ex­
pansion of the f l u i d minimizes v o l a t i l i t y losses of both the analyte 
and s o l v e n t . However, t h i s c o l l e c t i o n method becomes i m p r a c t i c a l 
f o r the higher f l u i d flow r a t e s needed f o r r a p i d e x t r a c t i o n of 
l a r g e r sample s i z e s (e.g., gram range), s i n c e very high gas flow 
rates would be required making i t d i f f i c u l t to contain the flow i n a 
s m a l l volume of s o l v e n t . The volume of a f l u i d i n c r e a s e s by 
approximately three orders of magnitude during expansion to a gas. 
Experience has shown that at l e a s t ten sample volumes (or e x t r a c t i o n 
v e s s e l volumes) of compressed f l u i d are g e n e r a l l y needed to achieve 
"exhaustive" e x t r a c t i o n f o r t y p i c a l matrices. Obviously, analytes 
with very low s o l u b i l i t y i n s u p e r c r i t i c a l f l u i d s c o u l d r e q u i r e 
l a r g e r e x t r a c t i o n volumes. 

Complex Mixture E x t r a c t i o n . A n a l y t i c a l SFE can a l s o be used f o r 
complex mixture sample p r e p a r a t i o n . T y p i c a l examples u s i n g 
hazardous waste samples are d e s c r i b e d below. Sample A was a s o i l 
b o r i n g contaminated with c o a l g a s i f i c a t i o n r e s i d u a l s and sample Β 
was from a waste stream from a treatment f a c i l i t y . The major 
o b j e c t i v e of these studies was to compare the e x t r a c t i o n a b i l i t i e s 
(e.g., amount of m a t e r i a l extracted) of three d i f f e r e n t f l u i d 
systems using approximately four-gram a l i q u o t s of the samples. The 
s p e c i f i c f l u i d systems, the e x t r a c t i o n c o n d i t i o n s , and the 
percentage of the t o t a l mass of m a t e r i a l e x t r a c t e d from each sample 
are l i s t e d i n Table I I . 

Table I I . 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 Comparison of 
Hazardous Waste Samples 

F l u i d System 
E x t r a c t i o n Conditions Percent Extracted 

F l u i d System Temp. 
(°C) 

Pressure F l u i d Volume 
(Bar) (mL) 

Sample A Sample Β 

Carbon Dioxide 150 415 500 27 28 
Carbon Dioxide-
Methanol (80:20) 150 400 500 26 49 
Pentane-Ethanol 
(93:7 mol %) 215 165 750 29 51 

The percentage of m a t e r i a l e x t r a c t e d with the three d i f f e r e n t 
f l u i d systems was very s i m i l a r f o r sample A. However, the amount of 
m a t e r i a l removed from sample Β was approximately 1.8 times g r e a t e r 
with methanol-modified carbon dioxide and ethanol-modified pentane 
than with pure carbon d i o x i d e . The higher e x t r a c t i o n temperature 
used f o r the pentane system could have c o n t r i b u t e d to the improved 
e f f i c i e n c y f o r t h i s f l u i d . I d e n t i c a l temperatures were used f o r the 
carbon d i o x i d e and carbon dioxide-methanol f l u i d systems, which 
suggests that the components were more s o l u b l e i n the more p o l a r 
f l u i d system. This i s c o n s i s t e n t with the sample composition, since 
subsequent a n a l y s e s of sample Β i n d i c a t e d t h a t i t c o n t a i n e d 
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p h e n o l i c s , amines, e s t e r s , n i t r a t e d aromatics and other p o l a r 
compounds. Sample A, on the o t h e r hand, c o n t a i n e d n e u t r a l 
p o l y c y c l i c aromatic compounds that would not be expected to have 
s i g n i f i c a n t l y higher s o l u b i l i t y i n the more p o l a r f l u i d systems. 
However, the gas chromatographic p r o f i l e s of the carbon d i o x i d e 
e x t r a c t and the carbon dioxide-methanol e x t r a c t of sample A were 
s l i g h t l y d i f f e r e n t . As can be observed from the chromatograms i n 
F i g u r e 3, t h e r e are g r e a t e r r e l a t i v e q u a n t i t i e s of the higher 
molecular weight compounds i n the carbon dioxide-methanol e x t r a c t 
than the pure carbon dioxide e x t r a c t . This may be accounted f o r by 
s l i g h t l y g r e a t e r s o l u b i l i t y of these h i g h e r m o l e c u l a r weight 
compounds i n the more p o l a r f l u i d . These examples i l l u s t r a t e the 
p o t e n t i a l of a n a l y t i c a l SFE f o r r a p i d and e f f i c i e n t complex mixture 
sample preparation. 

U l t r a s o n i c 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 

The a p p l i c a t i o n of ultrasound during 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 
creates intense s i n u s o i d a l v a r i a t i o n s i n d e n s i t y and pressure which 
have the p o t e n t i a l of improving solute d i f f u s i o n and enhancing over­
a l l e x t r a c t i o n r a t e s . For a given power input, i t can be p r e d i c t e d 
that the amplitude of the r e s u l t i n g d e n s i t y waves w i l l be approxi­
mately twice as great as i n a gas or l i q u i d , whereas the pressure 
amplitude w i l l be intermediate between that of a gas and l i q u i d . 
These d e n s i t y waves would be expected to induce c o n v e c t i o n of 
s o l u t e s from the inner pores of a m a t e r i a l s i n c e the d e n s i t y waves 
i n the matrix m a t e r i a l w i l l be much smaller than that of the f l u i d 
i n the pores. Furthermore, a c o u s t i c streaming, the c h a r a c t e r i s t i c 
p a t t e r n of steady m i c r o - v o r t i c e s i n s o n i c a t e d l i q u i d s (UL) , a l s o 
occurs i n s u p e r c r i t i c a l f l u i d s and would l i k e w i s e be expected to 
decrease e x t e r n a l mass t r a n s f e r r e s i s t a n c e , the convective transport 
of the s o l u t e from the surface of the matrix i n t o the bulk s o l u t i o n , 
and to c r e a t e c o n v e c t i o n i n the macropores of the m a t e r i a l by 
r e c i r c u l a t i o n of the f l u i d . The a p p l i c a t i o n of u l t r a s o u n d to 
s u p e r c r i t i c a l f l u i d s a l s o c r e a t e s l o c a l i z e d h e a t i n g t h a t c o u l d 
enhance the desorption rate of solutes from a matrix. Sound energy 
i s absorbed i n a s u p e r c r i t i c a l f l u i d and near the c r i t i c a l p o i n t , 
a t t e n u a t i o n of the sound waves inc r e a s e s d r a m a t i c a l l y because of 
higher v i s c o u s d i s s i p a t i o n and s t r u c t u r a l r e l a x a t i o n of molecular 
c l u s t e r s ( 1 £ ) . I t should be noted that c a v i t a t i o n (the c r e a t i o n and 
v i o l e n t c o l l a p s e of small vapor bubbles), the predominate e f f e c t of 
ultrasound i n normal l i q u i d s , does not occur i n s u p e r c r i t i c a l f l u i d s 
because no v a p o r - l i q u i d s u r f a c e e x i s t s to s u s t a i n the bubble 
s t r u c t u r e . However, s o n i c a t i o n may a l s o improve e x t r a c t i o n s by 
a l t e r i n g or d i s r u p t i n g the i n t e r n a l s t r u c t u r e of a porous m a t e r i a l . 

Apparatus. The u l t r a s o n i c 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 v e s s e l 
c o n s i s t e d of a 25 mL high-pressure s t a i n l e s s s t e e l c e l l equipped 
with two sets of 0.75-in. diameter windows (for observation during 
e x t r a c t i o n ) and a commercial 20 kHz high power u l t r a s o n i c horn 
(Branson W-350 S o n i f i e r with a 102 c o n v e r t e r ) . The c e l l geometry 
was designed to maximize the sonic energy per u n i t volume and to 
create resonance e f f e c t s to b e t t e r t r a n s f e r energy from the sonic 
horn to the f l u i d . The usable c e l l volume underneath the horn was 
approximately 12 mL. The u l t r a s o n i c transducer was connected to the 
e x t r a c t i o n v e s s e l through an O-ring s e a l at a wave node to minimize 
dampening of the sonic energy. 

The e x t r a c t i o n v e s s e l was p l a c e d i n a thermostated water bath, 
and the f l u i d i n s i d e the v e s s e l was r e c i r c u l a t e d through a c o i l of 
1/8-in. o.d. s t a i n l e s s s t e e l t u b i n g with a s m a l l m a g n e t i c a l l y 
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Carbon Dioxide-Methanol (80:20) 

0 10 20 30 40 50 60 70 
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1 ! 1 1 1 Γ~ 
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Figure 3. C a p i l l a r y GC chromatograms of the s u p e r c r i t i c a l 
carbon d i o x i d e (bottom) and methanol mo d i f i e d carbon d i o x i d e 
(top) e x t r a c t s of a hazardous waste sample. 
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coupled gear pump (183-346, Micro-Pump Corp.). F l u i d r e c i r c u l a t i o n 
p r o v i d e d a convenient method of o b t a i n i n g c o n t r o l l e d mixing and 
al s o served t o d i s s i p a t e the heat generated from the sonic energy. 
A schematic diagram of the u l t r a s o n i c e x t r a c t i o n system i s shown i n 
Figure 4. The concentration of the ex t r a c t e d analytes was d i r e c t l y 
monitored by metering a low flow of the e x t r a c t i o n e f f l u e n t through 
a 254 nm UV absorbance detector (Altex, Model 153) equipped with a 
high pressure flow c e l l . The e x t r a c t i o n e f f l u e n t flow r a t e was 
reg u l a t e d with a fused s i l i c a c a p i l l a r y r e s t r i c t o r attached to the 
o u t l e t of the d e t e c t o r . The flow r a t e through the d e t e c t o r was 
low enough so tha t , with continuous absorbance measurements, only a 
small percentage of the o v e r a l l system f l u i d volume was l o s t . The 
e x t r a c t i o n e f f l u e n t was c o l l e c t e d by i n s e r t i n g the c a p i l l a r y 
r e s t r i c t o r e x i t i n t o a v i a l c o n t a i n i n g a s u i t a b l e s o l v e n t . The 
e x t r a c t i o n system was i n i t i a l l y p r e s s u r i z e d with a modified Varian 
8500 syringe pump. By c o n t r o l l i n g the pump pressure, a small make­
up stream of f l u i d was in t r o d u c e d t o compensate f o r the l o s s of 
f l u i d through the UV detector. 

U l t r a s o n i c SFE of Adsorbents. To evaluate u l t r a s o n i c SFE, the ex­
t r a c t i o n rates of chrysene from va r i o u s porous adsorbent m a t e r i a l s 
u s i n g s u p e r c r i t i c a l carbon d i o x i d e were compared before and during 
the a p p l i c a t i o n of ultrasound. Chrysene was chosen as t e s t analyte 
because of i t s low s o l u b i l i t y i n carbon d i o x i d e (<50 χ 10~^ mol/L) 
and i t s high UV absorbance ( E 2 5 4 « 6 χ 10^ L/mol-cm i n a l i q u i d ) 
which minimizes the e f f e c t of so l u t e concentration on the d i f f u s i o n 
c o e f f i c i e n t and allows low con c e n t r a t i o n s to be e a s i l y detected. 
Tenax, alumina, and a c t i v a t e d c h a r c o a l were used as adsorbents to 
o f f e r a range of pore s i z e s and adsorbent strengths. The chrysene 
molecular s i z e would not be expected to impede d i f f u s i o n out of the 
pores, and i t would be expected to be more s t r o n g l y adsorbed by the 
a c t i v a t e d c h a r c o a l than by the alumina or Tenax. R e l a t i v e l y m i l d 
e x t r a c t i o n c o n d i t i o n s with temperatures ranging from 35 to 50 °C and 
pressures from 85 to 135 bar were used i n t h i s study. 

Experiments were conducted by allowing the SFE to reach steady-
s t a t e c o n d i t i o n s and then a p p l y i n g u l t r a s o u n d . Changes i n 
e x t r a c t i o n rate c o u l d be determined from changes i n the slope of the 
UV absorbance as a f u n c t i o n of time. At low r e c i r c u l a t i o n pump flow 
r a t e s (<100 mL/min), s i g n i f i c a n t improvements i n e x t r a c t i o n rates 
were o b t a i n e d with the a p p l i c a t i o n of u l t r a s o u n d . Since the 
temperature remained e s s e n t i a l l y constant (within 2 or 3 degrees) , 
these r e s u l t s i n d i c a t e d that the e x t e r n a l mass t r a n s f e r r e s i s t a n c e , 
the d i f f u s i o n of the a n a l y t e from the o u t s i d e s u r f a c e of the 
adsorbent i n t o the bulk s o l u t i o n , s i g n i f i c a n t l y retarded the rate 
of e x t r a c t i o n . I t i s not s u r p r i z i n g that s o n i c a t i o n would s i g n i f i ­
c a n t l y decrease e x t e r n a l mass t r a n s f e r r e s i s t a n c e s i n c e vigorous 
microstreaming was c l e a r l y evident from v i s u a l o bservations made 
d u r i n g the e x t r a c t i o n . In f a c t , u l t r a s o u n d power l e v e l s were 
l i m i t e d to 20 watts to prevent d i s r u p t i o n of the adsorbent matrices. 
By r e c i r c u l a t i n g the f l u i d at a high enough flow r a t e (>500 mL/min), 
the e x t e r n a l mass t r a n s f e r r e s i s t a n c e was reduced to a n e g l i g i b l e 
l e v e l (higher flow rates d i d not increase the e x t r a c t i o n rate) and 
the e f f e c t s of u l t r a s o u n d on o n l y the i n t e r n a l d i f f u s i o n and 
deso r p t i o n rates could be evaluated. The combined d i f f u s i o n and 
desorption rates of chrysene from the three adsorbents are l i s t e d i n 
Table I I I . As can be observed, no increases i n the e x t r a c t i o n rates 
were o b t a i n e d under these c o n d i t i o n s with the a p p l i c a t i o n of 
moderate u l t r a s o n i c power l e v e l s . I t should a l s o be noted that chry­
sene e x t r a c t i o n r a t e s were not being l i m i t e d by s o l u b i l i t y . I t can 
be concluded that 20 kHz ultras o u n d at the power l e v e l s employed 
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d i d not enhance the d e s o r p t i o n or convection of chrysene from the 
micro-pores of the adsorbents. However, i t appears that f o r these 
m a t r i c e s t h a t the a p p l i c a t i o n of u l t r a s o u n d can be u s e f u l f o r 
enhancing e x t r a c t i o n rates when conventional a g i t a t i o n or s t i r r i n g 
methods are precluded (e.g., mi c r o e x t r a c t i o n c e l l s ) . 

Table I I I . Chrysene E x t r a c t i o n Rate In S u p e r c r i t i c a l 
Carbon Dioxide 

Adsorbent Pore Size 
(nm) 

Loading 
(mole/mL) 

E x t r a c t i o n Rate 
(mole/min-mL) 

Ultrasound Rate 
(20 w at 20 kHz) 

Tenax 200 2 χ 10-7 1 χ 10-9 1 χ 10-9 
Alumina 20 2 χ 10-7 1 χ 10-9 1 χ 10-9 
Carbon 10 20 χ 10-7 0.1 χ 10-9 0.1 χ 10-9 

U l t r a s o n i c SFE of Roasted Coffee Beans. The e x t r a c t i o n r a t e of 
c a f f e i n e from roasted c o f f e e beans was a l s o evaluated and provides 
an i n t e r e s t i n g c o n t r a s t to the micro-porous adsorbents. The c o f f e e 
beans had pores s i z e s ranging from 10 to 100 μιη. The e x t r a c t i o n 
rate with s u p e r c r i t i c a l carbon dioxide at 40 °C and 103 bar pressure 
was monitored f o r 3 h, and then u l t r a s o u n d was a l s o a p p l i e d f o r 
s e v e r a l a d d i t i o n a l hours. The p r o f i l e from the UV d e t e c t o r of t h i s 
e x t r a c t i o n i s shown i n F i g u r e 5. Without u l t r a s o u n d the e x t r a c t i o n 
r a t e i n c r e a s e d f o r the f i r s t 30 min of the e x t r a c t i o n and then 
l e v e l e d o f f to a constant value. A f t e r a p p l i c a t i o n of ultrasound 
the e x t r a c t i o n rate increased by a f a c t o r of e i g h t f o r a short time 
and then decreased to a lower, but s i g n i f i c a n t l y higher rate than 
p r i o r to ultrasound a p p l i c a t i o n . Samples of the e x t r a c t i o n e f f l u e n t 
were a l s o c o l l e c t e d and analyzed by c a p i l l a r y gas chromatography. 
C a f f e i n e was found to be the major component of the e x t r a c t s and the 
q u a n t i t i e s c o l l e c t e d over equal time periods were p r o p o r t i o n a l to 
the observed e x t r a c t i o n rate changes. The f l u i d r e c i r c u l a t i o n r a t e 
was h e l d s u f f i c i e n t l y high d u r i n g the e x t r a c t i o n to e s s e n t i a l l y 
e l i m i n a t e the e x t e r n a l mass t r a n s f e r r e s i s t a n c e . Consequently, 
the higher e x t r a c t i o n rate obtained with ultrasound can probably be 
a t t r i b u t e d to induced convection through the pores of the beans. 
The enhanced e x t r a c t i o n r a t e may have a l s o r e s u l t e d from d i s r u p t i o n 
of i n t e r n a l c e l l membranes. However, no n o t i c e a b l e degradation of 
the outer s h e l l s of the beans could be v i s u a l l y observed. 

In summary, p r e l i m i n a r y i n v e s t i g a t i o n s suggest that the a p p l i c a ­
t i o n of u l t r a s o u n d d u r i n g SFE provides an e f f i c i e n t mechanism of 
v i g o r o u s l y s t i r r i n g and thus decreasing the e x t e r n a l mass t r a n s f e r 
r e s i s t a n c e of the sample p a r t i c l e s . This type of a g i t a t i o n may be 
p a r t i c u l a r l y u s e f u l f o r small m i c r o - s c a l e e x t r a c t i o n c e l l s where 
more t r a d i t i o n a l means of s t i r r i n g would be d i f f i c u l t or impossible. 
The a p p l i c a t i o n of u l t r a s o u n d may a l s o induce c o n v e c t i o n and 
enhance t r a n s p o r t of s o l u t e s through the i n t e r n a l s t r u c t u r e of 
macro-porous m a t e r i a l s i n c r e a s i n g the o v e r a l l e x t r a c t i o n r a t e s of 
the analytes. 

On-line S u p e r c r i t i c a l F l u i d Extraction-Gas Chromatography 

A l o g i c a l extension of 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 i n chemical 
a n a l y s i s i s to combine the process with a chromatographic method. 
The v a r i a b l e s o l v a t i n g power of a s u p e r c r i t i c a l f l u i d provides the 
mechanism f o r the s e l e c t i v e e x t r a c t i o n of the components of i n t e r e s t 
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F i g u r e 4. Schematic diagram of the u l t r a s o n i c 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 apparatus. 

ω 

ω 

ν 
ce 

Ultrasonic 
extract ion 

( 2 0 W a t t s ) 

^ ι I I 1 1 
1 1 1 1 

0 1 2 3 
• 1 
4 5 

Time (hrs) 

Figure 
beans. 

UV absorbance e x t r a c t i o n p r o f i l e of roasted c o f f e e 
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from the sample matrix and p r o v i d e s the b a s i s f o r an automated 
method where sample p r e p a r a t i o n and a n a l y s i s can be i n s t r u m e n t a l l y 
l i n k e d . The o n - l i n e e x t r a c t i o n - a n a l y s i s approach i s p a r t i c u l a r l y 
a t t r a c t i v e f o r small sample s i z e s and/or t r a c e a n a l y s i s where low 
l e v e l s of analytes are present. Various types of o n - l i n e analyses 
have been rep o r t e d and i n c l u d e continuous monitoring of the t o t a l 
SFE e f f l u e n t by mass spectrometry (£) , combined SFE-high performance 
l i q u i d chromatography (4.) , combined SFE-packed column s u p e r c r i t i c a l 
f l u i d chromatography (£) , and on-line SFE-gas chromatography (13.) . 

C a p i l l a r y gas chromatography was used f o r the a n a l y s i s method i n 
t h i s study because of i t s r e l a t i v e l y simple operation and i t s capa­
b i l i t y of p r o v i d i n g h i g h - r e s o l u t i o n s e p a r a t i o n s . In a d d i t i o n , the 
vast m a j o r i t y of compounds that are e x t r a c t a b l e with nonpolar f l u ­
i d s , such as carbon d i o x i d e , are amenable to gas chromatographic 
a n a l y s i s . Two general modes of operation are p o s s i b l e with the on­
l i n e SFE-gas chromatography approach: 1) q u a n t i t a t i v e e x t r a c t i o n and 
a n a l y s i s (where a matrix i s exhaustively e x t r a c t e d and analyzed with 
a c a l i b r a t e d instrument) and 2) s i n g l e or m u l t i p l e s e l e c t i v e 
e x t r a c t i o n s of a sample m a t r i x t o o b t a i n q u a l i t a t i v e (and 
p o t e n t i a l l y q u a n t i t a t i v e ) a n a l y s i s of s p e c i f i c f r a c t i o n s . Both of 
these modes of operation are described. 

Apparatus. The automated o n - l i n e SFE-gas chromatography instrumen­
t a t i o n c o n s i s t e d p r i m a r i l y of four s e c t i o n s which i n c l u d e d a high-
pressure pump and e x t r a c t i o n c e l l , a switching valve and i n t e r f a c e 
region, a gas chromatograph with a flame i o n i z a t i o n detector, and a 
minicomputer and i t s a s s o c i a t e d i n t e r f a c e c i r c u i t r y . A schematic 
diagram of t h i s instrumentation i s shown i n Figure 6. 

A m o d i f i e d V a r i a n 850 0 s y r i n g e pump pro v i d e d a high pressure 
supply of carbon dioxide to the e x t r a c t i o n c e l l . The carbon dioxide 
was p u r i f i e d by d i s t i l l i n g through a c t i v a t e d c h a r c o a l while f i l l i n g 
the s y r i n g e pump. M i c r o e x t r a c t i o n c e l l s (see F i g u r e 7) were 
con s t r u c t e d from Swagelok s t a i n l e s s s t e e l zero volume 1/4-in. to 
1/16-in. column end f i t t i n g s (SS-400-6-1ZV) c o n t a i n i n g two 1/4-in. 
o.d. s i n t e r e d s t a i n l e s s s t e e l f r i t s with 2.0 pm mean pore s i z e sep­
arated by a 1/8-in. long χ 1/4-in. o.d. χ 3/32-in. i . d . s t a i n l e s s 
s t e e l i n s e r t . The 1/4-in. o.d. i n l e t to the e x t r a c t i o n c e l l was 
made by c u t t i n g and s i l v e r s o l d e r i n g the smoothed end from standard 
1/16-in. o.d. s t a i n l e s s s t e e l t u b i n g t h a t was i n s e r t e d through a 
short length (1-2-in.) of 1/4-in. o.d. χ 5/64-in. i . d . s t a i n l e s s 
s t e e l t u b i n g . This design p r o v i d e d an e n t i r e l y s t a i n l e s s s t e e l 
e x t r a c t i o n c e l l with a t o t a l volume of a p p r o x i m a t e l y 15 μΐ 
( e x c l u d i n g i n t e r n a l f r i t volumes) . Larger c e l l volumes were 
obtained by using l a r g e r i . d . tubing and/or longer i n s e r t s . 

The e x t r a c t i o n c e l l and s e v e r a l inches of i n l e t t u b i n g were 
plac e d i n s i d e a t h e r m o s t a t i c a l l y regulated heating block to c o n t r o l 
the f l u i d and e x t r a c t i o n c e l l temperature. E x t r a c t i o n temperatures 
of 40-50 °C were g e n e r a l l y used. An a i r - a c t u a t e d Rheodyne 7010 s i x -
port switching valve was used to d i r e c t the e x t r a c t i o n c e l l e f f l u e n t 
t o e i t h e r an e x t e r i o r c o l l e c t i o n r e s e r v o i r or to the gas chro­
matographic column f o r on-column d e p o s i t i o n and concentration of the 
e x t r a c t . Short lengths (2-4-cm) of 5-25-μπι i . d . fused s i l i c a were 
used to regulate the f l u i d flow rate and to allow d e p r e s s u r i z a t i o n 
of the f l u i d t o a gas. The decompressed gas flow r a t e of the e x t r a c ­
t i o n f l u i d ranged from 50 mL/min to 300 mL/min (-50-300 μΐ/min 
f l u i d flow) and s e v e r a l e x t r a c t i o n c e l l volumes of p r e s s u r i z e d f l u i d 
were g e n e r a l l y used f o r an e x t r a c t i o n . The r e s t r i c t o r f o r the on-
column d e p o s i t i o n was mounted through a 1/16-in. tee to allow the 
gas chromatograph c a r r i e r gas to e n t e r c o a x i a l l y along the r e ­
s t r i c t o r . This connection was a l s o l o c a t e d i n a heated block to 
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c o n t r o l the temperature of the r e s t r i c t o r and expansion r e g i o n . 
T y p i c a l l y , t h i s r e g i o n was maintained near the upper o p e r a t i n g 
temperature of the chromatographic oven (between 250 and 280 °C) . 

A Hewlett-Packard 5890 gas chromatograph equipped with a flame 
i o n i z a t i o n d e t e c t o r was used to perform chromatographic analyses. 
Fused s i l i c a chromatographic columns were e i t h e r 15 m χ 0.25 mm 
i . d . or 15 m χ 0.53 mm i . d . , coated with 0.25-μιη or 5.0-μιη f i l m -
t h i c k n e s s , r e s p e c t i v e l y , of DB-5 s t a t i o n a r y phase (J&W S c i e n t i f i c ) . 
A short r e t e n t i o n gap of d e a c t i v a t e d fused s i l i c a t u b i n g (30 cm χ 
0.53 mm i.d.) was connected to the i n l e t of the chromatographic 
column to a i d sol u t e f o c u s i n g and concentration of the e x t r a c t i o n 
e f f l u e n t . The oven was cooled to subambient temperatures using 
carbon d i o x i d e d u r i n g on-column d e p o s i t i o n to a i d f o c u s i n g and 
con c e n t r a t i o n of the e x t r a c t i o n e f f l u e n t . Subsequent analyses were 
performed by temperature programming at s e l e c t e d r a t e s . Helium was 
used f o r the c a r r i e r gas at l i n e a r v e l o c i t i e s of approximately 40 
cm/sec. 

Q u a l i t a t i v e E x t r a c t i o n Analyses. Q u a l i t a t i v e c h a r a c t e r i z a t i o n of a 
sample matrix can be obtained by p e r i o d i c sampling and a n a l y s i s of 
the e x t r a c t i o n e f f l u e n t at various pressures. T y p i c a l l y , a sample 
i s e x t r a c t e d at p r o g r e s s i v e l y higher pressures to obtai n s e l e c t i v e 
f r a c t i o n s . However, to achieve maximum s e l e c t i v i t y , the sample must 
be ex h a u s t i v e l y extracted at each pressure to remove e s s e n t i a l l y a l l 
the m a t e r i a l that i s s o l u b l e at a given pressure p r i o r to the next 
higher e x t r a c t i o n pressure. Rigorous execution of t h i s process can 
be d i f f i c u l t with the current instrumentation, so l e s s s e l e c t i v e 
f r a c t i o n a t i o n i s u s u a l l y adopted f o r q u a l i t a t i v e analyses. 

An example of the a p p l i c a t i o n of on - l i n e SFE-GC f o r the q u a l i t a ­
t i v e c h a r a c t e r i z a t i o n of orange peel i s shown i n Figure 8. Ap­
proximately 100 mg of orange p e e l was ext r a c t e d f o r 10 min i n t e r v a l s 
at two p r o g r e s s i v e l y higher pressures u s i n g s u p e r c r i t i c a l carbon 
dioxi d e at 40 °C. A f t e r each e x t r a c t i o n a temperature programmed GC 
a n a l y s i s was conducted. In t h i s p a r t i c u l a r case, the e x t r a c t i o n s 
were d i s c o n t i n u e d d u r i n g the GC analyses, but i f more s e l e c t i v e 
f r a c t i o n a t i o n s had been d e s i r e d they c o u l d have been continued 
during the analyses and the e f f l u e n t d i r e c t e d to the c o l l e c t i o n 
v e s s e l . Since orange p e e l was expected to co n t a i n v o l a t i l e f l a v o r 
compounds, a chromatographic column with a t h i c k s t a t i o n a r y phase 
f i l m and subambient c o l l e c t i o n and f o c u s i n g of the e x t r a c t i o n 
e f f l u e n t were used i n the GC a n a l y s i s . The chromatogram obtained 
at the lower e x t r a c t i o n p r e s s u r e has r e l a t i v e l y h i g h e r con­
c e n t r a t i o n s of the e a r l i e r e l u t i n g compounds and the higher pressure 
e x t r a c t i o n has r e l a t i v e l y higher concentrations of the l a t e r e l u t i n g 
compounds. Since the e n t i r e range of compounds from the orange p e e l 
e x h i b i t e d s u b s t a n t i a l s o l u b i l i t y i n the carbon d i o x i d e at the low 
p r e s s u r e , i t was not p o s s i b l e t o o b t a i n a h i g h l y s e l e c t i v e 
e x t r a c t i o n . U t i l i z a t i o n of a f l u i d having lower s o l v a t i n g power, 
such as SFg, Xe, or Kr (17), would provide g r e a t e r p o t e n t i a l f o r 
s e l e c t i v e f r a c t i o n a t i o n of v o l a t i l e and s e m i v o l a t i l e low molecular 
weight compounds. This example i l l u s t r a t e s the p o t e n t i a l of SFE-GC 
of p r o v i d i n g n e a r l y automated sample p r e p a r a t i o n and a n a l y s i s f o r 
the q u a l i t a t i v e c h a r a c t e r i z a t i o n of sample m a t r i c e s . More 
s e l e c t i v e SFE-GC analyses of higher molecular weight compounds with 
lower carbon dioxide s o l u b i l i t i e s have been reported elsewhere (13.) . 

Q u a n t i t a t i v e E x t r a c t i o n A n a l y s e s . Exhaustive e x t r a c t i o n of a 
sample matrix at a pressure where a l l of the components of i n t e r e s t 
are s o l u b l e provides the c a p a b i l i t y f o r a q u a n t i t a t i v e a n a l y s i s . 
This method i s i l l u s t r a t e d with the example shown i n Figure 9. XAD-2 
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Figure 8. C a p i l l a r y GC chromâtograms obtained from super­
c r i t i c a l carbon dioxide e x t r a c t i o n at two d i f f e r e n t pressures of 
orange p e e l . 
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C0 2, 50 °C, 325 bar 
CHRYSENE 
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Figure 9. C a p i l l a r y GC chromatogram obtained from the super­
c r i t i c a l carbon dioxide e x t r a c t i o n of XAD-2 r e s i n . 
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r e s i n that had been spiked with 7.5 ng each of s e v e r a l p o l y c y c l i c 
aromatic hydrocarbons (PAH) was e x t r a c t e d with carbon diox i d e at 325 
bar and 50 °C f o r 7 min. The flow r a t e of decompressed carbon 
d i o x i d e was over 250 mL/min, which allowed a s u f f i c i e n t l y l a r g e 
f l u i d volume to be used to o b t a i n an exhaustive e x t r a c t i o n . The 
chromatographic oven was h e l d at 0 °C during the e x t r a c t i o n to a i d 
f o c u s i n g of the analytes and was then temperature programmed a f t e r 
the e x t r a c t i o n was completed t o e f f e c t the chromatographic 
separation. The detector response was c a l i b r a t e d f o r each compound 
immediately p r i o r to the e x t r a c t i o n - a n a l y s i s . The s p e c i f i c com­
pounds used, the spike l e v e l s , and the recovered q u a n t i t i e s of each 
compound are l i s t e d i n Table IV. Within experimental e r r o r (~15%), 
q u a n t i t a t i v e e x t r a c t i o n and recovery of a l l the compounds, except 
benzo[ej pyrene, was obtained. Benzo[ejpyrene has lower s o l u b i l i t y 
i n carbon dioxide and was not completely extr a c t e d with the f l u i d 

Table IV. Recovery of PAH from XAD-2 Resin 

Compound Spike Level Recovered Amount % Recovery 
(ng) (ng) 

Fluorene 7. .6 7. .6 100 
Phenanthrene 7. .4 7. .1 96 
Pyrene 7. .5 6. .6 88 
Chrysene 7. .3 6. .4 88 
Benzo [e_] pyrene 7. .4 4, .9 66 

volume u t i l i z e d . However, the remaining benzo[a] pyrene was 
recovered with a second e x t r a c t i o n . The extraneous peaks i n the 
chromatogram can be a t t r i b u t e d to i m p u r i t i e s concentrated from the 
carbon dioxide or from contaminants extr a c t e d from the XAD-2. Since 
s e v e r a l m i l l i l i t e r s of l i q u i d carbon d i o x i d e are decompressed 
through the chromatographic column with q u a n t i t a t i v e e x t r a c t i o n s , i t 
i s e s s e n t i a l to have very pure carbon d i o x i d e t o prevent s e r i o u s 
contamination. 

On-line SFE-GC has a l s o been used as an a l t e r n a t i v e to thermal 
d e s o r p t i o n gas chromatography of Tenax sampling d e v i c e s f o r 
q u a n t i t a t i v e a n a l y s i s of v o l a t i l e organic compounds (VOC). The SFE-
GC approach allows the analytes to be recovered from the adsorbent 
sampling devices at m i l d temperatures, which prevents 
thermal decomposition and other problems a s s o c i a t e d with high 
temperature desorption. This work i s d e s c r i b e d i n d e t a i l elsewhere 
(Wright,B.W.; K o p r i v a , A . J . ; Smith, R.D. s u b m i t t e d f o r 
p u b l i c a t i o n ) . 

Conclusions 

O f f - l i n e 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 , simultaneous u l t r a s o n i c 
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 , and o n - l i n e s u p e r c r i t i c a l f l u i d 
extraction-gas chromatography have been described. These a n a l y t i c a l 
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 methods provide the p o t e n t i a l f o r 
v e r y r a p i d e x t r a c t i o n r a t e s and c o m p a t i b i l i t y w i t h o n - l i n e 
a n a l y t i c a l methods. E x t r a c t i o n rate increases of over an order of 
magnitude compared to Soxhlet methods have been demonstrated and 
even g r e a t e r i n c r e a s e s seem f e a s i b l e . O p t i m i z a t i o n of f l u i d 
s o l v a t i n g c o n d i t i o n s a l s o p r o v i d e s the p o t e n t i a l f o r s e l e c t i v e 
f r a c t i o n a t i o n of s p e c i f i c a nalytes. The a p p l i c a t i o n of ultrasound 
d u 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 p r o v i d e s an e f f i c i e n t 
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mechanism of s t i r r i n g and may enhance e x t r a c t i o n r a t e s i n 
macroporous m a t e r i a l s by inducing convection through the pores. On­
l i n e e x t r a c t i o n - a n a l y s i s methods combine sample p r e p a r a t i o n and 
a n a l y s i s and provide the p o t e n t i a l f o r r a p i d and h i g h l y s e n s i t i v e 
analyses. A d d i t i o n a l studies and f u r t h e r development of a n a l y t i c a l 
SFE methods are needed f o r a more complete e v a l u a t i o n and to allow 
achievement of t h e i r f u l l p o t e n t i a l . 
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Chapter 4 

Supercritical 
Fluid—Adsorbate—Adsorbent 

Systems 
Characterization and Utilization 

in Vegetable Oil Extraction 
Studies 

Jerry W. King, Robert L. Eissler, and John P. Friedrich 
Northern Regional Research Center, Agricultural Research Service, 

U.S. Department of Agriculture, Peoria, IL 61604 

Supercritical fluid (SCF) extraction of vegetable oils 
from a seed matrix may require the incorporation of an 
adsorbent bed to remove odoriferous compounds from the 
recycle gas stream. In this study, an elution pulse 
chromatographic technique has been developed which allows 
the determination of breakthrough volumes (BTV) for an 
array of odor-causing sorbates on Tenax-TA, XAD resins, 
and activated carbon adsorbents. Data taken over a 
100-400 atmosphere range at three different temperatures 
indicate that the adsorbent retention capacity is rapidly 
lost at pressures beyond 200 atmospheres. In specific 
cases with the synthetic polymer sorbents, the 
supercritical carbon dioxide changes the sorption 
capacity of the resin phase by altering the physical 
morphology of the sorbent. Differential heat of 
adsorption measurements suggest that modification of the 
gas-solid interface by the supercritical fluid is 
enhancing migration of the sorbates through the column 
bed. Calculations incorporating the derived BTV data 
base illustrate how conditions can be altered to improve 
trapping efficiency by varying the fluid pressure, 
temperature, flow rate, and sorbent charge. 

Adsorption as a complementary process to 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 confers an e x t r a degree of f l e x i b i l i t y i n segregating 
and f r a c t i o n a t i n g s o l u t e s d i s s o l v e d i n the f l u i d phase. 
L i t e r a t u r e c i t a t i o n s of adsorption coupled w i t h 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 range from the " c l a s s i c a l " c a f f e i n e e x t r a c t i o n 
w i t h CO2 (.1) to recent attempts to separate c h o l e s t e r o l from 
b u t t e r using adsorbent beds of cha r c o a l and s i l i c a g e l ( 2 ) . 
P r i o r s t u d i e s u t i l i z i n g adsorbents i n the presence of 
s u p e r c r i t i c a l f l u i d media have been reviewed by King ( 3 ) , who 
has commented on the la c k of fundamental knowledge on 
a d s o r b a t e ( s o r b a t e ) / a d s o r b e n t ( s o r b e n t ) / s u p e r c r i t i c a l f l u i d systems. 
Indeed, w i t h the exception of the sorbent regeneration 
s t u d i e s performed at C r i t i c a l F l u i d Systems i n the l a s t 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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decade ( 4 , 5 ) , there i s a p a u c i t y of data on how i n d u s t r i a l l y u s e f u l 
compounds behave i n a s u p e r c r i t i c a l f l u i d process stream p a s s i n g 
through a sorbent column. 

The determinat ion of a d s o r p t i o n isotherms, a d s o r p t i o n 
c o e f f i c i e n t s i n the H e n r y 1 s Law r e g i o n , heats of a d s o r p t i o n , a long 
w i t h the breakthrough c h a r a c t e r i s t i c s of sorbates p r o v i d e a b a s i s 
f o r e n l a r g i n g our t h e o r e t i c a l understanding of the a d s o r p t i o n 
process and c o n t r i b u t e to the design of adsorbent u n i t s o p e r a t i n g 
under h i g h p r e s s u r e . Data such as the breakthrough volume 
c h a r a c t e r i s t i c s of a sorbate p a r t i t i o n e d between an a c t i v e sorbent 
and a compressed f l u i d phase a l low the p r e d i c t i o n of the s e r v i c e 
l i f e t i m e of the sorbent bed and d e f i n e c o n d i t i o n s which are 
a p p r o p r i a t e f o r s e l e c t i v e l y r e t a i n i n g s o l u t e s from the gas phase 
a f t e r the primary e x t r a c t i o n s t e p . More r e c e n t l y , the u t i l i z a t i o n 
of s u p e r c r i t i c a l gases to s e l e c t i v e l y desorb a n a l y t e s from sorbent 
r e s i n s , such as Tenax, XAD-2, and polyurethane foams (6-8) suggest 
t h a t a d d i t i o n a l r e s e a r c h i s needed to s p e c i f y c o n d i t i o n s which are 
opt imal f o r the r a p i d removal of a n a l y t e s from these p u r i f i e d 
s o r b e n t s . Knowledge of the breakthrough c h a r a c t e r i s t i c s f o r g iven 
s o r b a t e / s o r b e n t p a i r s permits the s p e c i f i c a t i o n of sampling 
p r o t o c o l s f o r t r a p p i n g d e s i r e d components, and c o n v e r s e l y , a l lows 
est imates to be made of the c o n d i t i o n s r e q u i r e d f o r e f f e c t i v e 
d e s o r p t i o n of r e v e r s i b l y - a d s o r b e d components. As shown i n an 
e a r l i e r study ( 3 ) , the breakthrough volume a s y m p t o t i c a l l y 
approaches a l i m i t i n g volume d e f i n e d by the v o i d volume of the 
adsorbent bed as the system pressure i s i n c r e a s e d , hence there i s a 
d i s c r e t e pressure range over which the adsorbent bed can be used 
f o r i s o l a t i n g or f r a c t i o n a t i n g components which are s o l u b i l i z e d i n 
the s u p e r c r i t i c a l f l u i d phase. 

The present work was i n i t i a t e d to measure the breakthrough 
volumes f o r s e l e c t e d sorbates which can p o t e n t i a l l y contaminate the 
r e c y c l e gas stream i n a continuous 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 
system designed f o r p r o c e s s i n g vegetable o i l s . Such components, i f 
not s e l e c t i v e l y adsorbed, can recontaminate the r e s i d u a l p r o t e i n 
meal as w e l l as e x t r a c t e d o i l , and c o n t r i b u t e to i n f e r i o r f l a v o r 
t e s t panel scores on both p r o d u c t s . The data base accumulated i n 
t h i s study a l s o o f f e r s g u i d e l i n e s f o r d e s i g n i n g an a p p r o p r i a t e 
o f f - s t r e a m a n a l y t i c a l sampling d e v i c e , based on sorbent r e s i n 
methodology, f o r c o l l e c t i n g and c h a r a c t e r i z i n g the o d o r i f e r o u s 
components i n the r e c y c l e d s u p e r c r i t i c a l f l u i d stream. 

A schematic of the 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 system i s 
shown i n F i g u r e 1. The system i s d i v i d e d i n t o two separate 
pressure r e g i o n s ; one s e c t i o n u s u a l l y o p e r a t i n g at pressures 
between 10-12,000 p s i g and 80°C f o r e x t r a c t i n g the o i l from the 
seed bed and a second s e c t i o n between the back pressure r e g u l a t o r 
and compressor h e l d at 2500 p s i g and 8 0 ° . W i t h i n t h i s lower 
pressure s e c t i o n , the o i l i s p r e c i p i t a t e d from the s u p e r c r i t i c a l 
f l u i d phase and the s o l v e n t gas r e c y c l e d back to the compressor 
over a bed of a c t i v a t e d carbon. D e t a i l s of the e x t r a c t i o n 
c o n d i t i o n s and equipment can be found i n e a r l i e r p u b l i c a t i o n s 
( 9 , 10 ) . Although the system i n F i g u r e 1 was e x p r e s s l y designed f o r 
the e x t r a c t i o n of vegetable o i l s , i t i s f a i r l y t y p i c a l of many 
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 systems, thus the data and 
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Figure 1. Continuous r e c y c l e SCF-C0 2 e x t r a c t o r .  P
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techniques d e s c r i b e d i n t h i s paper can be e x t r a p o l a t e d to other 
p r o c e s s i n g s i t u a t i o n s as r e q u i r e d . 

The technique used to measure the breakthrough volumes i s 
s i m i l a r to t h a t r e p o r t e d by King (3) i n which a m o d i f i e d 
chromatographic apparatus i s used i n the e l u t i o n p u l s e mode to 
measure peak maximum r e t e n t i o n volumes as a f u n c t i o n of gas 
p r e s s u r e . As d e s c r i b e d p r e v i o u s l y , t r a c e contaminents i n the SCF 
mobile phase e l u t e as symmetrical (gaussian) peaks when a d s o r p t i o n 
occurs i n the H e n r y ' s Law r e g i o n of the s o r p t i o n i sotherm. The 
peak maximum corresponds to the 50% breakthrough volume of a 
s i g m o i d a l sorbate wavefront as the adsorbent bed begins to 
s a t u r a t e w i t h r e s p e c t to the c h a l l e n g e c o n c e n t r a t i o n of the 
r e s p e c t i v e s o r b a t e . T h i s p a r t i c u l a r q u a s i - e q u i l i b r i u m r e t e n t i o n 
volume i s i n v a r i a n t w i t h r e s p e c t to the sorbate f l u i d 
c o n c e n t r a t i o n and column generated n o n - e q u i l i b r i u m c o n t r i b u t i o n s 
to peak s p r e a d i n g , and hence i s a p r e f e r r e d and a c c u r a t e measure 
of the breakthrough c h a r a c t e r i s t i c s o f a g iven s o r b a t e / s o r b e n t 
combination (11 ,12) . Such an approach has been u t i l i z e d by many 
i n v e s t i g a t o r s to determine breakthrough data r e q u i r e d i n 
environmental sampling (13-15) , i n d u s t r i a l hygiene moni tor ing 
(16 ,17) , and f l a v o r / o d o r c h a r a c t e r i z a t i o n (JL8). Good agreement 
between the measured r e t e n t i o n volumes and experimental 
breakthrough curves has been r e p o r t e d (11). 

The advantage of the p u l s e chromatographic method l i e s i n i t s 
experimental s i m p l i c i t y and the a b i l i t y to r a p i d l y accumulate data 
which c h a r a c t e r i z e s the r e t e n t i v e behavior of adsorbates i n the 
presence of a s u p e r c r i t i c a l f l u i d phase. By i n c o r p o r a t i n g an 
apparatus which i s capable of d u p l i c a t i n g the process c o n d i t i o n s 
under which the adsorbent u n i t i s o p e r a t i n g , one can est imate the 
s e r v i c e l i f e t i m e of the a d s o r p t i o n column as a f u n c t i o n of 
p r e s s u r e and temperature. Al though r e t e n t i o n volume data a lone 
cannot be used to e l u c i d a t e the r e l a t i v e c o n t r i b u t i o n of competing 
mechanisms to the m i g r a t i o n enhancement of sorbates i n an 
a d s o r p t i o n column, such i n f o r m a t i o n serves a p r a c t i c a l and a p p l i e d 
purpose as i l l u s t r a t e d i n t h i s s t u d y . Given the c u r r e n t s t a t e of 
our understanding of s u p e r c r i t i c a l f l u i d / a d s o r b a t e / a d s o r b e n t 
systems, experimental measurement of the governing p h y s i c o c h e m i c a l 
parameters may be the most e f f i c i e n t and r e l i a b l e way of o p e r a t i n g 
and d e s i g n i n g systems f o r commercial u s e . 

Experimental 

A Hewlett Packard Model 1082B s u p e r c r i t i c a l f l u i d chromatograph 
was u t i l i z e d f o r the measurement of sorbate r e t e n t i o n volumes i n 
t h i s s t u d y . The instrument i s a m o d i f i e d l i q u i d chromatograph 
c o n s i s t i n g of coo led pump heads to f a c i l i t a t e accurate metering of 
l i q u e f i e d carbon d i o x i d e from a r e c i p r o c a t i n g diaphragm pump, an 
u l t r a v i o l e t h i g h pressure d e t e c t o r flow c e l l capable of 
w i t h s t a n d i n g pressures to 400 atmospheres, and a p r e c i s e back 
p r e s s u r e r e g u l a t o r to mainta in p r e s s u r e d u r i n g the chromatographic 
a n a l y s i s . T h i s i n s t r u m e n t a l des ign p e r m i t t e d the p r e c i s e 
determinat ion of BTV without s u b s t a n t i a l m o d i f i c a t i o n to the 
commercial instrument . Experimental data u s i n g s u p e r c r i t i c a l 
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CO2 as a c a r r i e r f l u i d were c o l l e c t e d over a pressure i n t e r v a l 
of 100-400 atmospheres i n a temperature range of 3 5 - 9 0 ° C . T e s t s 
performed at flow r a t e s ranging from 0.5 to 5.0 ml /min showed t h a t 
the peak maximum r e t e n t i o n volume was constant w i t h respect to 
flow r a t e , thereby p e r m i t t i n g e x t r a p o l a t i o n of the measured 
r e t e n t i o n volumes to h i g h e r c a r r i e r v e l o c i t i e s . 

D e t e c t i o n of the sorbate peak a f t e r e l u t i o n from the a d s o r p t i o n 
column was accomplished u s i n g a v a r i a b l e wavelength d e t e c t o r . With 
the except ion of 2 , 4 - d e c a d i e n a l , many of the s o l u t e s u t i l i z e d i n 
t h i s r e s e a r c h had s m a l l molar a b s o r p t i v i t i e s and c o u l d only be 
detected i n the f a r u l t r a v i o l e t r e g i o n of the spectrum. Convenient 
wavelengths f o r m o n i t o r i n g purposes were 215-230 nm f o r the 
c a r b o n y l - b e a r i n g compounds and 200 nm f o r the n - a l c o h o l s . 
I n j e c t i o n volumes of 1.0 ML or l e s s of the neat s o l u t e were 
s u f f i c i e n t f o r d e t e c t i o n i n the r e p o r t e d s t u d i e s . 

Sorbent columns f a b r i c a t e d w i t h i n our l a b o r a t o r y c o n s i s t e d of 
316 s t a i n l e s s s t e e l tubes , 3 to 12 inches i n l e n g t h , having an 
i n t e r n a l diameter ranging from 5/16" (0.794 cm) to 7/32" (0.556 
cm). The dimensions of these columns permit ted adjustment of the 
sorbent weight to between 0.5 - 3.0 grams, and hence the r e t e n t i o n 
time range t h a t was recorded e x p e r i m e n t a l l y . Adsorbent weight was 
determined on an a n a l y t i c a l balance both before and a f t e r the 
chromatographic experiments . Reproducib le sorbent weights a f t e r 
experimental use c o u l d o n l y be recorded a f t e r a l l o w i n g o v e r n i g h t 
outgass ing of the sorbent column p r i o r to weighing . 

Table I summarizes the a d s o r p t i o n s e l e c t i o n i n c o r p o r a t e d i n t o 
the experimental s t u d i e s . Four p r e - p u r i f i e d s y n t h e t i c r e s i n 
sorbents obta ined from A l l t e c h A s s o c i a t e s ( D e e r f i e l d , IL) were used 
along w i t h an a c t i v a t e d carbon sample (Union Carbide Grade 6GC) 
procured from our p i l o t p l a n t . The coarse p a r t i c l e s i z e o f the 
s e l e c t e d adsorbents i n c o n j u n c t i o n w i t h the column dimensions and 
experimental flow r a t e s y i e l d e d v e r y s m a l l p r e s s u r e drops (< 2 atm) 
across the sorbent bed, as a s c e r t a i n e d by i n l e t and o u t l e t p r e s s u r e 
gauges before and a f t e r the column, r e s p e c t i v e l y . Because of t h i s 
s m a l l p r e s s u r e g r a d i e n t w i t h i n the sorbent column, the recorded 
experimental breakthrough data were taken e s s e n t i a l l y a t i s o b a r i c 
c o n d i t i o n s . 

Table I . Adsorbent P r o p e r t i e s 

P r o p e r t y 

Adsorbent Mesh S i z e Surface Area S t r u c t u r e 

Tenax-TA 20- -35 35 m 2 / g d i p h e n y l phenylene 

m^/g 
oxide 

XAD-2 20- -50 300 m^/g s t y r e n e / d i v i n y l b e n z e n e 
XAD-7 20- -50 450 m^/g a c r y l i c e s t e r 
XAD-8 20- -50 150 m^/g a c r y l i c 
A c t i v a t e d carbon 10- -24 >1000 m 2 / g carbon 
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The sorbates u t i l i z e d i n t h i s study were chosen by c o n s u l t i n g 
the l i t e r a t u r e on the o d o r / f l a v o r c h a r a c t e r i s t i c s of soybean o i l 
and meal (19 ,20) . S p e c i f i c components, such as 2 , 4 - d e c a d i e n a l , 
2 - p e n t y l f u r a n , and e t h y l e s t e r s have been i d e n t i f i e d as major 
c o n t r i b u t o r s to the f l a v o r chemistry of soybean o i l by F r a n k e l 
(22) and other i n v e s t i g a t o r s (23) . These compounds and s e l e c t e d 
s o l u t e s compris ing homologous s e r i e s of 2-methyl ketones , 
a l i p h a t i c a ldehydes , and η - a l c o h o l s were chosen as sorbates 
based upon t h e i r probable occurrence i n t r a c e q u a n t i t i e s d u r i n g 
the s u p e r c r i t i c a l f l u i d p r o c e s s . I t should be noted t h a t many of 
the sorbates used i n t h i s study e x h i b i t a p p r e c i a b l e v o l a t i l i t y 
and would be expected to have s m a l l breakthrough volumes on the 
sorbents c i t e d p r e v i o u s l y . 

S e v e r a l t e s t s were performed to assure t h a t the measured 
r e t e n t i o n volumes r e f l e c t e d sorbate r e t e n t i o n i n the m i n i a t u r e 
a d s o r p t i o n column. Thermocouple-based measurements of the 
i n j e c t i o n v a l v e compartment (which i s mounted o u t s i d e the column 
oven) r e v e a l e d a 2°C l a g i n temperature from that recorded i n 
the column oven. T h i s s m a l l temperature d i f f e r e n c e had a 
n e g l i g i b l e e f f e c t on the s o l u t e r e t e n t i o n volume at flow r a t e s of 
0.5 ml /min and i s f u r t h e r minimized at h i g h e r c a r r i e r gas flow 
r a t e s due to p r i o r thermal e q u i l i b r a t i o n of the gas i n the column 
oven. The c o n t r i b u t i o n of instrument dead volume was assessed by 
measuring the r e t e n t i o n volume of a t e s t s o l u t e (methanol) i n the 
chromatographic system i n the absence of the a d s o r p t i o n column. 
The system dead volume was found to be l e s s than 0.1 m l , a 
n e g l i g i b l e c o n t r i b u t i o n to the measured sorbate r e t e n t i o n 
volumes. 

C o l l e c t i o n of the r e t e n t i o n data was i n i t i a l l y taken on Tenax 
and XAD-2 adsorbents at 150, 250, and 350 atmospheres. As 
experimental work p r o g r e s s e d , a d d i t i o n a l data was taken at 
c l o s e r p r e s s u r e i n t e r v a l s to b e t t e r d e f i n e the t r e n d i n 
breakthrough volume w i t h f l u i d p r e s s u r e . Measurement of 
r e t e n t i o n volumes below 100 atmospheres was d i f f i c u l t , due to 
the " t h r e s h o l d p r e s s u r e " s o l u b i l i t y l i m i t (as d e f i n e d by the 
s e n s i t i v i t y of the UV d e t e c t o r ) of the t e s t s o l u t e probes (23) . 
Most of the generated r e t e n t i o n data were measured at three 
temperatures : 40, 60 and 80°C . 

R e t e n t i o n volume data accumulated over a p e r i o d of two 
weeks on a p a r t i c u l a r sorbent showed e x c e l l e n t r e p r o d u c i b i l i t y . 
R e t e n t i o n volumes could a l s o be reproduced at a g iven pressure 
r e g a r d l e s s of whether the data was taken by i n c r e a s i n g or 
d e c r e a s i n g the pressure between i n t e r v a l s . No b i a s i n the 
c o l l e c t e d data as a f u n c t i o n of temperature c o u l d be detected 
r e g a r d l e s s of whether the measurements were made by i n c r e a s i n g or 
d e c r e a s i n g the temperature. M u l t i p l e determinat ions of the 
s p e c i f i c BTV f o r a g iven sorbate on the same column y i e l d e d a 
s tandard d e v i a t i o n of + 0.3 mL/gram. Prolonged use of the 
Tenax columns r e s u l t e d i n a g r a d u a l r e d u c t i o n i n BTV f o r a g i v e n 
sorbate at a s p e c i f i c p r e s s u r e . The reasons f o r t h i s r e d u c t i o n 
i n BTV w i l l be d i s c u s s e d i n the next s e c t i o n . 

C a l c u l a t i o n of the breakthrough volume i s made by u s i n g the 
s imple e q u a t i o n : 

BTV = (F) ( t r ) (1) 
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where F = flow r a t e of the s u p e r c r i t i c a l f l u i d a t column 
temperature and pressure 

t r = time from i n j e c t i o n to the e l u t i o n peak maximum 

For purposes of comparing the r e l a t i v e r e t e n t i v e p r o p e r t i e s of 
adsorbents , a s p e c i f i c breakthrough volume may be c a l c u l a t e d by 
d i v i d i n g the weight of the adsorbent i n t o the above -def ined 
volume. Equat ion 1 i s r e l a t i v e l y s imple compared to the more 
e l a b o r a t e c a l c u l a t i o n s used to determine the net and s p e c i f i c 
r e t e n t i o n volumes i n thermodynamic gas chromatographic s t u d i e s 
(24) . T h i s i n p a r t i s due to the experimental des ign used and 
the d e s i r e to have data which r e f l e c t breakthrough c h a r a c t e r ­
i s t i c s under s u p e r c r i t i c a l f l u i d c o n d i t i o n s . S ince the combina­
t i o n of l i q u i d metering pumps and back pressure r e g u l a t i o n permit 
independent c o n t r o l of f l u i d flow r a t e and pressure i n the super ­
c r i t i c a l f l u i d s t a t e , there i s no need to convert the measured 
r e t e n t i o n volumes to a c t u a l column c o n d i t i o n s or a standard tem­
p e r a t u r e and p r e s s u r e . The breakthrough volume measurements i n 
t h i s study have not been c o r r e c t e d f o r the column v o i d volume, 
s i n c e over the h i g h e r pressure range, the net r e t e n t i o n volume 
would be e f f e c t i v e l y zero i n many c a s e s . For t h i s reason and the 
accompanying o b s e r v a t i o n t h a t c e r t a i n s y n t h e t i c adsorbents were 
p h y s i c a l l y changed when exposed to s u p e r c r i t i c a l f l u i d C O 2 , we 
have e l e c t e d to present r e t e n t i o n data u n c o r r e c t e d f o r column 
v o i d volume to a i d i n the i n t e r p r e t a t i o n of the experimental 
d a t a . In a d d i t i o n , from the p e r s p e c t i v e of sorbate holdup i n the 
s o r p t i o n column, a s o l u t e may be r e t a i n e d on the adsorbent bed i f 
the sampling p e r i o d i s b r i e f , even though i t spends a l l of i t s 
r e s i d e n c e time i n the s u p e r c r i t i c a l f l u i d phase. 

R e s u l t s 

Our i n i t i a l s t u d i e s focused on the measurement of breakthrough 
volumes f o r a v a r i e t y of sorbates on Tenax-TA r e s i n , a sorbent 
which can be employed i n thermal d e s o r p t i o n methods f o r 
c h a r a c t e r i z i n g the t r a c e components i n the gas stream. I t was 
a n t i c i p a t e d t h a t the t r e n d i n sorbate breakthrough volume w i t h 
pressure would p a r a l l e l e a r l i e r f i n d i n g s (3) i n which the 
r e t e n t i o n volume decreased s u b s t a n t i a l l y a t lower pressures w h i l e 
a t t a i n i n g a constant va lue i n the h i g h e r pressure regime. 
However, as shown i n F i g u r e 2, the BTV determinat ion at 250 
atmospheres and 40°C was approximately twice as l a r g e as those 
recorded at 150 and 350 atmospheres f o r a l l of the sorbates 
examined. A d d i t i o n a l data c o l l e c t e d over the 100-400 atmosphere 
range s u b s t a n t i a t e d the i n i t i a l f i n d i n g s , i n d i c a t i n g t h a t t h e r e 
was a d i s t i n c t BTV maximum o c c u r r i n g i n the 200-250 atmosphere 
r e g i o n (as t y p i f i e d by 2 , 4 - d e c a d i e n a l ) . 

C lose i n s p e c t i o n of F i g u r e 2 i n d i c a t e s a s l i g h t f r a c t i o n a t i o n 
e f f e c t between the most n o n - v o l a t i l e component ( 2 , 4 - d e c a d i e n a l ) 
and the other s o r b a t e s , p a r t i c u l a r l y i n the lower pressure r e g i o n 
(100-150 atm). T h i s " l i g h t / h e a v y 1 ' s e l e c t i v i t y t r e n d has been 
observed i n other g a s - s o l i d chromatography s t u d i e s , p a r t i c u l a r l y 
f o r s o l u t e s compris ing a homologous s e r i e s (25) . For the 
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homologues examined i n t h i s r e s e a r c h , l i t t l e i n d i v i d u a l 
s e p a r a t i o n was observed beyond 150 atmospheres. In the process 
s i t u a t i o n c i t e d p r e v i o u s l y or f o r a n a l y t i c a l c o l l e c t i o n of 
s o r b a t e s , s e p a r a t i o n of the i n d i v i d u a l sorbates i s not r e q u i r e d . 

To f u r t h e r conf irm and e l u c i d a t e the cause of the e r r a t i c 
p a t t e r n i n r e t e n t i o n behavior shown i n F i g u r e 2, breakthrough 
volumes were determined f o r t h i r t e e n compounds at three d i f f e r e n t 
pressures on the Tenax r e s i n . As shown i n F i g u r e 3, the 
i n d i v i d u a l sorbates tended to c l u s t e r around a d i s c r e t e BTV at 
each i n d i v i d u a l p r e s s u r e , suggest ing t h a t the r e t e n t i o n volume 
t r e n d was independent of the sorbate t y p e . T h i s o b s e r v a t i o n 
coupled w i t h the s u b s t a n t i a l v o l a t i l i t y enhancement f a c t o r s 
expected and recorded f o r s i m i l a r s o l u t e s (26) i n SCF - C O 2 
support the c o n t e n t i o n t h a t the sorbates are p a s s i n g through the 
a d s o r p t i o n column w i t h r e t e n t i o n volumes e q u i v a l e n t to the v o i d 
volume of the column bed. Such r e s u l t s suggest t h a t t h i s 
r e p r o d u c i b l e r e t e n t i o n t r e n d f o r so many s o l u t e s may be r e l a t e d 
to changes i n the sorbent s t r u c t u r e . 

To t e s t whether the r e t e n t i o n trends on Tenax were 
r e p r o d u c i b l e and i n v a r i a n t w i t h respect to experimental p r o t o c o l , 
s e v e r a l s e l e c t sorbates were chromatographed over s e v e r a l days at 
three d i f f e r e n t temperatures . As shown f o r e t h y l caproate i n 
F i g u r e 4, the p a t t e r n i s r e p r o d u c i b l e f o r data taken 2-3 days 
apart a t 40°C . C y c l i n g the sorbent bed w h i l e t a k i n g i n d i v i d u a l 
r e t e n t i o n volume measurements from low to h i g h pressures and back 
(as i n d i c a t e d by the d i f f e r e n t symbols i n F i g u r e 4) produced no 
measurable change i n r e t e n t i o n volume p a t t e r n . T h i s confirms 
t h a t the t h r e e - f o l d d i f f e r e n c e i n breakthrough volume i n going 
from 150 to 250 atmospheres i s o u t s i d e the l i m i t of experimental 
e r r o r . The t r e n d i n BTV w i t h pressure f o r sorbates on Tenax as 
t y p i f i e d by e t h y l caproate was a l s o observed at 60 and 80°C. 
Accumulation of a d d i t i o n a l data p o i n t s i n the pressure i n t e r v a l s 
between 100-150 and 175-300 atmospheres showed that the e t h y l 
caproate r e t e n t i o n minimum o c c u r r e d between 100-120 atmospheres 
as i n d i c a t e d i n F i g u r e 5. The BTV maximum was once again found 
to occur between 200-250 atmospheres f o r e t h y l caproate and other 
s o l u t e s , w i t h a second BTV minimum o c c u r r i n g at about 275 
atmospheres. 

The r e s u l t s obtained i n F i g u r e s 2, 4, and 5 can be e x p l a i n e d 
by c o n s i d e r i n g the i n d i v i d u a l f a c t o r s which i n f l u e n c e the break­
through volume trends over d i s c r e t e pressure ranges . I n i t i a l 
decreases i n the r e t e n t i o n volume are due to the enhanced 
s o l v a t i o n of the sorbate ( s o l u t e ) i n the s u p e r c r i t i c a l f l u i d 
phase abetted by displacement of the sorbate from the sorbent 
s u r f a c e by CO2 as the pressure i s i n c r e a s e d . T h i s sur face 
e f f e c t has been documented p r e v i o u s l y (3) and recent breakthrough 
curves s t u d i e s by Groninger (27) f o r l i g h t gas components i n 
compressed methane on molecular s i e v e c o n f i r m the compet i t ive 
displacement e f f e c t . Assessment of the r e l a t i v e c o n t r i b u t i o n s of 
two r e i n f o r c i n g mechanisms r e s p o n s i b l e f o r the r e d u c t i o n i n BTV 
would r e q u i r e data from independent s o l u b i l i t y and a d s o r p t i o n 
experiments . 
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χ - 2,4-Decadienal 

ο - Ethyl Caprylate 
• - Ethyl Caproate 
δ - 2-Pentylfuran 

1 ι ι ι ι ι ι ι ι I 
50 100 150 200 250 300 350 400 

Pressure (atm.) 

Figure 2. BTV p a t t e r n as a f u n c t i o n of pressure on Tenax. 

χ - 2,4-D9cadienal 
ο - Ethyl Caprylate 
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c - 1-Heptanol 
i - Hexanal s 

- Heptanal 
• - Octanal 

-
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Figure 3. BTV f o r a l a r g e number of adsorbates versus pressure 
on Tenax at 60°C. 
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50 100 150 200 250 300 350 400 

Pressure (atm.) 

Figure 4. BTV f o r e t h y l caproate as a f u n c t i o n of pressure on 
Tenax at 40°C. 
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Pressure (atm.) 

Figure 5. BTV f o r e t h y l caproate as a f u n c t i o n of pressure on 
Tenax at 80 °C. 
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The i n c r e a s e i n BTV at intermediate pressures f o r the 
sorbate /Tenax systems i s p r i m a r i l y due to m o r p h o l o g i c a l changes 
i n the s y n t h e t i c r e s i n sorbent . Increases i n column v o i d volume 
r e f l e c t a change i n the i n t e r n a l p o r o s i t y of the r e s i n which w i l l 
i n c r e a s e the a v a i l a b l e s u r f a c e area f o r s o r b a t e / s o r b e n t 
i n t e r a c t i o n . Carbon d i o x i d e has been shown to induce s w e l l i n g i n 
c o a l l e a d i n g to h i g h e r recorded s u r f a c e areas f o r the c o a l matr ix 
(28) . I t i s a l s o w e l l known t h a t many elastomers i n compressed 
gases (29) as w e l l as c r o s s - l i n k e d r e s i n s i n l i q u i d s o l v e n t s (30) 
w i l l s w e l l a p p r e c i a b l y depending on the magnitude of the s o l v e n t 
(SCF)-polymer i n t e r a c t i o n . Recent s t u d i e s on polymethylmethacrylate 
polymer (310 show that dimensional changes e q u i v a l e n t to 16% of the 
p o l y m e r 1 s o r i g i n a l l e n g t h can be a f f e c t e d by imbibing the polymer 
l a t t i c e w i t h compressed C O 2 . P l a s t i z a t i o n of s i m i l a r polymers 
by compressed gases can a l s o cause the g l a s s t r a n s i t i o n 
temperature, T g , of the bulk polymer to be lowered (32) , 
r e s u l t i n g i n p h y s i c a l deformation of the r e s i n . I t should be 
noted t h a t the s o l u b i l i t y parameter o f CO2 a t 250 atmospheres 
and 40°C i s 7.7 c a l z / c m ^ ' 2 , a va lue e q u i v a l e n t to many 
l i q u i d hydrocarbon s o l v e n t s commonly used i n polymer s w e l l i n g 
s t u d i e s . 

At pressures approaching 300 atmospheres, the BTV f o r 
sorbates on Tenax again decrease i n f e r r i n g that the dense gaseous 
environment surrounding the r e s i n i s l e s s capable of i n d u c i n g 
s w e l l i n g i n the polymer m a t r i x . A s i m i l a r t r e n d i n 
chromatographic measured v o i d volumes has been noted by Novotny 
(31,34) f o r he l ium i n j e c t i o n s i n t o a S C F - C C ^ / s u r f a c e - b o n d e d 
s i l i c o n e polymer c a p i l l a r y column system. Chromatographic v o i d 
volume measurements may o f f e r an a l t e r n a t i v e method to assess 
s o l v e n t - i n d u c e d polymer s w e l l i n g , p r o v i d e d the polymer i s not 
m i s c i b l e w i t h the s u p e r c r i t i c a l f l u i d . 

S i m i l a r measurements to those d i s c u s s e d above were performed 
on a c r o s s - l i n k e d s t y r e n e / d i v i n y l b e n z e n e polymer, XAD-2, u s i n g 
s e l e c t e d s o r b a t e s . The breakthrough volume t r e n d a t 40°C f o r 
four of the sorbates i s shown i n F i g u r e 6. As i n p r e v i o u s 
f i g u r e s , the t r e n d i n e t h y l caproate BTV i s emphasized by 
connect ing the data p o i n t s a t each c o n s e c u t i v e p r e s s u r e by a 
s t r a i g h t l i n e . On the XAD-2 r e s i n , e t h y l caproate does not show 
the i n i t i a l decrease i n BTV between 100-150 atmospheres as 
recorded f o r s o r p t i o n on Tenax. However, i n the i n t e r m e d i a t e 
p r e s s u r e range (150-300 atm), the BTV f o r e t h y l caproate 
i n c r e a s e s to twice t h a t v a l u e found i n the lower p r e s s u r e 
regime. Experimental data taken at 150, 250, and 350 atmospheres 
f o r e t h y l c a p r y l a t e and 2 - p e n t y l f u r a n i n d i c a t e t h a t these 
sorbates f o l l o w a s i m i l a r p a t t e r n to e t h y l c a p r o a t e . The 
aldehyde s o r b a t e , 2 , 4 - d e c a d i e n a l shows a g r a d u a l r e d u c t i o n i n BTV 
w i t h f l u i d p r e s s u r e . Such complex r e t e n t i o n p a t t e r n s would be 
d i f f i c u l t to p r e d i c t and show the v a l u e of the experimental 
method i n determining BTV. These r e s u l t s a l s o i n d i c a t e that i n 
some c a s e s , r e s i n o u s adsorbents may y i e l d enhanced r e t e n t i o n 
c a p a c i t y at h i g h e r p r e s s u r e s . 
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As w i t h the Tenax system, t h e r e i s evidence here t h a t the 
sorbent may be perturbed by the s u p e r c r i t i c a l f l u i d . Wang and 
coworkers (35) have shown t h a t p r e s s u r i z e d CO2 can s e v e r e l y 
p l a s t i c i z e polymers . Creep t e s t s (36) i n d i c a t e t h a t a p p r e c i a b l e 
changes i n bulk polymer moduli as w e l l as d i f f e r e n t i a l changes i n 
the g l a s s t r a n s i t i o n temperature (up to 50 to 70°C) occur a t 
pressures under 100 atmospheres i n p o l y s t y r e n e . A d d i t i o n a l 
d i l a t i o n data f o r carbon d i o x i d e absorbing i n t o p o l y s t y r e n e (37) 
support the above study and i n d i c a t e t h a t the s u p e r i m p o s i t i o n of 
a polymer phase change may a l s o i n f l u e n c e the r e t e n t i v e c a p a c i t y 
of the polymeric sorbent . 

R e s u l t s obtained f o r the same sorbates on XAD-2 at 80°C are 
d e p i c t e d i n F i g u r e 7. In t h i s case the sorbate r e t e n t i o n 
behavior c o i n c i d e s w i t h r e t e n t i o n volume trends r e p o r t e d by 
numerous i n v e s t i g a t o r s i n g a s - s o l i d chromatography ( 3 ) . U n l i k e 
the sorbate trends recorded at 40°C over the same f l u i d 
compression range , the BTV of the compounds decrease a p p r e c i a b l y 
at pressures below 200 atmospheres and approach a constant v a l u e 
i n the h igher pressure r e g i o n . As i l l u s t r a t e d , e t h y l caproate 
shows a 4-5 f o l d r e d u c t i o n i n BTV over a 100 atmosphere i n t e r v a l 
and the s e l e c t i v i t y and r e t e n t i v e c a p a c i t y of the sorbent f o r the 
other sorbate moiet ies i s e l i m i n a t e d at pressures exceeding 200 
atmospheres. Note that there i s s t i l l some r e t e n t i o n toward the 
sorbates at 170 atmospheres, a c o n d i t i o n corresponding to the low 
p r e s s u r e s i d e of the o i l e x t r a c t i o n system. The breakthrough 
volume p a t t e r n f o r sorbates on XAD-7 and 8 at 80°C i s very 
s i m i l a r to t h a t observed f o r the XAD-2 r e s i n and a f i n i t e 
a d s o r p t i o n c a p a c i t y e x i s t s at pressures below 200 atmospheres f o r 
the sorbates s t u d i e d . 

When a d s o r p t i o n s t u d i e s were conducted over a prolonged time 
p e r i o d (one month or more) on the same r e s i n column, i t was 
observed t h a t a gradual r e d u c t i o n i n the BTV occurred 
corresponding to 10-20% of the i n i t i a l BTV v a l u e . T h i s 
phenomenon was independent of the nature of the adsorbate and was 
p a r t i c u l a r l y obvious i n the i n t e r m e d i a t e pressure ranges when 
u s i n g Tenax as an adsorbent . The p o t e n t i a l f o r r e s i n 
comminution, s i n t e r i n g , or other p h y s i c a l changes i n sorbent 
s t r u c t u r e due to repeated c y c l i n g from low to h i g h pressures over 
the d u r a t i o n of the experimental work c o u l d account f o r the above 
o b s e r v a t i o n s . Consequently , a scanning e l e c t r o n microscopy (SEM) 
study was undertaken to compare the v i r g i n adsorbent s t r u c t u r e 
w i t h the r e s i n s exposed to s u p e r c r i t i c a l f l u i d carbon d i o x i d e . 
E l e c t r o n photomicrographs of unexposed Tenax and SCF-exposed 
r e s i n are shown i n F i g u r e s 8a and 8b, r e s p e c t i v e l y . At a 
m a g n i f i c a t i o n l e v e l of 17X, t h e r e appears to be no d i f f e r e n c e 
between the i r r e g u l a r p a r t i c l e s of Tenax r e s i n . Scanning over a 
l a r g e number of p a r t i c l e s at an i n c r e a s e d m a g n i f i c a t i o n l e v e l , 
550X, r e v e a l e d d i f f e r e n c e s i n the p o r o s i t y of the v i r g i n and 
exposed adsorbent . High m a g n i f i c a t i o n scans at 4000X ( F i g u r e 9a 
and 9b) showed that the unexposed Tenax had a f i n e r porous 
s t r u c t u r e w h i l e the used sorbent had l e s s i n t e r n a l p o r o s i t y and 
was m o r p h o l o g i c a l l y d i f f e r e n t from the v i r g i n specimen. The 
condensed s t r u c t u r e of the exposed Tenax r e s i n might have been 
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F i g u r e 6. BTV f o r v a r i o u s sorbates on XAD-2 r e s i n at 40°C . 

50.0 h 
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F i g u r e 7. BTV f o r v a r i o u s sorbates on XAD-2 r e s i n at 80°C. 
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Figure 8. SEM photographs of Tenax r e s i n (17X), ( a ) v i r g i n , 
(b)SCF-exposed. 
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Figure 9. SEM photographs of Tenax r e s i n (4000X), ( a ) v i r g i n , 
(b)SCF-exposed. 
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a n t i c i p a t e d s i n c e chromatographic columns of the d i p h e n y l 
phenylene oxide -based polymer have been shown to undergo bed 
shrinkage w i t h extended a n a l y t i c a l u s e . 

A s i m i l a r m i c r o s c o p i c examination was a l s o conducted on the 
XAD s e r i e s of s o r b e n t s . F i g u r e s 10a and 10b show low m a g n i f i ­
c a t i o n (27X) scans of the suspension p o l y m e r i z a t i o n - p r o d u c e d 
beads of the XAD-2 s o r b e n t , which c o n s i s t o f aggregates of 
m i c r o - p a r t i c u l a t e s t h a t comprise the s p h e r i c a l r e s i n . The 
p o r o s i t y o f these adsorbents a r i s e s from the i n t r a p a r t i c l e v o i d s 
between the m i c r o p a r t i c u l a t e s (38) , which suggested t h a t scans at 
i n c r e a s e d m a g n i f i c a t i o n would be more i n f o r m a t i v e . Photographs 
at 23,000X m a g n i f i c a t i o n are shown i n F i g u r e s 11a and l i b f o r the 
v i r g i n and S C F - t r e a t e d s o r b e n t , r e s p e c t i v e l y . The c l u s t e r s of 
m i c r o p a r t i c u l a t e s can be seen on the s u r f a c e of the sorbent at 
t h i s m a g n i f i c a t i o n , a p a t t e r n t h a t was found to be c o n s i s t e n t 
from bead to bead. The XAD-2 sample used f o r the extended BTV 
s t u d i e s ( F i g u r e l i b ) shows evidence of m i c r o p a r t i c u l a t e s i n t e r i n g 
and an attendent l o s s o f i n t r a p a r t i c l e p o r o s i t y . The l a r g e 
f i s s u r e s v i s i b l e i n F i g u r e l i b are due to e l e c t r o n beam damage 
from the m i c r o s c o p e ' s r a d i a t i o n s o u r c e . S i m i l a r SEM s t u d i e s on 
the XAD-7 and 8 sorbents r e v e a l e d changes i n t h e i r polymeric 
matr ix morphology, however these p r e s s u r e - i n d u c e d a l t e r a t i o n s 
were observed to be l e s s d r a s t i c due to the s h o r t e r experimental 
exposure times experienced by the a c r y l i c r e s i n s . 

The p h y s i c a l changes i n adsorbent s t r u c t u r e r e v e a l e d by the 
scanning e l e c t r o n microscope s t u d i e s have been observed w i t h 
other polymeric m a t e r i a l s exposed to s u p e r c r i t i c a l f l u i d s . 
McHugh and Krukonis (39) have demonstrated w i t h the a i d of SEM, 
t h a t po lypropylene preforms can be rendered porous by 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 CO2 and propylene . However, these 
i n v e s t i g a t o r s noted t h a t SCF e x t r a c t i o n of the preformed polymer 
sheets a t h i g h e r pressures and temperatures deformed the polymer 
matr ix l e a d i n g to a fused appearance when examined by SEM and a 
concomitant decrease i n p o r o s i t y . S i m i l a r i n t e r a c t i o n between 
porous polyurethane foam and s u p e r c r i t i c a l CO2 r e p o r t e d by 
Smith and coworkers (7) l e a d to a p h y s i c a l a l t e r a t i o n of the 
exposed s o r b e n t . Such p r e s s u r e - i n d u c e d s t r u c t u r a l changes l e a d 
to a decrease i n a v a i l a b l e s u r f a c e area f o r sorbate a d s o r p t i o n . 

A d d i t i o n a l evidence of the r o l e o f s u p e r c r i t i c a l f l u i d s i n 
mediat ing the chromatographic r e t e n t i o n behavior of sorbates at 
the g a s - s o l i d i n t e r f a c e can be gleaned from d i f f e r e n t i a l heat of 
a d s o r p t i o n measurements. Al though o n l y t h r e e temperatures were 
used i n t h i s i n v e s t i g a t i o n , V a n ' t Hoff p l o t s were c o n s t r u c t e d at 
pressures o f 150, 250, and 350 atmospheres f o r the Tenax and 
XAD-2 s o r b e n t s . The r e l a t i o n s h i p s between the l o g a r i t h m of the 
BTV and the r e c i p r o c a l o f abso lute temperature proved to be 
complex and l i n e a r i t y was o n l y observed f o r the Tenax /sorbate 
systems at 250 and 350 atmospheres. N o n - l i n e a r behavior i n p l o t s 
i n v o l v i n g the l o g a r i t h m of the c a p a c i t y r a t i o versus r e c i p r o c a l 
o f the a b s o l u t e temperature have been d e s c r i b e d by Chester (40) 
and a t t r i b u t e d to s p e c i f i c temperature regions i n which the 
r e t e n t i o n behavior i s e i t h e r gas or l i q u i d chromatographic i n 
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F i g u r e 10. SEM photograph of XAD-2 r e s i n (27X), ( a ) v i r g i n 
(b)SCF-exposed. 
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Figure 11. SEM photograph of XAD-2 resin (23,000X), (a)virgin, 
(b)SCF-exposed. 
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n a t u r e . Although the pressure range employed i n t h i s study i s 
h igher than t h a t u t i l i z e d i n C h e s t e r ' s r e s e a r c h , measurements at 
s e v e r a l other temperatures f o r s p e c i f i c s o l u t e s on Tenax at 150 
atmospheres r e v e a l e d a s m a l l s lope change over the expanded 
temperature i n t e r v a l i n the V a n ! t Hoff p l o t . The V a n ' t Hoff 
r e l a t i o n s h i p f o r sorbates such as 2 , 4 - d e c a d i e n a l on XAD-2 
appeared to y i e l d negat ive s lopes at the 150 and 350 atmosphere 
compression l e v e l s , but changed s i g n from negat ive to p o s i t i v e as 
the pressure was decreased to 250 atmospheres. Such r e s u l t s may 
not be too s u r p r i s i n g c o n s i d e r i n g the complex a r r a y of f a c t o r s 
which impact on the r e t e n t i o n behavior of the s o r b a t e s . In the 
case of the temperature dependence of sorbates on XAD-2, the 
s u p e r i m p o s i t i o n of a phase change may account f o r the recorded 
s lope changes i n the V a n ' t Hoff p l o t s . Inverse gas chromato­
g r a p h i c s t u d i e s conducted at low pressures on c r o s s - l i n k e d 
s t y r e n e / d i v i n y l b e n z e n e copolymer beads y i e l d V a n ' t Hoff p l o t s 
w i t h negat ive s lopes over a r a t h e r l a r g e temperature range 
(41 ,42) . As i n d i c a t e d p r e v i o u s l y , h i g h pressure CO2 can 
p l a s t i c i z e many polymers and reduce the g l a s s t r a n s i t i o n 
temperature as much as 50 to 60°C. Such a p r e s s u r e - i n d u c e d 
phase change would p l a c e the Tg of the copolymer i n the range 
of our experimental d a t a . More experimental data needs to be 
taken as a f u n c t i o n of temperature under i s o b a r i c c o n d i t i o n s to 
conf irm t h i s i n f l e c t i o n i n the V a n ' t Hoff p l o t . _ 

The sorbate d i f f e r e n t i a l heats of a d s o r p t i o n per mole, Δ H^ 
at h igher pressures on Tenax were c a l c u l a t e d u s i n g Equat ion 2: 

_ d l o g (BTV) 
Δ H A = 2.303 R (2) 

d (1 /T ) 

where R = gas constant 

Τ = abso lute temperature ( °K) 

E x c e l l e n t c o r r e l a t i o n c o e f f i c i e n t s (>0.98) were obtained f o r the 
12 sorbates on Tenax and the average d i f f e r e n t i a l heat of adsorp ­
t i o n f o r these compounds was -1 .45 k c a l / m o l e at 250 atmospheres 
and -0 .87 k c a l / m o l e at 350 atmospheres. The magnitude of the 
heats o f a d s o r p t i o n i n d i c a t e v e r y weak e n t h a l p i c i n t e r a c t i o n s 
between the adsorbate vapors and the adsorbent and the recorded 
va lues are s i g n i f i c a n t l y l e s s than the corresponding heats 
of l i q u e f a c t i o n of the adsorbates . The almost 0.6 k c a l / m o l e 
d i f f e r e n c e i n the average heat of a d s o r p t i o n recorded at 250 
versus 350 atmospheres of pressure i n d i c a t e s weaker i n t e r a c t i o n 
between the sorbates and the adsorbent at the h i g h e r p r e s s u r e . 
Such a r e s u l t i s c o n s i s t e n t w i t h s u r f a c e m o d i f i c a t i o n of the 
i n t e r f a c e by the s u p e r c r i t i c a l f l u i d gas (the c o m p e t i t i v e adsorp ­
t i o n e f f e c t ) . An i n t e r e s t i n g comparison i s a f f o r d e d between the 
measured d i f f e r e n t i a l heat of a d s o r p t i o n f o r 2-heptanone absorbing 
on Tenax from hel ium c l o s e to atmospheric pressure (11) and the 
corresponding va lues on Tenax from s u p e r c r i t i c a l CO2 at e l e v a t e d 
p r e s s u r e s . The d i f f e r e n t i a l heat of a d s o r p t i o n f o r 2-heptanone at 
250 atmospheres of C 0 2 i s -1 .42 k c a l / m o l e and -0 .84 k c a l / m o l e a t 350 
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atmospheres. These are c o n s i d e r a b l y below the va lue of -19.0 
k c a l / m o l e f o r a d s o r p t i o n from a low pressure hel ium stream and 
i n d i c a t i v e of the s trong modifying e f f e c t of s u p e r c r i t i c a l CO2 
on the a d s o r p t i o n e q u i l i b r i u m . A s i m i l a r c o n c l u s i o n can a l s o be 
reached by comparing the heats of a d s o r p t i o n determined at the 
above pressures f o r η -a lcohols on Tenax. 

Experiments on a c t i v a t e d carbon as an adsorbent proved 
d i f f i c u l t due to the s trong adsorbate -adsorbent i n t e r a c t i o n s , 
which i n many cases l e d to d i f f u s e , non-symmetrical e l u t i o n 
p r o f i l e s and lengthy breakthrough volumes. Examination of the 
e l u t i o n p r o f i l e at 80°C and a v a r i e t y of pressures al lowed a 
q u a l i t a t i v e assessment to be made of a d s o r p t i o n c h a r a c t e r i s t i c s of 
v a r i o u s compounds on the carbonaceous adsorbent . For example, 
i n j e c t i o n s of e t h y l caproate and 2 , 4 - d e c a d i e n a l on to the carbon 
column at 170 atmospheres (the process c o n d i t i o n i n our r e c y c l e 
e x t r a c t o r ) showed no evidence of e l u t i o n a f t e r 4-5 h o u r s . f r o m the 
carbon bed. The s o r b a t e , 2 - p e n t y l f u r a n broke through s lowly 
y i e l d i n g a d i f f u s e symmetrical p r o f i l e . E l e v a t i o n of the pressure 
to 250 atmospheres r e s u l t e d i n a more r a p i d e l u t i o n of the f u r a n 
s o r b a t e , slow d e s o r p t i o n of the e t h y l c a p r o a t e , but no e l u t i o n of 
the 2 , 4 - d e c a d i e n a l . At 370 atmospheres, breakthrough f o r a l l o f 
the above sorbates was instantaneous and the peak maximum 
r e t e n t i o n volumes were very s m a l l . Even at 370 atmospheres, 
complete d e s o r p t i o n of the sorbates r e q u i r e d e l u t i o n times of over 
one hour . Such a technique as the one d e s c r i b e d above may have 
m e r i t i n moni tor ing the d e s o r p t i o n of contaminents from c a t a l y s t s 
u s i n g s u p e r c r i t i c a l f l u i d s as has been r e p o r t e d i n the l i t e r a t u r e 
(A3) . 

The r e s u l t s obtained on a c t i v a t e d carbon conf irm i t s 
e f f e c t i v e n e s s f o r t r a p p i n g v o l a t i l e compounds at low pressures i n 
the presence of s u p e r c r i t i c a l f l u i d carbon d i o x i d e . However, 
r e v e r s i b l e recovery of the adsorbed s p e c i e s may prove d i f f i c u l t 
due to the extremely heterogeneous s u r f a c e caused i n p a r t by the 
presence of oxygen-conta in ing f u n c t i o n a l groups at the g a s - s o l i d 
i n t e r f a c e (44) . S i m i l a r c o n c l u s i o n s have been reached by 
i n d u s t r i a l r e s e a r c h e r s attempting to use s u p e r c r i t i c a l f l u i d s f o r 
the r e g e n e r a t i o n of adsorbents (45) . Recovery problems a l s o 
plague the use of a c t i v a t e d carbon as an a n a l y t i c a l sorbent 
m a t e r i a l (18) . 

D i s c u s s i o n 

The determinat ion of breakthrough volumes provides a data base f o r 
e s t i m a t i n g the s e r v i c e time of an adsorbent c a r t r i d g e and g u i d e ­
l i n e s f o r d e s i g n i n g c o n d i t i o n s to t r a p s o r b a t e s . To e f f e c t i v e l y 
use the experimental d a t a ; the breakthrough volumes must be 
expressed i n volume per gram of adsorbent to c o r r e c t f o r 
d i f f e r e n c e s i n the packing d e n s i t i e s of the s p e c i f i c adsorbents . 
Al though the c o n c l u s i o n s from the g r a p h i c a l trends presented 
e a r l i e r remain the same, t h i s method of p r e s e n t i n g r e t e n t i o n data 
a l lows f o r an intercomparison of the r e l a t i v e s e l e c t i v i t y and 
t r a p p i n g c a p a b i l i t i e s of candidate adsorbents . The breakthrough 
volume per gram a l s o permits r e t e n t i o n volume measurements to be 
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e x t r a p o l a t e d to l a r g e r or s m a l l e r sorbent weights to f i t the 
p a r t i c u l a r process or experimental s i t u a t i o n under c o n s i d e r a t i o n . 

In Table I I the breakthrough volumes determined by e x p e r i ­
mental measurement or e x t r a p o l a t i o n to 170 atmospheres and 80°C 
are expressed as m i l l i l i t e r s per gram of adsorbent ; the 
c o n d i t i o n s corresponding to the low pressure s i d e of the r e c y c l e 
e x t r a c t o r ( F i g u r e 1) . An intercomparison of these values among 
the four adsorbents and s i x adsorbates i s i n f o r m a t i v e s i n c e the 
r e t e n t i o n volumes represent the product of the a v a i l a b l e s u r f a c e 
area of the adsorbent and the sorbate a d s o r p t i o n c o e f f i c i e n t s on 
the t r a p p i n g medium ( VI ) . For most of the s o r b e n t - s o r b a t e 
combinations i n Table I I , sorbate r e t e n t i o n on Tenax r e s i n i s 
l e s s than on XAD s e r i e s of r e s i n s . Such a d i f f e r e n c e would have 
been l a r g e r ( three to f o u r f o l d i n some cases) had the r e s u l t s not 
been expressed i n per gram of adsorbent . When i n d i v i d u a l 
adsorbent packing d e n s i t i e s are taken i n t o account , the combined 
e f f e c t of thermodynamic s e l e c t i v i t y and l a r g e r s u r f a c e make the 
XAD sorbents the p r e f e r r e d medium f o r t r a p p i n g the l i s t e d 
s o r b a t e s . I t would a l s o appear t h a t the sorbent s u r f a c e area i s 
the prime f a c t o r i n f l u e n c i n g the r e t e n t i v e c a p a c i t y of the 
v a r i o u s adsorbents d e s p i t e t h e i r v a r i a t i o n i n chemical 
s t r u c t u r e . For example, the r e l a t i v e l y n o n - p o l a r s o r b a t e , 
2 , 4 - d e c a d i e n a l i s r e t a i n e d longer on XAD-7 then on the XAD-2 
d e s p i t e the p o l a r i t y d i f f e r e n c e i n the two c r o s s l i n k e d polymers . 
T h i s suggests t h a t XAD-4, another c r o s s l i n k e d s t y r e n e / d i v i n y l -
benzene r e s i n having a s p e c i f i c s u r f a c e area of 725 m^/g , may 
be the most p r e f e r r e d s y n t h e t i c t r a p p i n g s o r b e n t . 

Table I I . Adsorbate BTV/Gram on S e l e c t e d 
Adsorbent Resins 

C o n d i t i o n s : S C F - C 0 2 , 170 a t m . , 80°C 

Adsorbent 

Adsorbate Tenax XAD-2 XAD-7 XAD-8 

E t h y l Caproate 2.56* 6.27 7.52 3.49 
E t h y l C a p r y l a t e 3.08 7.46 7.72 4.49 
2 -PentyI furan 3.01 5.78 6.27 3.99 
2 , 4 - D e c a d i e n a l 5.34 15.0 22.9 12.0 
2-Heptanone 3.42 3.99 6.4 3.49 
Heptanal 3.15 4.48 4.4 2.76 

*A11 f i g u r e s i n ml of C 0 2 at 170 a t m . , 80°C/gram 
of r e s i n 

The above breakthrough volume d a t a , i n c l u d i n g va lues f o r 
sorbates m i n i m a l l y r e t a i n e d on a c t i v a t e d carbon , can be used to 
est imate the time f o r breakthrough to occur on a process sorbent 
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bed. For the gas r e c y c l e e x t r a c t o r d e s c r i b e d e a r l i e r , the number 
of e x t r a c t i o n s , N, which can be performed without r e q u i r i n g a 
change i n the a c t i v a t e d carbon i s : 

(BTV/m) (m) 
Ν = (3) 

(F) (ET) 

where m = mass of the adsorbent i n grams 

ET = e x t r a c t i o n time 

As an example of the use of Equat ion 3, the BTV/gram f o r a 
l i m i t i n g case , the h i g h l y v o l a t i l e 2 - p e n t y l f u r a n on a c t i v a t e d 
carbon , may be used to compute the t o t a l breakthrough volume f o r 
a 650 gram charge of carbon i n the r e c y c l e stream. The s p e c i f i c 
breakthrough volume f o r 2 - p e n t y l f u r a n on a c t i v a t e d carbon i s 357 
ml /gram, q u i t e h i g h compared to the corresponding va lues l i s t e d 
f o r the sorbents l i s t e d i n Table I I . T h i s l a r g e breakthrough 
volume i s r e f l e c t i v e of the a f f i n i t y e x h i b i t e d by the a c t i v a t e d 
carbon even i n the presence of the s u p e r c r i t i c a l f l u i d , however 
i t i s probably t y p i c a l of a " l i g h t " component which would break­
through r a p i d l y compared to the other s i m i l a r but l e s s non­
v o l a t i l e o d o r i f e r o u s s p e c i e s . D i v i s i o n of the t o t a l breakthrough 
volume (232 l i t e r s f o r 2 - p e n t y l f u r a n ) by the gas flow r a t e of 
0.443 l i t e r s / m i n u t e (measured o n - l i n e by a mass flow meter) 
y i e l d s a breakthrough time of 8.73 h o u r s . For a t y p i c a l 
e x t r a c t i o n r u n , u s i n g carbon d i o x i d e at 0.5 l b / m i n f o r 20 
minutes , t h i s would a l low over 26 e x t r a c t i o n s to be performed 
before the adsorbent would have to be r e p l a c e d or regenerated . 
Using the above C(>2 flow r a t e and e x t r a c t i o n t i m e , 99% of the 
t h e o r e t i c a l o i l y i e l d can be r e a l i z e d when e x t r a c t i n g f l a k e d 
soybean seed . 

I t i s i n t e r e s t i n g to compare the above breakthrough volume 
r e s u l t on a c t i v a t e d carbon w i t h s i m i l a r data generated on one of 
the r e s i n o u s adsorbents , XAD-7. As shown i n Table I I I , f o r both 
a h i g h l y r e t a i n e d component, 2 , 4 - d e c a d i e n a l , and 2 - p e n t y l f u r a n ; 
the breakthrough volumes are one to two orders of magnitude 
s m a l l e r than f o r 2 - p e n t y l f u r a n on a c t i v a t e d carbon u s i n g the same 
process c o n d i t i o n s and sorbent charge g iven i n the previous 
example. T h e r e f o r e , u s i n g XAD-7 i n p l a c e of a c t i v a t e d carbon , 
would a l low one to capture 2 , 4 - d e c a d i e n a l , but not 2 - p e n t y l f u r a n 
i n one 20 minute e x t r a c t i o n . C l e a r l y , f o r a process s i t u a t i o n 
where many c o n d i t i o n s are f i x e d , i n c r e a s i n g the charge of XAD-7 
may be the o n l y convenient way of r e t a i n i n g the 2 - p e n t y l f u r a n f o r 
m u l t i p l e e x t r a c t i o n c y c l e s . From an a n a l y t i c a l p e r s p e c t i v e , 
adjustments would have to be made i n e i t h e r the sampling flow 
r a t e , adsorbent weight , or sampling time to t r a p a r e p r e s e n t a t i v e 
sample of the f l u i d phase c o n s t i t u e n t s . The r e l a t i v e l y low 
s p e c i f i c breakthrough volumes of many sorbates on s y n t h e t i c r e s i n 
sorbents i l l u s t r a t e s the need f o r i n v e s t i g a t i n g a l t e r n a t i v e 
s o r b e n t s , p a r t i c u l a r l y those which are l e s s expensive and i n t e r ­
mediate between XAD-7 and a c t i v a t e d carbon i n r e t e n t i v e c a p a c i t y . 
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Table I I I . Comparative BTV R e s u l t s f o r D i f f e r e n t Sorbates 
on XAD-7 R e s i n 

2 , 4 - D e c a d i e n a l 2 - P e n t y l f u r a n 

S p e c i f i c BTV of sorbate 22.9 m l / g 6.27 m l / g 
BTV on XAD-7 column 14.9 L 4.08 L 
Breakthrough time on r e s i n column 33.6 min 9.41 min 

C o n d i t i o n s ; S C - C 0 2 Flow Rate - 0.443 L / m i n , 170 atm, 80°C, 
R e s i n wt. = 650 g 

Conclus ions 

An a r r a y of f a c t o r s , such as p r e s s u r e , temperature, and sorbent 
type determine the breakthrough volume behavior of adsorbates on 
adsorbent columns used i n process e n g i n e e r i n g and a n a l y t i c a l 
c h e m i s t r y . These f a c t o r s c o n t r i b u t e to the complexity of the 
r e t e n t i o n process i n the presence of a s u p e r c r i t i c a l f l u i d mobile 
phase to such an extent t h a t experimental measurement seems to be 
the s u r e s t way of a s s e s s i n g the r e q u i r e d data f o r p a r t i c u l a r 
s o r b a t e / s o r b e n t combinations . The p u l s e chromatographic method 
d e s c r i b e d i n t h i s p u b l i c a t i o n o f f e r s a r a p i d and convenient 
technique f o r determining BTV d a t a , p a r t i c u l a r l y under the 
pressure and temperature c o n d i t i o n s corresponding to the a c t u a l 
p r o c e s s i n g c o n d i t i o n s . In c o n t r a s t to chromatographic e l u t i o n 
p u l s e methods conducted at near atmospheric c o n d i t i o n s (46) , the 
above technique r e q u i r e s o n l y an e x t r a p o l a t i o n of the r e t e n t i o n 
volume to process flow c o n d i t i o n s . 

The breakthrough volume trends f o r many sorbate types on the 
porous polymeric sorbents i n d i c a t e a l i m i t e d t r a p p i n g c a p a c i t y i n 
the s u p e r c r i t i c a l f l u i d CO2 above 200 atmospheres. F r a c t i o n a ­
t i o n and s e l e c t i v e r e t e n t i o n on these sorbents seems o n l y 
p o s s i b l e below t h i s s p e c i f i e d pressure l i m i t f o r the o d o r i f e r o u s 
s o l u t e s examined i n t h i s s t u d y . Adsorbent sur face area appears 
to be the most s i g n i f i c a n t f a c t o r c o n t r i b u t i n g to the r e t e n t i o n 
of sorbates on these sorbents as w e l l as a c t i v a t e d carbon. For 
c e r t a i n s y n t h e t i c adsorbents (Tenax, XAD-2) employed i n t h i s 
s t u d y , p r e s s u r e - i n d u c e d m o r p h o l o g i c a l changes i n the polymer 
matr ix l e a d to an i n c r e a s e i n the s o r p t i o n c a p a c i t y , and hence to 
an i n c r e a s e i n breakthrough volumes at intermediate p r e s s u r e s . 

The breakthrough volume data base generated i n t h i s study has 
a p p l i c a t i o n i n both process e n g i n e e r i n g and a n a l y t i c a l 
c h e m i s t r y . For example, i t appears t h a t the polymeric sorbents 
examined i n t h i s work are u n s u i t a b l e f o r long term p r o c e s s i n g 
a p p l i c a t i o n s r e q u i r i n g e l e v a t e d p r e s s u r e s , however by employing 
the c o n d i t i o n s and c o n s t r a i n t s d e f i n e d i n t h i s s t u d y , such 
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sorbents c o u l d be used to c h a r a c t e r i z e the c o n s t i t u e n t s i n a 
s u p e r c r i t i c a l f l u i d process stream u s i n g a n a l y t i c a l sorbent 
t r a p p i n g t e c h n i q u e s . The l a r g e r breakthrough volumes recorded 
f o r s p e c i f i c sorbates on a c t i v a t e d carbon compared to the 
polymeric media suggests t h a t a longer s e r v i c e l i f e t i m e would be 
r e a l i z e d by employing the carbonaceous sorbent . However, c e r t a i n 
other f e a t u r e s of a c t i v a t e d c a r b o n / s o r b a t e i n t e r a c t i o n s , such as 
i r r e v e r s i b l e a d s o r p t i o n at lower p r e s s u r e s , lengthy d e s o r p t i o n 
k i n e t i c s and chemical contamination l i m i t the a n a l y t i c a l use of 
t h i s sorbent . 
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Chapter 5 

Concentration of Omega-3 Fatty Acids 
from Fish Oil Using Supercritical 

Carbon Dioxide 

S. S. H . Rizvi, R. R. Chao, and Y . J. Liaw 

Institute of Food Science, Cornell University, Ithaca, N Y 14853 

Recent studies on the role of omega-3 fatty acids in 
fitness and health have stimulated considerable 
interest in the development of supercritical fluid 
extraction processes for concentrating them from 
marine oils. The basic approaches utilized by 
several researchers in their attempts to realize 
this goal are reviewed in this paper. The various 
parameters influencing the purity and yield of 
eicosapentaenoic and docosahexaenoic acids obtained 
from fish oils with different pretreatments are 
discussed. 

The total world-wide production of fish o i l in 1985 was reported 
at 1.4 million metric tons (1). Fish o i l is utilized mainly in 
food and pharmaceutical formulations. Less than five percent is 
used for such diverse applications as the production of paints, 
glues, preservatives, lubricants, cosmetics or as an energy 
source. In the U.S., about 30-40% of the catch is converted into 
fish meal and o i l and, according to the most recent figures, the 
1985 fish o i l production totaled about 129 thousand metric tons 
with 98% contributed by menhaden (2). Apart from a few 
therapeutic products, such as cod liver o i l , fish o i l is not 
approved for human consumption in the United States. As a result, 
over 95 percent of U.S. fish o i l is exported overseas where i t is 
used in margarine and other foods. However, a petition is 
currently before the Food and Drug Administration to have menhaden 
and hydrogenated menhaden approved as GRAS. 

The position of fish o i l in the market is affected by certain 
specific factors, some of which apply to most oils while others 
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are peculiar to fish o i l alone. First, apart from its use for 
pharmaceutical purposes, fish o i l , because of its high content of 
polyenic acids, must be hydrogenated before use in food 
formulations. Second, legislation meant mainly to prevent usage 
of erucic acid may in some countries encompass a l l C22:l acids and 
thus affects the usage of fish oils containing cetoleic acid. 
Third, the quality of crude fish o i l may be more variable in terms 
of free fatty acids, color, odor, etc. than that of other oils and 
may pose more problems for the refiner and hydrogenator. These 
factors tend to restrict the use of fish o i l and have, therefore, 
generally reduced its value. 

Recently, fish oils have attracted wide commercial and 
academic interests as a rich source of polyunsaturated fatty 
acids, particularly C20:5 ω-3 (eicosapentaenoic acid, EPA) and 
C22:6 ω-3 (docosahexaenoic acid, EHA), which are reported to 
possess potential therapeutic advantages (3-7). While public 
awareness of the nutritional value of fish o i l may increase 
seafood consumption, i t is also anticipated that a market will 
develop for marine oils for direct use in diets. For example, 
fish o i l capsule sales are predicted to increase two to five times 
over the next few years to reach an ultimate $500-million-a-year 
mark (8). In a recent study (9) on the dose-response relationship 
between omega-3 fatty acids intake and certain blood parameters in 
human subjects, omega-3 fatty acid concentrate was preferred to 
"whole" fish o i l because the former keeps the daily intake of 
total fatty acids lower thus minimizing the ingestion of 
physiologically undesirable fatty acids. 

A l l of these studies have stimilated considerable interest in 
the development of efficient methods for concentrating omega-3 
polyunsaturated fatty acids from marine oils. One promising, 
state-of-the-art process is supercritical fluid extraction (SFE), 
the topic of this symposium. In addition to its potential for 
cleaning and purification of fish o i l , SFE also offers attractive 
possibilities to selectively concentrate desirable omega-3 fatty 
acids. This paper is primarily aimed at reviewing the current 
status of fish o i l fractionation using the SFE technique. 

Families of Unsaturated Fatty Acids and Fish Oil Composition 

The principal families of unsaturated fatty acids are shown in 
Figure 1. Those important in fish o i l are the omega-3 fatty 
acids: C18:4, C20:4, C20:5, C22:4, C22:5, and C22:6. By 
definition, omega-3 or n-3 means that the first double bond begins 
at the third carbon from the methyl end of the chain. In the 
"number:number" designation, the first number designates chain 
length and the second number designates how many double bonds are 
present. 

The omega-3 fatty acid composition of selected fish oils is 
shown in Table I. The various species ranging from lean to fatty 
fish contain from 0.7 to 15.5% o i l . Omega-3 fatty acids generally 
account for 25 to 30% of the total lipid content in most fish 
(11). Certain major fatty acids vary widely among the species, 
e.g., 1.6-8.0% myristic acid; 0.5-33.4% palmitic acid; 2.0-11.2% 
palmitoleic acid; 5.2-29.1% oleic acid; 0.7-10.5% eicosenoic acid; 
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5 . R I Z V I E T A L . Concentration of Omega-3 Fatty Acids 9 1 

V W N ^ V V W 
COOH 

( Oleic , n-9, C18 : 1 ) 

A / V = V = V W v \ , C O O H 
( Linoleic , n-6, CIS : 2 ) 

\^v=y=vv\/\/ COOH 

( Linolenic , n-3, C18 : 3 ) 

E P A ( Eicosapentaenoic # n-3, C20 : 5 ) 

COOH 

D H A ( Docosahexaenoic, n-3, C22 : 6 ) 

Figure 1. F a m i l i e s of unsaturated f a t t y a c i d s 
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0.2-11.6% docasenoic acid; 5.0-21.5% eicosapentaenoic acid and 
5.9-26.2% dccosahexaenoic acid (12). 

Table I. Omega-3 Fatty Acid Composition (%) of Selected Fish Oil 
(Adapted from Ref. 9.) 

Omega-3 Herring Anchovy Sardine Menhaden 
Fatty Acids North sea Peru Portugal U.S.A. 

16:3 - - 0.20 0.20 
18:3 2.00 0.75 1.00 1.30 
18:4 3.15 3.05 3.15 2.75 
20:4 0.75 0.70 1.05 1.35 
20:5 7.45 17.00 11.00 11.50 
22:3 - 0.15 0.15 0.15 
22:4 0.25 0.55 0.70 0.50 
22:5 0.75 1.60 1.30 1.90 
22:6 6.75 8.75 13.00 9.10 

Total Omega-3 21.10 32.55 31.55 28.75 

Current Methods of Fractionating Fish Oil 

On hydrolysis, fish oils yield a mixture of fatty acids derived 
mainly from mixed glycerides. Separation of these fatty acids 
based on molecular weight or degree of unsaturation is complicated 
by several factors. First, the relatively small differences in 
their molecular weights make i t difficult to separate them by 
conventional means, particularly when saturated and unsaturated 
fatty acids of the same chain length are to be separated. Second, 
polyunsaturated compounds are readily susceptible to 
polymerization, degradation and/or oxidation, even at moderately 
elevated temperatures. 

Current methods for fractionating fish o i l include selective 
removal of saturated as well as moro-unsaturated fatty acids such 
as C20:l and C22:l by urea complexing, adsorption, chromatography, 
and fractional and/or molecular distillation processes. These are 
cumbersome and time consuming. Particularly undesirable are 
methods which require the use of difficult-to-remove organic 
solvents from the finished products. Use of high temperatures 
also introduces the possibility of alteration of the fatty acids 
and formation of toxic derivatives. 

Supercritical Fluid Extraction of Fish Oil 

Although various supercritical fluids have been found useful as 
solvents for fatty acids and their esters, carbon dioxide is thus 
far the most cooomonly used extractant because of its inherent 
advantages. Extraction with carbon dioxide is effective at 
moderately low temperatures, which limits autoxidation, 
decomposition and polymerization of the highly unsaturated fatty 
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5. R I Z V I E T A L . Concentration of Omega-S Fatty Acids 9 3 

acids present in fish oils. Furthermore, the inert atmosphere of 
carbon dioxide inhibits autoxidation. Other specific advantages 
have been extensively described and discussed elsewhere (13-15). 

In general, the SFE techniques used to date for fish o i l 
fractionation can be grouped into the following categories, based 
on operational characteristics: 

Single Pass System. Ihe single pass system for fractionation of 
fish o i l operates at a given temperature and utilizes a stepwise 
adjustment of pressure in the extraction vessel and a lower 
pressure in the collector. A schematic of the process is shown in 
Figure 2. A stepwise increase in the pressure of the extraction 
vessel enhances dissolution of the material to be extracted into 
the supercritical phase in the order of increasing boiling point 
or molecular weight. Ihe dissolved material is then separated 
either isobarically or isothermally in the collector. 

Using such a system for separation of three types of fish 
oils (menhaden, herring and anchovy), Krukonis (Krukonis, V.J. 
Paper presented at the 75th Annual Meeting of the American Oil 
Chemists Society, Dallas, April 29-May 3, 1984) reported the 
recovery of 97.1% of the C20 and 93.6% of the C22 fatty acids when 
the starting material was the methyl esters of fish o i l ; 18.9% C20 
and 24% C22 when the fish o i l fatty acids were used as the feed 
stock; and 85.6% C20 and 94.1% C22 when the fish o i l triglycerides 
were used. However, the purity of EPA and DHA was less than 
desirable, and the concentrations of EPA and DHA were not enhanced 
to any significant degree. The above work showed that fatty acids 
were most conveniently separated as their methyl esters. Ihe 
solubility of fish o i l and the fatty acid esters increased as the 
supercritical carbon dioxide pressure was increased (Figure 3). 
It is evident from Figure 3 that SFE at higher temperatures led to 
a lower solubility of the fish o i l until pressure of about 5500 
psi (37.9 MPa) was reached, beyond which solubility in the 
supercritical phase increased. It is also apparent from Figure 3 
that methyl esters of fish o i l because of their higher vapor 
pressure show higher solubility than fish o i l at any given 
operating temperature and pressure condition. 

Refluxincf Systems - Variable Temperature. Figure 4 illustrates a 
scheme for supercritical fluid extraction involving the use of 
extraction and separation vessels with an intermediate heat 
exchanger, also known as a "hot finger", and a fractionation 
column (16). Ihe selectivity of the fractionation of the various 
fatty acids is enhanced by the hot finger which heats the 
supercritical carbon dioxide thus reducing its density. As a 
result, the solubility of a l l solutes in the supercritical fluid 
is decreased, but not to the same extent. Ihe less soluble 
components return to the extraction vessel while the more soluble 
components pass into the separation vessel and are recovered by 
precipitation at a reduced pressure. As shown in Table II, 
fractions 2-7 obtained in the first step contained mostly C18 and 
C20 esters, and fractions 9-11 contained C20 and C22 esters. 
These fractions were then combined to give the starting material 
for the second fractionation step. The first and last fractions 
of the second step which contained only the C14 to C18 and the C22 
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1. Gas C y l i n d e r 
2. Condenser 
3. Plunger P u m p 
4. Heat Exchanger 

5. Extract ion Vessel 
6. Metering Valve 
7. Collector 
8. D r y Gas Meter 

9. Water B a t h 
10. Back Pressure 

Regulator 

Figure 2. Schematic of a s i n g l e pass 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 system 
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Figure 3. S o l u b i l i t y of f i s h o i l i n s u p e r c r i t i c a l C02» (Reproduced 
w i t h permission from Ref. 19. Copyright 1984 American O i l Chemists 1 

Society.) 
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R I Z V I E T A L . Concentration of Omega-8 Fatty Acids 

Extraction Vessel (1), Column (2), Hot Finger(3), 
Expansion Valve (4), Separation Vessel (5), 
Heat Exchanger (6), Membrane compressor (7). 

F i g u r e 4. Schematic o f a 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 u n i t 
w i t h hot f i n g e r (Reproduced w i t h p e r m i s s i o n from Ref . 16. 
Copyr ight 1984 V e r l a g Chemie.) 
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esters, respectively. The purities of C20 and C22 esters of the 
combined fraction 8 from the first step with fraction 3 from the 
second step were 96.2% and 93.6%, respectively. 

Table II. Composition of Fractions Obtained from Cod Liver Oil by 
the Two-step SFE Technique 

First Step 
Fractions wt. (g) %C14 %C16 %C18 %C20 %C22 

1 911.6 11.0 48.9 37.2 - -2 122.6 - 3.6 92.0 2.2 -3 97.6 - 1.9 70.1 26.0 -4 68.7 - - 46.2 52.8 -5 55.5 - - 34.2 64.7 -6 54.1 - - 23.6 75.5 -7 70.0 - - 13.3 85.3 -8 305.8 - - 2.6 95.8 0.7 
9 41.2 - - - 72.6 25.2 
10 73.0 - - - 35.8 89.8 
11 127.1 - - - 9.2 89.8 
12 70.0 — — — 

— 84.5 

Second step 
Fractions 

1 146.8 - 1.3 76.1 20.8 -2 99.4 - - 25.3 73.3 -3 122.0 - - 1.6 97.5 0.6 
4 62.0 - - - 48.6 51.3 
5 139.8 — 

— 0.6 98.0 

Based on in i t i a l C20 charge: 
Total Yield: 67.7% 
Purity : 96.2% 

Source: Reproduced with permission from Ref. 16. 
Copyright 1984 Verlag Chemie. 
RefluxincT System - Variable Temperature and Pressure. This 
approach, shown in Figure 5, allows for regulation of both 
temperature and pressure during refluxing (Daniels, J.A. ; Rizvi, 
S.S.H. ; Black, J.M., and German, J.B. Cornell University, Ithaca, 
N.Y. 1986). In the reflux loop, the temperature and/or pressure 
can be varied to reduce the solubility of solutes so they form a 
condensed liquid fraction which is, in turn, pumped back to the 
top of the rectification column to establish a cxxinter-current 
flow. Ihe supercritical solvent containing the remaining solute 
is routed to the separation vessels where the extract is collected 
under reduced pressure and temperature conditions. Solvent flow 
rate and volume are measured by a rotameter and flow totalizer 
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5. R I Z V I E T A L . Concentration of Omega-S Fatty Acids 9 7 

downstream from the separation vessel. Starting with free fatty 
acids of herring fish o i l , Daniels et al. showed (Table III) that 
omega-3 free fatty acid concentration was increased from 40.4% to 
87.8%. The condition of supercritical carbon dioxide was 1,400 
psi(9.65 MPa) and 35°C in the extractor and 1,350 psi (9.3 MPa) 
and 95°C in the reflux loop. However, the concentrations of EPA 
and DHA increased to only 22.5% from 17.32% and to 29.23% from 
9.49% respectively. There are two reasons for using free fatty 
acids as the starting material. First, the process would be 
simpler and less costly without the methylation step. Second, 
free fatty acids are more compatible with possible food related 
applications than are methyl esters. 

Table III. Fatty Acid Composition, and Omega-3 Mass Balance for 
the Original Fatty Acid Sample, Extract Obtained with 
Refluxing, and Concentrate of Omega-3 Product 

Original sample Extract Concentrate % 
wt(%) and wt(g) wt(%) and wt(g) wt(%) and wt(g) Recovery 

100 10.0 61 6.1 30 3.0 91.0 
wt(g) 

Fatty Acids 
C18:3 5.86 0.589 1.82 0.110 11.81 0.354 60.4 
C20:3 4.48 0.403 0.38 0.023 14.23 0.354 95.3 
C20:4 1.03 0.103 0.02 0.001 2.10 0.063 61.2 
C20:5 17.30 1.730 1.08 0.066 22.25 0.667 38.6 
C22:5 2.20 0.220 0.01 - 8.21 0.220 100.0 
C22:6 9.49 0.949 0.43 0.026 29.23 0.877 92.4 

Total 40.40 4.030 3.74 0.277 87.84 2.590 64.3 

Source: Reproduced with permission from Ref. 21. 
Copyright 1986 Cornell University. 

Comparison of the Yield with SFE of Omeqa-3 Fatty Acids from 
Various Starting Materials 

Comparing the results of Krukonis and Daniels et al. shows that 
when the starting material was free fatty acids, the recovery of 
EPA was similar but low. For DHA, the recovery reported by 
Krukonis was very low, around 19%, and significantly different 
from that of Daniels et al. at 92.4%. Comparison of the results 
of Krukonis to those of Eisenbach (16) for the fractionation of 
methyl esters indicates that both EPA and DHA show very similar 
concentrations (Table IV). From Table IV i t is apparent that SFE 
of fish o i l enhances EPA and DHA concentrations and that fatty 
acids are more efficiently separated as their methyl esters. 
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Table IV. Comparison of Yields of Omega-3 Fatty Acids from Various 
Starting Materials 

Starting 
material 

Yield 
(%) 

Recovery 
EPA(%) EHA(%) 

Triglycerides 85.7 63.6 45.8 

Triglycerides 
(Extraction followed 
by immediate analysis) 96 94.1 85.6 

Free fatty acids 97.7 
(64.3)* 

24 
(38.6)* 

18.9 
(92.4)* 

Methyl esters >100 
(67.7)** 

97.1 
(96.2)** 

93.6 
(93.6)** 

(From Krukonis, V.J. Paper presented at the 75th Annual Meeting 
of the American Oil Chemist's Society, Dallas, April 29-May 3, 
1984) 
*(From Daniels, J.A. ; Rizvi, S.S.H. ; Black, J.M. ; German, J.B. 
Cornell University, Ithaca, NY, 1986) 

(From Ref. 16.) 

SFE of Urea Preconcentrated Samples 

Since fish o i l contains a broad mixture of saturated and 
unsaturated fatty acids, including abundant amounts of shorter 
chain, saturated fatty acids, a preliminary separation step prior 
to SFE may be an attractive proposition. And, since supercritical 
carbon dioxide fractionates fatty acids mainly on the basis of 
molecular weight; i.e., i t distinguishes more readily between 
C18:l, C20:l, and C22:l than i t does between C20:0, C20:l, C20:4, 
and C20:5 fatty acids, the choice of starting material affects the 
degree of concentration obtained. In order to efficiently 
concentrate the desired polyunsaturated fatty acids, the starting 
fish o i l should be as free as possible from interfering fatty 
acids with the same number of carbons. To increase the 
concentration of EPA, i t is possible to pretreat the esters and/or 
fatty acids of fish o i l with urea and methanol to remove 
saturated, mono- and diunsaturated components prior to SFE. 

Urea crystallizes in a compact tetragonal pattern, which may 
form inclusion œmpounds with aliphatic normal chain substances 
(17). Preconcentration of the fatty acids with urea is achieved 
on the basis of degree of unsaturation; the more unsaturated the 
fatty acid, the less i t will be included in the urea crystal. The 
equilibrium reaction of the urea complex is shown in Figure 6. 
The "induced" hexagonal structure is stable only in the presence 
of the included compound. Removal of the included partner by 
extraction or volatilization causes a rapid breakdown of the urea 
lattice. Aliphatic hydrocarbons, alcohols, ketones, esters, 
ethers, amines, nitriles, mono- and dicarboxylic acids, and their 
halogen derivatives can be included in the urea complex. 
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5. RIZVI E T A L . Concentration of Omega-S Fatty Acids 99 

τ * 

C 0 2 Supply(I), Feed Pump(2), Heat Exchanger(3), Extraction 
Vcssel(4), Rectification Column(5), Reflux Loop(6), Separation 
Vessel(7 & 8), Cold Trap(9), Rotometer(10). and Flow 
Total izer( l l ) . 

Figure 5. Schematic of a 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 system 
w i t h r e f l u x . (Reproduced w i t h permission from Ref. 21. Copyright 
1986 C o r n e l l U n i v e r s i t y . ) 

(m) Urea + (n) Guest Molecule Inclusion Compound 

( F a t t y A c i d ) (Solid) 

Figure 6. E q u i l i b r i u m r e a c t i o n of urea 
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100 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 A N D C H R O M A T O G R A P H Y 

Unsaturation of the chain does not inhibit adduct formation but 
lessens the stability of the complex. 

In the fatty acid series, chain length (molecular weight) and 
unsaturation are opposite with respect to complex stability, i.e., 
shorter chain lengths and a greater number of double bonds lead to 
less complex stability. Trans isomers form more stable adducts 
than the œrresponding cis isomers and compounds with conjugated 
double bonds complex better than those with isolated double bond. 

The composition of urea complexes is usually represented by 
the ratio of moles of urea per mole of included ccatpound. The 
ratio is constant for any given complex and is independent of the 
relative concentrations of the partners previous to adduct 
formation and of the temperature; that is, urea adducts must be 
considered as true compounds and not as mixed crystals. Domart 
(17) indicated that there was a considerable selectivity in the 
fatty acids precipitated when the moles of urea present were less 
than the quantity required for maximum precipitation. For 
example, i f the mole ratio of urea to fatty acids was 4.6, then 
the fatty acids obtained from the complex are highly saturated. 
However, at higher mole ratios, not only saturated fatty acids, 
but also some portion of the unsaturated fatty acids present were 
complexed by urea. Virtually a l l the saturated and monoenoic 
fatty acids are precipitated at a mole ratio in the region of 12:1 
to 13:1 (Table V). 

Table V. Fractionation of Menhaden Oil with Different Mole Ratios 
of Urea 

Mole ratio % Yield %Yield 
urea to fatty (fatty acids (fatty acids 
acid in complexes) in filtrate) 

4.6 : 1 
9.1 : 1 
13.8 : 1 
18.4 : 1 
23.0 : 1 

11.6 
29.6 
49.4 
61.0 
63.0 

80.8 
61.6 
41.6 
36.4 
34.2 

(Adapted from Ref. 17.) 

Adduct formation is exothermic; the heat of reaction and the 
stability of the complex increase with chain length and 
straightness. Thus, the reaction is displaced toward dissociation 
of the complex when the temperature is raised. High 
concentrations of urea are necessary to form the adducts. In 
practice, only saturated urea solutions are used, because an 
excess of the solvent (methanol) used easily inverts the reaction. 
However, complex formation is never complete. Even with pure 
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5. RIZVI E T A L . Concentration of Omega-S Fatty Acids 101 

substances, a certain residual concentration of the included 
compound is stable in a saturated urea solution. This limitation 
should be born in mind for most of the analytical applications of 
the adducts. In dealing with a mixture of addxicfc-forming 
substances, the differences in the values of reaction constants 
from substance to substance may be great enough to allow for 
selective crystallization. The reactions are competitive and an 
equilibrium is reached for the complexes according to their 
stability. However, in precipitating the complex, some of the 
excess (components of the mixture, including those substances which 
do not generally form adducts, are entrained or adsorbed. 

Nilsson et al. (Nilsson, W. ; Hudson, J.K. ; Stout, J.S., and 
Gauglitz, E.J. Paper presented at the 77th Annual Meeting of the 
American Oil Chemist's Society, Honolulu, May 19, 1986) 
demonstrated that using a temperature gradient along the SFE 
column gave a better separation of urea-concentrated ethyl esters 
of menhaden fish o i l fatty acids than using a constant temperature 
(Figure 7). I n F i g u r e 7, a temperature gradient is established 
such that T4>T3>T2>Ti- Carbon dioxide enters the column and flows 
upwards through the gradient. Under these conditions the ester 
solubility decreases with increasing temperature, resulting in 
reflux. Although Nilsson et al. did not mention the urea 
concentration used, the ratios of urea and methanol to the organic 
substance ought to have been high in order to improve the purity 
or the yield of adduct. Generally, three to six parts of urea and 
seven to twenty parts of methanol are used for every part of the 
sample (17). Increasing the ratio of urea to substance improves 
the yield of adduct, but the resulting precipitate is œntaminated 
with urea. 
Comparison of Yield of Omeqa-3 Fatty Acids with and without Urea 
Pretreatment 

Short chain fatty acids of fish o i l are mostly saturated. C18 
fatty acids are composed primarily of saturates and monoenes. On 
the other hand, C20 esters are mostly unsaturated. Figure 8 shows 
fractionation curves by carbon number of the fatty acids with and 
without urea pretreatment obtained on a SFE system with a 
temperature controlled column. The substantial overlap between 
the C18 and C20 curves, illustrates the difficulty of obtaining 
C20 esters in better purity. Urea complexing removes these 
œmpounds preferentially and minimizes the problem of C18-C20 
overlap. The C20 curve is sharpened relative to C18 curve giving 
a fraction of EPA with greater purity. 

Supercritical Fluid Extraction with a Clathrate Vessel 

The procedure of forming inclusion œmpounds requires several urea 
precipitation steps along with filtration, washing, and recovery 
of the fraction enriched in unsaturated fatty acids. These 
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102 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 AND C H R O M A T O G R A P H Y 

c o 2 — 

A . \ B . 

TC-

— T , 

C 0 2 vent 

F. 

VVVT, 
A. COMPRESSION PUMP 
8.8ACK PRESSURE REGULATOR 
C. PREHEATER 
D. PACKED COLUMN (6*) 
E. EXPANSION VALVE 
F. SAMPLE COLLECTOR 
TC = THERMOCOUPLE (NOT A L L 

ARE SHOWN FOR CLARITY) 

- S A M P L E 

C. 

Figure 7. 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 w i t h temperature gradient 
column. (Reproduced w i t h permission from Ref. 20. Copyright 1986 
American O i l Chemists 1 Society.) 
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complex operations can be siirplified by using supercritical fluid 
as the solvent for urea adduct formation (18). A supercritical 
fluid extraction apparatus with a clathrate vessel is shown in 
Figure 9. In this set-up, the supercritical fluid with dissolved 
free fatty acids or methyl esters goes into a vessel containing 
finely powdered urea. Clathrate compounds are formed and 
unreacted solutes exit with the supercritical fluid. "Ihe fluid is 
then depressurized through a heated metering valve and the extract 
is collected in a trap. 

Figures 10 and 11 show the effluent composition, mainly C20 
and C22 fatty acids methyl esters derived from sardine o i l . It 
can be seen from these figures that the higher unsaturated fatty 
acid methyl esters are enriched in the fluid phase of the 
clathrate forming vessel. Urea adducts in supercritical carbon 
dioxide solvent are formed according to their level of 
unsaturation similar to that in methanol. According to Saito 
(18), maximum adduct formation occurs around 40°C in supercritical 
carbon dioxide. 

Conclusions 
Ihe feasibility of obtaining fractions of fish o i l rich in EPA and 
DHA by supercritical fluid extraction has been shown. However, a 
single-pass system is not adequate to enhance the selectivity of 
the process. Modifications of a SFE unit to include a "hot 
finger" has been shown to provide a higher degree of selectivity. 
Polyunsaturated fatty acid esters have been demonstrated to 
possess a higher solubility in supercritical carbon dioxide. Also 
described in this paper is a SFE system with both temperature and 
pressure-induced refluxing capabilities; a process whereby total 
omega-3 polyunsaturated fatty acid concentrations in excess of 87% 
were obtained starting with free fatty acids. Use of free fatty 
acids should be desirable and eœncmical since they are more food 
compatible than their esters. Preconcentration of fish o i l fatty 
acids or their esters with urea and methanol prior to 
supercritical fluid extraction has been found to yield better EPA 
and DHA purity. An alternative process has also been developed 
where supercritical carbon dioxide saturated with fatty acids or 
their esters is mixed directly with finely powdered urea. A 
section of the tower could be operated under an appropriate 
temperature gradient to decompose the clathrate œmpounds, strip 
the unsaturated fatty acids, and reactivate the host material. 

Based on aarrent knowledge i t is reasonable to expect a 
continued expansion of demand for fish oils rich in EPA and DHA. 
Successful commercial realization of this trend for comparative 
economic advantages to the fish industry may hinge on the ability 
to use new processing technologies to produce stable, clean, 
edible fish o i l as well as its enriched concentrates. 
Supercritical fluid extraction techniques along with other adjunct 
technologies, such as microencapsulation, hold the promise of 
delivering quantities of high quality fish o i l at reasonable 
costs. 
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5 . RIZVI E T A L . Concentration of Omega-S Fatty Acids 105 

1. Gas Cylinder 
2. Condenser 
3. Plunger Pump 
4. Heat Exchanger 

5. Extraction Vessel 
6. Clathrate Vessel 
7. Metering Valve 
8. Collector 

9. Dry Gas Meter 
10. Water Bath 
11. Back Pressure 

Regulator 

Figure 9. Schematic of a 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 
apparatus w i t h c l a t h r a t e v e s s e l (Reproduced w i t h permission 
from Ref. 18. Copyright 1986 Gakkai Shuppan Senta.) 
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Chapter 6 

Supercritical Carbon Dioxide Extraction 
of Terpenes from Orange 

Essential Oil 

F. Temelli 1, R. J. Braddock 1, C. S. Chen 1, and S. Nagy 2 

1Citrus Research and Education Center, Institute of Food and Agricultural 
Sciences, University of Florida, Lake Alfred, FL 33850 

2Department of Citrus, Citrus Research and Education Center, University 
of Florida, Lake Alfred, FL 33850 

This report reviews the recovery, composition and 
folding of cold-pressed orange oil and discusses the 
application of supercritical fluid extraction 
technology in this field. Supercritical carbon dioxide 
extraction is a suitable low-temperature alternative 
process to distillation for separating terpene 
hydrocarbons from the oxygenates in cold-pressed citrus 
oils. Citrus essential oils are important flavoring 
agents for the food industry. The oxygenated compounds 
are responsible for the characteristic citrus flavor. 
The terpene hydrocarbons are the major components; 
however, in some applications they are detrimental to 
flavor and aroma. Terpene hydrocarbons are unsaturated 
compounds and are readily decomposed by heat, light and 
oxygen. To obtain a more stable product, some terpenes 
are generally removed by distillation. However, 
heating during distillation results in development of 
some off-flavors. 

Matthews and Braddock (1) have estimated a p o t e n t i a l y i e l d i n 
F l o r i d a of 13,800 tons of orange o i l for the 1984-85 season. 
However, i t has been estimated that a c t u a l c o l d - p r e s s e d orange o i l 
p r o d u c t i o n i s o n l y about 20% of the p o t e n t i a l with another 25-30% 
recovered as d-limonene ( 2 ) · 

C i t r u s o i l s are used i n a wide v a r i e t y of a p p l i c a t i o n s i n many 
major i n d u s t r i e s which i n c l u d e f l a v o r , beverage, f o o d , c o s m e t i c s , 
soap, p h a r m a c e u t i c a l , chemical and i n s e c t i c i d e . The most important 
o u t l e t i s the f l a v o r i n d u s t r y . The major component, d - l imonene, i s 
used for the manufacture of m a t e r i a l s l i k e spearmint o i l f l a v o r , 
1 -carvone , terpene r e s i n s and adhes ives . 

C i t r u s o i l i s present i n smal l glands contained i n the f l a v e d o , 
which i s the c o l o r e d p o r t i o n of the peel of the f r u i t . Co ld -pressed 
c i t r u s peel o i l i s obtained commercial ly by a process that s t a r t s 
with the r u p t u r e of these glands during j u i c e e x t r a c t i o n . For i t s 
r e c o v e r y , the o i l i s washed away from the peel wi th water forming an 

0097-6156/88/0366-0109$06.00/0 
© 1988 American Chemical Society 
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o i l - w a t e r emuls ion . It i s important to maintain an excess of water 
to prevent the o i l from being reabsorbed by the peel once i t i s 
r e l e a s e d . A two-stage c e n t r i f u g a t i o n process i s used to recover 
orange o i l from the o i l - w a t e r emuls ion . The f i r s t stage i s c a l l e d a 
desludger and i t s output c o n t a i n s 60-80% o i l . The p o l i s h e r i s the 
second stage c e n t r i f u g e and c o n t i n u o u s l y d i scharges the pure orange 
o i l and i n t e r m i t t e n t l y d i s c h a r g e s an aqueous waste. C o l d - p r e s s e d 
o i l i s w i n t e r i z e d at - 2 9 ° C , 3-5 days or at - 4 ° C , 4-5 weeks to remove 
waxes which could produce a c loudy appearance i n the f i n a l p r o d u c t . 
Dewaxed o i l s should be s tored at 1 5 - 2 2 ° C , under an i n e r t gas 
atmosphere. Kesterson and Braddock ( 3 ) , and Kesterson et a l . (^) 
have d i s c u s s e d the p r o d u c t i o n , p h y s i c a l p r o p e r t i e s of the c i t r u s 
o i l s , and the parameters a f f e c t i n g them. 

Composition of Peel O i l s 

C i t r u s , l i k e many other e s s e n t i a l o i l s , c o n s i s t s of mixtures of 
hydrocarbons o f the ' terpene* and ' s e s q u i t e r p e n e ' groups , oxygenated 
compounds and n o n v o l a t i l e r e s i d u e s . Terpenes make up approximately 
95% by weight o f orange o i l s whi le the oxygenated compounds 
c o n s t i t u t e the remaining 5%. The compositions of c i t r u s o i l s have 
been s t u d i e d e x t e n s i v e l y by d i f f e r e n t r e s e a r c h e r s ( 5 - 9 ) . C i t r u s 
terpenes ( C 1 Q H 1 6 ) are mostly unsaturated a c y c l i c and c y c l i c 
compounds d e r i v e d from the condensation of two 5-carbon isoprene 
u n i t s . Sesquiterpenes have the general formula C 1 5 H 2 l t » Advances i n 
i n s t r u m e n t a l a n a l y s i s , e . g . gas chromatography and mass 
s p e c t r o s c o p y , have made i t p o s s i b l e to i d e n t i f y more than 150 
compounds i n c o l d - p r e s s e d c i t r u s o i l s . Shaw (10-11) has e x t e n s i v e l y 
reviewed the q u a l i t a t i v e and q u a n t i t a t i v e analyses of c i t r u s 
e s s e n t i a l o i l s . 

The terpene f r a c t i o n , made up mainly of limonene has l i t t l e 
c o n t r i b u t i o n to the f l a v o r or fragrance of the o i l . Moreover, s i n c e 
i t s make up i s mostly unsaturated compounds, t h i s f r a c t i o n e x h i b i t s 
i n s t a b i l i t y to heat and l i g h t , and i s r a p i d l y o x i d i z e d by 
atmospheric oxygen, consequently decomposing to u n d e s i r a b l e 
compounds. The mechanism of o x i d a t i o n of limonene and the f a c t o r s 
a f f e c t i n g i t have been s t u d i e d by Buckholz and Daun (12) , Bernhard 
and Marr (13) and Newhall and Kesterson (14) . 

Oxygenated compounds are h i g h l y o d o r i f e r o u s and are the 
p r i n c i p a l odor impact compounds. This f l a v o r f r a c t i o n c o n s i s t s o f 
a ldehydes , a l c o h o l s , k e t o n e s , e s t e r s , e thers and phenols . The t o t a l 
aldehyde content of o i l s i s used as an i n d i c a t o r of q u a l i t y and t h i s 
i s measured as decanal s i n c e i t i s o f t e n the major a ldehyde. 
Aldehyde c o n c e n t r a t i o n i n orange o i l i s g e n e r a l l y about 1.5%. The 
two major aldehydes i n orange o i l , o c t a n a l and d e c a n a l , have been 
q u a n t i t a t e d as 0.2-2.8% and 0.1-0 .7%, r e s p e c t i v e l y , by d i f f e r e n t 
workers ( 1 0 ) · 

The a l c o h o l s i n orange o i l which are most important to f l a v o r 
are l i n a l o o l , a - t e r p i n e o l and t e r p i n e n - 4 - o l . Reported va lues f o r 
l i n a l o o l range from 0.3-5 .3% of c o l d - p r e s s e d o i l . Both o r t e r p i n e o l 
and t e r p i n e n - 4 - o l are degradat ion products o f d-limonene and could 
be formed i f the peel o i l i s al lowed to remain i n contact with the 
a c i d i c j u i c e for any l e n g t h of time d u r i n g p r o c e s s i n g . A m i c r o b i a l 
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6. T E M E L L I E T A L . Supercritical Carbon Dioxide Extraction 111 

degradation product of limonene, α-terpineol, c o n t r i b u t e s to 
o f f - f l a v o r i n stored orange j u i c e (15). 

Ketones quantitated i n orange o i l are carvone, an o x i d a t i o n 
product of limonene, found at 0.1% or l e s s , and nootkatone, found at 
extremely low l e v e l s of < 0.01% of peel o i l . 

F o l d i n g Processes 

The i n d u s t r i a l p r a c t i c e of f o l d i n g i s to remove some of the limonene 
along with other unstable terpenes and to concentrate the oxygenated 
compounds. This process of f o l d i n g the o i l r e s u l t s i n a more s t a b l e 
product. F i v e - and t e n - f o l d o i l s which are concentrated to 
o n e - f i f t h or one-tenth of o r i g i n a l weight are the most common 
products. Higher concentrations l o s e the n a t u r a l character of the 
c i t r u s due to absence of terpenes which do, nonetheless, c o n t r i b u t e 
some f l a v o r notes. An advantage of f o l d i n g i s the r e d u c t i o n of 
water i n s o l u b l e terpenes which may produce an unaesthetic ' r i n g * at 
the neck of the s o f t d r i n k b o t t l e s evident when unfolded 
cold-pressed o i l i s used. Folded o i l s are a l s o p r e f e r r e d i n 
f l a v o r i n g food products that w i l l be heated and i n beverages where 
limonene and o x i d a t i o n products might be o b j e c t i o n a b l e . An obvious 
advantage of folded o i l s i s a reduction i n storage and 
t r a n s p o r t a t i o n costs due to reduced volumes. 

Vacuum d i s t i l l a t i o n , steam d i s t i l l a t i o n , e x t r a c t i o n w i t h 
s o l v e n t s , and adsorption processes are used f o r f o l d i n g cold-pressed 
o i l s . How each a f f e c t s the q u a l i t y of the folded o i l w i l l be 
b r i e f l y d e s cribed. 

In Table I , the b o i l i n g range, at atmospheric pressure, of 
terpenes v a r i e s from 150 to 180°C and that of sesquiterpenes between 
240 and 280°C; the b o i l i n g p o i n t s of most oxygenated compounds l i e 
between those of terpenes and sesquiterpenes. This d i f f e r e n c e i n 
b o i l i n g points i s used to separate them by d i s t i l l a t i o n . However, 
the temperature must be kept as low as p o s s i b l e with the a i d of 
vacuum (16). Time, temperature and vacuum have major e f f e c t s on the 
q u a l i t y and y i e l d . Losses occur i n the aldehyde f l a v o r f r a c t i o n as 
the l e v e l of f o l d i n g increases ( 1 7 ) . S p e c i f i c g r a v i t y , r e f r a c t i v e 
index, o p t i c a l r o t a t i o n , aldehyde v a l u e , e s t e r value and g a s - l i q u i d 
chromatogram response change l i n e a r l y with c o n c e n t r a t i o n during 
vacuum d i s t i l l a t i o n of c i t r u s o i l s and t h i s could be used as an 
o b j e c t i v e e v a l u a t i o n of the degree of f o l d i n g ( 1 8 ) . Vora et a l . 
(19) concentrated orange o i l by vacuum d i s t i l l a t i o n (57-62°C; 1.3 
kPa), and gave a q u a n t i t a t i v e a n a l y s i s of the c o n s t i t u e n t s . During 
steam d i s t i l l a t i o n orange o i l i s exposed to a r e l a t i v e l y high 
temperature which can lead to a r t i f a c t s due to the h y d r o l y t i c 
i n f l u e n c e of water. 

In the process of e x t r a c t i o n w i t h low b o i l i n g organic s o l v e n t s , 
an important c o n s i d e r a t i o n i s the presence of r e s i d u a l solvent i n 
the e x t r a c t . A l s o , e x t r a c t i o n w i t h organic s o l v e n t s does not 
t o t a l l y e l i m i n a t e thermal degradation since the solvent has to be 
removed by d i s t i l l a t i o n . Owusu-Yaw et a l . (20) e x t r a c t e d 
cold-pressed V a l e n c i a orange o i l w i t h aqueous e t h y l a l c o h o l to 
remove the terpenes and sesquiterpenes. The r a t i o 1:3 of 
o i l : s o l v e n t r e s u l t e d i n sesquiterpeneless o i l s w i t h a low terpene 
content. However, t h i s r a t i o a l s o gave low o i l r e c o v e r i e s . 
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Table I: Formula, Molecular Weight, 
Present in Cold-

and Boi l ing Point of Compounds 
•Pressed Orange Oil 

Compound 
Molecular 

Peak No. Formula Weight 
1 

C 10 H 16 136 
2 

C 10 H 16 136 
3 

C 8 H 1 6 ° 128 
4 

C 10 H 16 136 

5 
C 10 H 16 136 

6 
C 10 H 16 136 

7 
C 8 H 1 8 ° 130 

8 C g H 1 8 0 142 

9 
C 1 0 H 1 8 ° 154 

10 
C 1 0 H 1 8 ° 154 

11 
C 1 0 H 1 8 ° 154 

12 
C 1 0 H 2 0 ° 156 

13 
C 1 0 H 1 6 ° 152 

14 
C 1 0 H 1 6 ° 152 

15 
C 1 0 H 1 4 ° 150 

16 
C 1 1 H 2 2 ° 170 

17 
C 1 2 H 2 4 ° 184 

18 
C 15 H 24 204 

19 
C 15 H 24 204 

20 
C 15 H 24 204 

21 
C 15 H 24 204 

22 
C 1 5 H 2 2 ° 218 

23 
C 1 5 H 2 2 ° 218 

24 
C 1 5 H 2 2 ° 218 

Boi l ing P o i n t ( ° C ) 

α - p i n e n e 
Sabinene 
Octanal 
Myrcene 
Phellandrene 
d-1imonene 
1-octanol 
Nonanal 
Linalool 
Citronel1al 

α - t e r p i n e o l 
Decanal 
Neral 
Geranial 
P e r i l 1 aldehyde 
Undecanal 
Dodecanal 

$-caryophyllene 
3-copaene 
3-farnesene 
Valencene 
3-sinensal 
α - s i n e n s a l 
Nootkatone 

155 
149 
172 
166 
171 
177 
195 
185 
209 
203 
220 
208 
224 
230 
236 
117 

231 
288 
119 
121 
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6. T E M E L L I E T A L . Supercritical Carbon Dioxide Extraction 1 1 3 

Terpeneless and s e s q u i t e r p e n e l e s s o i l s have been prepared by 
a d s o r p t i o n on s i l i c i c a c i d which i s fol lowed by e l u t i n g the terpenes 
with hexane and oxygenated compounds with ethanol (21 -23) . 

The drawbacks of a l l the processes d i s c u s s e d are low y i e l d s , 
formation of degradat ion p r o d u c t s , and /or the removal of s o l v e n t s . 

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 

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 processes have gained i n c r e a s i n g 
importance i n the chemical and food i n d u s t r i e s i n recent y e a r s , 
s ince i n many a p p l i c a t i o n s product recovery and q u a l i t y can be 
maximized whi le minimiz ing energy requirements . Even though 
s c i e n t i s t s , s i n c e the l a t e 1800 f s , knew the enhanced s o l v a t i n g power 
of many gases above t h e i r c r i t i c a l p o i n t s , i t was not u n t i l r e c e n t l y 
that s u p e r c r i t i c a l f l u i d s have been the focus of a c t i v e r e s e a r c h . 
Consequently , a l a r g e number o f review papers have been publ ished 
(24 -29) , and the f e a s i b i l i t y o f d i f f e r e n t a p p l i c a t i o n s of the 
process i n the food i n d u s t r y has been i n v e s t i g a t e d . Some of these 
a p p l i c a t i o n s are d e c a f f e i n a t i o n of cof fee and tea (27 -29) , 
e x t r a c t i o n of o i l from vegetable seeds (30-34) , removal of n i c o t i n e 
from tobacco ( 3 5 ) , and p r o d u c t i o n o f hop (35-37) and s p i c e (35) 
e x t r a c t s . Increased cost of energy , t i g h t e n i n g government 
r e g u l a t i o n s on so lvent r e s i d u e s and increased demand for higher 
q u a l i t y products are some of the mot ivat ions g i v e n f o r u t i l i z i n g 
s u p e r c r i t i c a l f l u i d technology . The a v a i l a b i l i t y o f inexpensive 
energy , poor understanding of the thermodynamics r e q u i r e d to 
d e s c r i b e or p r e d i c t such p r o c e s s e s , h i g h c a p i t a l costs a s s o c i a t e d 
with p lant s t a r t - u p and o p e r a t i o n , and an absence of engineer ing 
data for s c a l e - u p technology are f a c t o r s that have been c i t e d to 
e x p l a i n the l i m i t e d acceptance of s u p e r c r i t i c a l processes to t h i s 
d a t e . 

S u p e r c r i t i c a l e x t r a c t i o n provides some d i s t i n c t advantages over 
other s e p a r a t i o n techniques : thermal ly unstable compounds can be 
separated at low temperatures ; the so lvent can be removed e a s i l y 
from the s o l u t e by reducing the pressure and/or a d j u s t i n g the 
temperature; thermal energy requirements are lower than that for 
d i s t i l l a t i o n ; s u r p r i s i n g l y h i g h s e l e c t i v i t i e s for the s o l u t e can be 
accomplished; r a p i d e x t r a c t i o n can be achieved due to low v i s c o s i t y , 
h i g h d i f f u s i v i t y and good s o l v a t i n g power of the s u p e r c r i t i c a l f l u i d 
s o l v e n t . Carbon d i o x i d e as a s u p e r c r i t i c a l f l u i d s o l v e n t i s 
a t t r a c t i v e s i n c e i t i s n o n t o x i c , nonflammable, i n e r t , r e a d i l y 
a v a i l a b l e i n h igh p u r i t y , i n e x p e n s i v e , has low sur face t e n s i o n and 
v i s c o s i t y , and h i g h d i f f u s i v i t y . 

Factors A f f e c t i n g S o l u b i l i t y i n S u p e r c r i t i c a l F l u i d s 

Solute P h y s i c a l P r o p e r t i e s . Vapor p r e s s u r e , p o l a r i t y and molecular 
weight are the most important f a c t o r s a f f e c t i n g the s o l u b i l i t y o f 
compounds i n a s u p e r c r i t i c a l f l u i d . Vapor pressure versus 
temperature curves of some c o l d - p r e s s e d orange o i l components are 
g iven i n F i g u r e 1 (data from ( 3 8 ) ) . The terpene hydrocarbons have 
the h ighest vapor p r e s s u r e s . Vapor pressure of limonene i s 4.3 
times g r e a t e r than that of l i n a l o o l at 50°C , and 4.7 times at 40°C. 
L i n a l o o l i s the compound with the highest vapor pressure among the 
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5 

.0019 .0021 .0023 .0025 .0027 .0029 .0031 .0033 .0035 .0037 

1 / T e m p e r a t u r e ( K ) 

Figure 1. Vapor pressure v s . temperature curves of important 
components of orange e s s e n t i a l o i l : (0~0) a-pinene, (•-•) 
d-limonene, ( Δ - Δ ) myrcene, ( ο - ο ) l i n a l o o l , ( · - · ) 
α-terpineol, (•-•) decanal, ( A - A ) α-citral (Data from 
( 3 8 ) ) . 
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oxygenated compounds. Other p r o p e r t i e s of these compounds are 
summarized i n Table I . The most abundant terpene hydrocarbons are 
a - p i n e n e , sabinene , myrcene and d - l imonene . They a l l have a 
molecular weight of 136. Sesquiterpene hydrocarbons i n c l u d e 
3 - c a r y o p h y l l e n e , 3 -copaene , 3 - farnesene and v a l e n c e n e . T h e i r 
molecular weight i s 20 4. Oxygenated f l a v o r compounds i n c l u d e 
aldehydes ( o c t a n a l , n o n a n a l , c i t r o n e l l a l , d e c a n a l , n e r a l , g e r a n i a l , 
p e r i l l a l d e h y d e , undecanal , d o d e c a n a l , a~ and 3 - s i n e n s a l ) , a l c o h o l s 
( 1 - o c t a n o l , l i n a l o o l , α - t e r p i n e o l ) and ketones (nootkatone) . T h e i r 
molecular weights are between 152 and 156. Since carbon d i o x i d e has 
no d i p o l e moment and has a g r e a t e r a f f i n i t y f o r nonpolar s o l u t e s , 
terpenes which are n o n p o l a r , have l e s s molecular weight and a h igher 
vapor p r e s s u r e , would be more s o l u b l e i n s u p e r c r i t i c a l carbon 
d i o x i d e than the oxygenated f l a v o r f r a c t i o n . 

Temperature and P r e s s u r e . Solvent power of a s u p e r c r i t i c a l f l u i d i s 
d i r e c t l y r e l a t e d to i t s d e n s i t y . In the v i c i n i t y of the c r i t i c a l 
p o i n t , l a r g e d e n s i t y changes can be produced with e i t h e r r e l a t i v e l y 
smal l pressure or temperature changes. At a g i v e n temperature, the 
so lvent power or the f l u i d d e n s i t y i n c r e a s e s as the pressure i s 
i n c r e a s e d . A r i s e i n temperature at constant pressure leads to a 
decrease i n so lvent d e n s i t y . T h i s s trong pressure dependence of the 
d i s s o l v i n g power of a s u p e r c r i t i c a l f l u i d i s e x h i b i t e d by a l l s o l i d 
and many l i q u i d so lutes as long as the s o l u t e i s not i n f i n i t e l y 
m i s c i b l e with the s o l v e n t . This pressure dependency i s a key f a c t o r 
i n 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 . S t a h l and Gerard (39) have 
s t u d i e d the s o l u b i l i t y behavior of c e r t a i n e s s e n t i a l o i l components 
i n s u p e r c r i t i c a l carbon d i o x i d e . As noted from F i g u r e 2, a l l 
components e x h i b i t e d some s o l u b i l i t y i n carbon d i o x i d e at low 
d e n s i t i e s . With i n c r e a s i n g pressure above the c r i t i c a l pressure of 
carbon d i o x i d e ( 7 . 4 MPa), the gas phase c o n c e n t r a t i o n of the s o l u t e s 
increased e x p o n e n t i a l l y . The temperature of the system was 40°C 
which i s j u s t above the c r i t i c a l temperature of pure carbon d i o x i d e 
( 3 1 ° C ) . 

The e f f e c t of temperature on the s o l u b i l i t y of a substance i n a 
s u p e r c r i t i c a l f l u i d changes with p r e s s u r e . At pressures c l o s e to 
the c r i t i c a l point a temperature r i s e r e s u l t s i n a decrease i n the 
c o n c e n t r a t i o n of the s o l u t e i n the s u p e r c r i t i c a l phase. However, a t 
h igh p r e s s u r e s , a r i s e i n temperature causes an i n c r e a s e i n the 
s o l u b i l i t y because a r i s e i n temperature at constant pressure leads 
to a decrease i n gas d e n s i t y , and at the same time r e s u l t s i n an 
i n c r e a s e i n the vapor pressure of the s o l u t e . The r e d u c t i o n i n gas 
d e n s i t y , due to an i n c r e a s e i n temperature , becomes l e s s at h igher 
pressures than at low p r e s s u r e s . So, the i n c r e a s e i n vapor pressure 
of the s o l u t e overcomes the decrease i n gas d e n s i t y and leads to a 
h igher c o n c e n t r a t i o n i n the s u p e r c r i t i c a l phase. 

P o t e n t i a l C i t r u s O i l A p p l i c a t i o n s 

A p p l i c a t i o n s o f 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 to e s s e n t i a l o i l 
process ing have been d e s c r i b e d i n recent l i t e r a t u r e re ferences 
(39 -43) . However, the l i t e r a t u r e l a c k s d e t a i l e d data on 
multicomponent c i t r u s e s s e n t i a l o i l s wi th s u p e r c r i t i c a l carbon 
d i o x i d e . S t a h l and Gerard (39) used pure e s s e n t i a l o i l components 
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d ( g / c m 3 ) 

0.1 0.150.20.30.50.6 0.7 0.75 

Ρ ( b a r ) 

Figure 2. S o l u b i l i t y isotherms of e s s e n t i a l o i l components i n 
dense carbon d i o x i d e at 40°C; (1) limonene, (2) carvone, 
(3) caryophyllene, (4) valeranone (Reproduced with permission 
from Ref. 39. Copyright 1985 S. A l l u r e d ) . 
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to study t h e i r s o l u b i l i t y in dense carbon dioxide. They showed that 
the separation of sesquiterpene hydrocarbons and oxygenated 
monoterpenes is d i f f i c u l t since t h e i r s o l u b i l i t y behavior and vapor 
pressures are almost the same and made t h i s separation possible by 
using t h e i r differences in p o l a r i t y and saturating the carbon 
dioxide with water. Stahl and Gerard (39) concluded that 
fractionation is possible at 7-8 MPa and 40°C in that monoterpenes, 
monoterpene derivatives and sesquiterpene hydrocarbons can be 
extracted with dry s u p e r c r i t i c a l COo leaving oxygenated 
sesquiterpenes behind. Coppella ana Barton (40) studied the 
vapor-l iquid equilibrium for lemon o i l and carEbn dioxide at 30-40°C 
and 4-9 MPa. They used the Peng-Robinson equation of s t a t e , 
treating the system as (^i l imonene binary with temperature-
dependent interaction parameter to model the system. They 
determined the r e l a t i v e v o l a t i l i t i e s of terpinolene to c i t r o n e l l a l 
as 2 and limonene to geranial as 5. Robey and Sunder (41J have used 
the s u p e r c r i t i c a l carbon dioxide extraction technique to separate 
lemon o i l into i t s f r a c t i o n s . The terpene f r a c t i o n was 
p r e f e r e n t i a l l y s o l u b i l i z e d at a l l operating conditions tested. They 
studied the effects of varying the extraction temperature between 40 
and 90°C and determined that y i e l d increased. The same trend was 
true for the separation factor of 1imonene/citral. F i t t i n g an 
equation of state to the data showed that those temperature-pressure 
regions giving high t o t a l s o l u b i l i t y also tend to give poor 
s e l e c t i v i t y . 

In general, terpene hydrocarbons can be extracted from 
cold-pressed c i t r u s o i l s under conditions close to the c r i t i c a l 
point of carbon dioxide. Temperatures should be within the range 31 
to 70°C, since c i t r u s o i l s begin to suffer thermal degradation above 
t h i s l i m i t . Extraction pressures should be between 7.4 to 13.0 MPa; 
since at high pressures the increased density of carbon dioxide 
increases s o l u b i l i t y of the oxygenated compounds making 
fract ionation impossible. Another factor in determining the 
extraction pressure i s related to economic considerations, since 
construction and operating costs increase with higher system 
pressures. Gerard (42) described a continuous, countercurrent 
high-pressure extraction column with b u i l t - i n b a f f l e s to enlarge the 
surface area and a reflux of the top product. He proposed an 
extraction pressure of 8 MPa and temperature of 60 to 70°C which 
would give the advantage of reaching a higher loading of the gas 
phase and the p o s s i b i l i t y of creating a reflux by cooling the column 
head. Robey and Sunder (41) used a computer program to simulate a 
multistage column to proïïïïce a ten-fold concentration of oxygenated 
compounds in lemon o i l and showed that a countercurrent column 
operating at 10.3 MPa and 60°C, with 12 stages and reflux would 
produce the desired product at 99% y i e l d . 

Extraction System 

The Supercr i t ical Extraction Screening System with a 300 mL 
extraction chamber designed by the Autoclave Engineers, Inc. ( E r i e , 
Pennsylvania) was used (Figure 3 ) . After some modif ications, the 
system could be used both as a s t a t i c c e l l and as a dynamic flow 
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β. T E M E L L I E T A L . Supercritical Carbon Dioxide Extraction 119 

apparatus. The d e t a i l s of each system, advantages and disadvantages 
were o u t l i n e d by McHugh and Krukonis (44). 

S t a t i c Mode. The system can be used as a s t a t i c c e l l to obtain 
e q u i l i b r i u m data f o r s u p e r c r i t i c a l carbon d i o x i d e and cold-pressed 
Vale n c i a orange o i l . Using the system as a s t a t i c c e l l to ob t a i n 
phase e q u i l i b r i u m data under s u p e r c r i t i c a l c o n d i t i o n s was 
complicated by two f a c t o r s : 1) trapping small samples without 
d i s t u r b i n g the e q u i l i b r i u m i s d i f f i c u l t and 2) the small sample s i z e 
makes subsequent a n a l y s i s complex. The procedure was as f o l l o w s . 
The 20 mL o i l sample was placed i n t o the e x t r a c t o r and carbon 
d i o x i d e was pumped u n t i l the de s i r e d pressure was reached. At t h i s 
time, the e x t r a c t o r was i s o l a t e d by c l o s i n g the va l v e s at the i n l e t 
and o u t l e t l i n e s . E x t r a c t i o n time of 5 hours was enough f o r the 
orange o i l - s u p e r c r i t i c a l carbon d i o x i d e system to reach e q u i l i b r i u m 
with a g i t a t i o n under constant temperature and pressure. When the 
l i q u i d and s u p e r c r i t i c a l phase samples were taken from the 
e x t r a c t o r , the temperature of the system d i d not change and the drop 
i n pressure was about 5%. L i q u i d phase samples were taken from the 
sampling valve on the e x t r a c t o r whose i n l e t tube extends to the 
bottom ( F i g u r e 3 ) . Vapor phase samples were f i l l e d i n t o an 8-mL 
evacuated sampling bomb from the vapor sampling v a l v e on the 
e x t r a c t o r . Components of the o i l that were s o l u b i l i z e d by carbon 
d i o x i d e were condensed i n a separator which was i n a l i q u i d n i t r o g e n 
bath while d e p r e s s u r i z i n g the s u p e r c r i t i c a l phase sample by slowly 
opening the valve on the sampling bomb (Figure 4). A f t e r 
d e p r e s s u r i z i n g , the sampling bomb was heated and a s l i g h t vacuum was 
applied to make sure that a l l the sample was removed from the bomb 
and the sample was c o l l e c t e d i n the separator tube. 

Dynamic Mode. Dynamic or flow techniques are used f o r determining 
s o l u t e s o l u b i l i t i e s i n a s u p e r c r i t i c a l f l u i d and al s o f o r s t r i p p i n g 
and f r a c t i o n a t i o n s t u d i e s . This technique allows one to obtain 
e q u i l i b r i u m , s t r i p p i n g , or f r a c t i o n a t i o n data r a p i d l y and 
re p r o d u c i b l y . The system operated as fo l l o w s under the dynamic 
mode. Cold-pressed V a l e n c i a orange o i l samples were placed i n a 300 
mL e x t r a c t i o n chamber and the temperature adjusted with the use of 
heaters around the chamber. The high-pressure pump d e l i v e r e d carbon 
di o x i d e continuously at flow r a t e s slow enough to insure that 
e q u i l i b r i u m was obtained between the o i l and the carbon d i o x i d e as 
i t flowed through the system. Pressure was adjusted by a back 
pressure r e g u l a t o r . T y p i c a l e q u i l i b r i u m flow r a t e s were reported to 
be 60-500 mL/min as measured at 100 kPa and 0°C ( 4 4 ) . Carbon d i o x i d e 
flowed through a preheater to insure that i t reached e x t r a c t i o n 
temperature before c o n t a c t i n g the o i l . 

As carbon d i o x i d e entered the e x t r a c t o r , i t d i s t r i b u t e d through 
the o i l . Some of the carbon d i o x i d e was s o l u b i l i z e d i n the o i l 
r e s u l t i n g i n the expansion of the l i q u i d phase. At the same time 
carbon d i o x i d e s o l u b i l i z e d some of the o i l components and c a r r i e d 
them out of the e x t r a c t o r . Pressure was reduced through an 
expansion v a l v e which was heated to prevent f r e e z i n g . E x t r a c t s were 
c o l l e c t e d i n a g l a s s tube ( t r a p ) placed i n a -25°C propylene g l y c o l 
bath. The amount of o i l c o l l e c t e d i n the co l d trap f o r a given 
amount of time was determined g r a v i m e t r i c a l l y and the corresponding 
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re­
sampling tube 

H*J= 

H i -

Heat source Vacuum 

Liquid nitrogen bath 

Figure 4. S t a t i c mode c r i t i c a l phase sampling system. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
7,

 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

36
6.

ch
00

6

In Supercritical Fluid Extraction and Chromatography; Charpentier, B., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 
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volume of C 0 2 was measured wit h a wet gas meter. The instantaneous 
flow r a t e of the expanded C 0 2 was measured with a bubble-flow meter. 
The e x t r a c t c o l l e c t e d and o i l l e f t behind were analyzed by 
g a s - l i q u i d chromatography and the components i d e n t i f i e d by mass 
spectrometry and comparison wi t h standards. 

Results and Discussion 

G a s - l i q u i d chromatograms of the l i q u i d and s u p e r c r i t i c a l phase 
samples at e q u i l i b r i u m under 8.3 MPa pressure and at 70°C are given 
i n Figure 5, and i d e n t i f i c a t i o n of the peaks are s p e c i f i e d i n Table 
I. The f i r s t s i x peaks are terpene hydrocarbons except f o r o c t a n a l 
which e l u t e s with the terpenes i n the GC a n a l y s i s . In order to 
obta i n a separation of the terpenes from the f l a v o r compounds, i t i s 
necessary to have a higher c o n c e n t r a t i o n of the terpenes i n the 
s u p e r c r i t i c a l phase. As can be seen from the chromatograms, the 
terpenes were s o l u b i l i z e d by s u p e r c r i t i c a l carbon d i o x i d e to a 
greater extent, and the oxygenated compounds were l e f t i n the l i q u i d 
phase. These chromatograms show that the peak areas f o r the 
terpenes were more than doubled and decreased approximately by h a l f 
fo r the f l a v o r compounds i n the s u p e r c r i t i c a l phase when compared to 
the l i q u i d phase. The r a t i o of the oxygenated compounds to terpenes 
was 0.0084 and 0.0224 i n the c r i t i c a l and l i q u i d phases, 
r e s p e c t i v e l y . 

The r e s u l t s of continuous flow experiments are presented i n 
Figure 6 as the amount of e x t r a c t as a f u n c t i o n of time. 
Cold-pressed V a l e n c i a orange o i l (20 mL) was extr a c t e d with 
s u p e r c r i t i c a l carbon d i o x i d e f o r f i v e hours and the o i l e x t r a c t was 
c o l l e c t e d and analyzed a f t e r every hour. A l l four runs were 
performed at 8.3 MPa. The amount of e x t r a c t c o l l e c t e d followed a 
l i n e a r trend over time. A f t e r f i v e hours at 70°C, the amount of 
e x t r a c t was 0.26 at 50 mL/min and 1.31 g at 500 mL/min of carbon 
d i o x i d e ( f l o w measured at 100 kPa and 25°C). When the flow r a t e was 
increased 10 times, the amount of e x t r a c t was increased by about 5 
times. Even though a smaller amount of o i l was c o l l e c t e d at a low 
flow r a t e , the concentration of o i l i n carbon d i o x i d e was twice that 
at higher flow r a t e . This was due to increased contact time between 
carbon d i o x i d e and o i l at low flow r a t e s . 

These e x t r a c t i o n s were a l s o c a r r i e d out at 40°C. When the 
temperature was decreased from 70 to 40°C at 8.3 MPa, two changes 
occured: f i r ^ s t , the d e n s i t y of carbon d i o x i d e increased from 0.18 
to 0.32 g/cm , which r e s u l t e d i n an increase i n the d i s s o l v i n g power 
of carbon d i o x i d e , and secondly, the vapor pressure of limonene 
decreased from 2.86 to 0.6 4 kPa. Since the amounts of e x t r a c t 
c o l l e c t e d under each c o n d i t i o n were very c l o s e , a conclu s i o n cannot 
be drawn as to which f a c t o r has a greater e f f e c t . However, the 
e f f e c t of temperature and pressure on s o l u b i l i t y was studied i n 
d e t a i l and w i l l be discussed i n another paper. The gas 
chromatographic analyses of the e x t r a c t and the o i l residue 
resembled those given i n Figure 5. I t should be noted that the 
q u a l i t a t i v e a n a l y s i s of the feed o i l was s i m i l a r to the o i l residue 
w i t h a s l i g h t increase i n the compositions of the oxygenated 
compounds because 1.5% and 7.8% of the feed o i l was removed as 
e x t r a c t a f t e r 5 hours at 50 and 500 mL/min flow r a t e , r e s p e c t i v e l y . 
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Although the amount of e x t r a c t was l i n e a r i n the 5 hour p e r i o d , 
i t probably w i l l not be over a longer per iod of t ime . In a batch 
system, s i n c e the composit ion of the feed o i l w i l l change with t ime , 
the amount o f oxygenated compounds i n the e x t r a c t a l s o w i l l change. 
Based on these assumptions, i t was found that at l e a s t 50 hours of 
e x t r a c t i o n would be necessary to o b t a i n a 5 - f o l d o i l at a flow r a t e 
of 500 mL/min. However, l e a v i n g the o i l at 70°C for 50 hours would 
probably r e s u l t i n the formation of u n d e s i r a b l e terpene degradat ion 
p r o d u c t s . T h e r e f o r e , no attempt was made to produce a 5 - f o l d o i l 
with the system d e s c r i b e d . 

In c o n c l u s i o n , i t i s p o s s i b l e to concentrate the f l a v o r 
f r a c t i o n o f c o l d - p r e s s e d c i t r u s o i l s with s u p e r c r i t i c a l f l u i d 
technology by s e l e c t i v e l y e x t r a c t i n g the terpenes from the o i l . 
During continuous e x t r a c t i o n s , the amount o f e x t r a c t fol lowed a 
l i n e a r trend with time over the f i r s t 5 hours of e x t r a c t i o n and i t 
increased f i v e times when the flow r a t e was i n c r e a s e d ten t i m e s . 
Since the d e s i g n of 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 and solvent 
r e g e n e r a t i o n processes for the c o n c e n t r a t i o n of c i t r u s o i l s r e q u i r e 
accurate c a l c u l a t i o n of phase e q u i l i b r i a , more r e s e a r c h must be done 
to determine the e q u i l i b r i u m s o l u b i l i t y d a t a , the thermodynamic 
model to represent the system, and the economic f e a s i b i l i t y of the 
p r o c e s s . 
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Chapter 7 

Steps To Developing 
a Commercial Supercritical 

Carbon Dioxide Processing Plant 

R. T. Marentis 

Supercritical Fluid Processing Systems, Pitt-Des Moines, Inc., 35 Airport 
Road, Morristown, N J 07960 and Neville Island, Pittsburgh, P A 15225 

Commercialization of a supercritical carbon dioxide 
processed food product requires the successful appli­
cation of five sequential steps: 1) application of high 
pressure CO2 phase equilibria and fluid dynamics 
theory; 2) knowledge of the botanicals structure and 
chemistry; 3) performance of the "process design 
protocol"; 4) preliminary process design and economic 
evaluation; and 5) design, construction and start-up of 
the commercial-scale plant. Many decisions made during 
the early steps have large impacts on commercial plant 
performance capabilities and economic efficiency. The 
impact on commercial plant performance and economics 
should be factored into decisions made at every 
commercialization step. 

S u p e r c r i t i c a l f l u i d (SCFC0 2) processing i s of i n c r e a s i n g commercial 
importance to the food i n d u s t r y i n Europe and America. C i t a t i o n s of 
SCFC0 2 e x t r a c t i o n s of b o t a n i c a l s are r e p l e t e i n the l i t e r a t u r e . 
F. M. Taylor (1) l i s t s over 100 l i t e r a t u r e c i t a t i o n s on herb and 
spic e a p p l i c a t i o n s alone. In gen e r a l , SCFC0 2 e x t r a c t s have no 
solvent r e s i d u e s , no off-odo r s from " s t i l l notes", higher concen­
t r a t i o n s of the most v a l u a b l e components (due to the ex t r a o r d i n a r y 
s e l e c t i v i t y of the SCFC0 2 solvent) when compared w i t h conventional 
organic l i q u i d solvent e x t r a c t s . Most solvent e x t r a c t i o n s using C0 2 

are run at temperatures between 10°C and 50°C, m i l d temperatures 
which are not l i k e l y to degrade or v o l a t i z e h e a t - s e n s i t i v e aroma 
compounds. T y p i c a l l y , the aroma of an SCFC0 2 e x t r a c t more c l o s e l y 
resembles the aroma of the feedstock b o t a n i c a l than the aroma of a 
steam d i s t i l l e d e x t r a c t . Thus, an SCFC0 2 e x t r a c t has more of the 
character of an absolute than a conventional solvent e x t r a c t . 

C0 2 PHASE EQUILIBRIA + FLUID DYNAMICS 

Co 2 Phase E q u i l i b r i a Knowledge of C0 2 phase e q u i l i b r i a i s important 
because by understanding and appl y i n g of C0 2 phase e q u i l i b r i a 
theory, an e f f i c i e n t experimental p l a n can be formulated which 

0097-6156/88/0366-0127$06.00/0 
© 1988 American Chemical Society 
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reduces process development R&D expenses, yet a l s o minimizes the 
r i s k of s p e c i f y i n g sub-optimal processing c o n d i t i o n s f o r the 
commercial-scale p l a n t . A t h e o r e t i c a l understanding of how 
pressure, temperature, and cosolvents a f f e c t both the s o l v a t i n g 
power (important f o r r a t e and y i e l d of commercial process) and 
s e l e c t i v i t y (important f o r conc e n t r a t i o n l e v e l s of key components i n 
commercial products) of the C0 2 solvent w i l l g r e a t l y enhance the 
p r o b a b i l i t y that each successive experiment y i e l d s process design 
data that can be used to f u r t h e r optimize commercial-scale p l a n t 
performance and economics. 

The c r i t i c a l pressure i s the e q u i l i b r i u m pressure at the 
c r i t i c a l temperature; both together are r e f e r r e d to as the c r i t i c a l 
p o i n t . Above the c r i t i c a l temperature and pressure, C0 2 e x i s t s as a 
s u p e r c r i t i c a l f l u i d (SCF). Figure 1 shows the r e l a t i o n s h i p 
between the p h y s i c a l s t a t e of carbon d i o x i d e and the temperature and 
pressure c o n d i t i o n s i n the system. 

S u p e r c r i t i c a l f l u i d s are unique because they have some proper­
t i e s which are s i m i l a r to a gas others to a l i q u i d . The de n s i t y and 
s o l v a t i n g power can approach that of a l i q u i d . V i s c o s i t y and 
d i f f u s i v i t y , however, are much c l o s e r to the p r o p e r t i e s of a gas. 
These c h a r a c t e r i s t i c s are p r i m a r i l y r e s p o n s i b l e f o r the e x t r a ­
o r d i n a r y solvent p r o p e r t i e s of SCFC0 2 and other s u p e r c r i t i c a l 
f l u i d s . 

The s o l u b i l i t y of a s o l u t e i n general i s p r o p o r t i o n a l to solvent 
d e n s i t y . L i q u i d carbon d i o x i d e i s a non-polar (non-ionizing) 
s o l v e n t , i n many ways l i k e hexane. For l i q u i d C0 2 near c r i t i c a l 
c o n d i t i o n s , d e n s i t y increases r a p i d l y w i t h lowering temperature, 
being s t r o n g l y temperature dependent. Above the c r i t i c a l tempera­
t u r e , d e n s i t y i s both pressure and temperature dependent, r i s i n g 
w i t h increased pressure, though f a l l i n g w i t h r i s i n g temperature. 
[Figure 2] 

The e f f e c t of temperature on s o l u b i l i t y i s somewhat complex 
because of two competing e f f e c t s ; one e f f e c t tends to increase 
s o l u b i l i t y w i t h i n c r e a s i n g temperature w h i l e the other tends to 
decrease s o l u b i l i t y . As temperature i n c r e a s e s , vapor pressure of 
the s o l u t e increases which tends to increase s o l u b i l i t y , concomi­
t a n t l y C0 2 d e n s i t y decreases which tends to decrease s o l u b i l i t y . 
For napthalene i n C0 2 [Figure 3 ] , f o r example, above 120 atm C0 2 

d e n s i t y i s l e s s s e n s i t i v e to temperature and th e r e f o r e vapor 
pressure e f f e c t s dominate. At 120 atm the two competing e f f e c t s 
balance each other, and s o l u b i l i t y remains r e l a t i v e l y constant w i t h 
i n c r e a s i n g temperature. At pressures below 120 atm, SCFC0 2 d e n s i t y 
and t h e r e f o r e s o l u b i l i t y are s e n s i t i v e to small changes i n 
temperature. The region where s o l u b i l i t y decreases w i t h i n c r e a s i n g 
temperature, i s c a l l e d the "retrograde r e g i o n " . 

L i q u i d carbon d i o x i d e i s a non-polar (non-ionizing) s o l v e n t , i n 
many ways l i k e hexane. However, i n the s u p e r c r i t i c a l phase the d i ­
e l e c t r i c constant of C0 2 increases w i t h i n c r e a s i n g pressure.(3) The 
d i e l e c t r i c constant i s an i n d i c a t o r of the p o l a r i t y of the SCFC0 2 

solvent [Figure 4 ] . Thus, by c o n t r o l l i n g pressure (or the a d d i t i o n 
of a p o l a r c o s o l v e n t ) , the s e l e c t i v i t y of SCF can be ' f i n e tuned 1 

f o r the p r e f e r e n t i a l e x t r a c t i o n of the compounds of i n t e r e s t based 
on t h e i r p o l a r i t y . 
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120i 

100 Supercritical 
Fluid Region 

u - 8 0 - 6 0 - 4 0 - 2 0 0 20 40 60 
Temperature °C 

Figure 1. Carbon d i o x i d e phase diagram. 

- 4 0 0 40 80 120 1 60 
Temp, °C 

Figure 2. CO2 d e n s i t y vs. temperature. 
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30.0r 

I I I L J I I I 

0 10 20 30 40 50 
Temperature, °C 

Figure 3. Naphthalene s o l u b i l i t y i n CO2 vs. temperature. 
(Reproduced w i t h permission from Reference 11. Copyright 
1986 Butterworth.) 

I T = 50°C I 

Pressure, bar 

Figure 4. CO2 d e n s i t y and d i e l e c t r i c constant vs. pressure. 
(Reproduced w i t h permission from Reference 3. Copyright 
1978 Verlag Chemie GmBH.) 
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7. M A R E N T I S Supercritical Carbon Dioxide Processing Plant 131 

Knowledge of phase e q u i l i b r i a theory i s important to i n s u r e that 
screening experiments are s t r u c t u r e d to acquire data on phase 
e q u i l i b r i a p r o p e r t i e s that can s i g n i f i c a n t l y e f f e c t the commercial 
p l a n t 1 s performance. For example, i n some cases a commercial-scale 
p l a n t ' s performance and economic e f f i c i e n c y w i l l be very s e n s i t i v e 
to the i n t r o d u c t i o n of a cosolvent (such as water and methanol) to 
the SCFC0 2 s o l v e n t . Experiments should be designed, u t i l i z i n g 
knowledge of how a d d i t i o n of a cosolvent a f f e c t s s o l u b i l i t y of a 
compound of i n t e r e s t to y i e l d data which can be used to determine i f 
the a d d i t i o n of an appropriate cosolvent w i l l s i g n i f i c a n t l y increase 
the commercial p l a n t 1 s performance and economic e f f i c i e n c y . 

F l u i d Dynamics Knowledge of f l u i d dynamics i s important to i n s u r e 
that screening experiments are s t r u c t u r e d to acquire data on how 
f l u i d dynamic p r o p e r t i e s (such as SCFC0 2 solvent d i f f u s i v i t y and 
s u p e r f i c i a l v e l o c i t y ) w i l l a f f e c t the commercial p l a n t ' s performance 
and economic e f f i c i e n c y . For example, i n many cases a commercial 
p l a n t ' s performance and economic e f f i c i e n c y are s e n s i t i v e to the 
s u p e r f i c i a l v e l o c i t y of the SCFC0 2 s o l v e n t . Experiments should be 
designed to y i e l d data that can be used to determine how s e n s i t i v e 
commercial p l a n t performance and economic e f f i c i e n c y i s to 
s u p e r f i c i a l v e l o c i t y of the SCFC0 2. 

Solvent e x t r a c t i o n from b o t a n i c a l substances can be c h a r a c t e r ­
i z e d by four mass t r a n s p o r t steps: 
1) D i f f u s i o n of solvent i n t o the b o t a n i c a l s u b s t r a t e . 
2) S o l v a t i o n of s o l u t e . 
3) D i f f u s i o n of s o l u t e i n t o the b u l k f l u i d phase. 
4) Transport of s o l u t e and the bulk f l u i d phase from the e x t r a c t i o n 

zone. 
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 s are t y p i c a l l y run under 

c o n d i t i o n s of high s o l v e n t / f e e d r a t i o , high s u p e r f i c i a l v e l o c i t y , 
and low f l u i d v i s c o s i t y . Thus, the c o n t r o l l i n g mass t r a n s f e r 
parameter i s u s u a l l y the d i f f u s i o n r a t e of the solvent and s o l u t e 
through the b o t a n i c a l substrate i n t o the bulk f l u i d phase. 
Therefore, mass t r a n s f e r r a t e can be increased by i n c r e a s i n g solvent 
d i f f u s i v i t y , reducing d i f f u s i o n d i s t a n c e , or e l i m i n a t i o n of 
d i f f u s i o n b a r r i e r s . 

A f a r too common p r a c t i c e i s to u t i l i z e C0 2 phase e q u i l i b r i a and 
f l u i d dynamics theory, but to l i m i t experiments to the pressure, 
temperature, flow r a t e , cosolvent c a p a b i l i t i e s , e t c . of the l a b o r a ­
t o r y experimental apparatus that i s conveniently at hand. Many 
commercial p l a n t operating design i n e f f i c i e n c i e s could be e l i m i n a t e d 
by c o n s i d e r i n g the e f f e c t on commercial p l a n t performance and 
economic e f f i c i e n c y at the i n c e p t i o n of the experimental program. 
Another caveat i s that dramatic cost breaks occur i n key commercial 
p l a n t component equipment such as v e s s e l s , v a l v e s , heat exchangers, 
and pumps which are standard o f f - t h e - s h e l f commercial items at a 
given set of pressure, temperature and s i z e s p e c i f i c a t i o n s , but 
become a s p e c i a l order item at a m a r g i n a l l y d i f f e r e n t set of 
operating c o n d i t i o n s . Choosing experimental c o n d i t i o n s that are 
cost e f f e c t i v e f o r key commercial p l a n t equipment r e q u i r e s the input 
of SCFC0 2 commercial p l a n t design engineers at the e a r l y conceptual 
and R&D stages of process development to help ensure that the 
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experimental program i s targeted towards o p t i m i z i n g commercial p l a n t 
performance and economics. 

BOTANICAL STRUCTURE AND CHEMISTRY 

Knowledge of b o t a n i c a l s t r u c t u r e and chemistry i s important f o r two 
reasons: 1) to determine i f a pretreatment such as g r i n d i n g , 
f l a k i n g , or r o l l i n g f o r p a r t i c l e s i z e r e d u c t i o n and/or c e l l w a l l 
rupture w i l l improve e x t r a c t i o n e f f i c i e n c y , and 2) to determine the 
e x t r a c t i o n c o n d i t i o n s which maximize e x t r a c t i o n r a t e s , concentra­
t i o n s , and y i e l d s of value-determining components i n the e x t r a c t as 
w e l l as to minimize the e x t r a c t i o n r a t e s , concentrations and y i e l d s 
of undesirable components i n the e x t r a c t product. 

B o t a n i c a l S t r u c t u r e Figure 5 i l l u s t r a t e s the e f f e c t of f l a k i n g 
t hickness on o i l y i e l d and r a t e of recovery from soybean feedstock. 
Rate of e x t r a c t i o n increases and y i e l d improves as f l a k e thickness 
decreases. An o i l y i e l d of 97.4% was achieved from 0.10mm f l a k e s ; 
however, y i e l d decreased to 87% and 67% f o r f l a k e thicknesses of 
0.38mm and 0.81mm r e s p e c t i v e l y . (6) 

F l a k i n g reduces p a r t i c l e s i z e , and hence, d i f f u s i o n distance of 
the s o l u t e through the meal su b s t r a t e . More i m p o r t a n t l y , as 
thickn e s s decreases p r o p o r t i o n a t e l y more c e l l w a l l s are ruptured 
e l i m i n a t i n g d i f f u s i o n b a r r i e r s . I f c e l l w a l l s encapsulate the 
valued components i n a b o t a n i c a l s u b s t r a t e , pretreatment to rupture 
the c e l l w a l l s s i g n i f i c a n t l y improves both y i e l d and rat e of 
e x t r a c t i o n . 

B o t a n i c a l Chemistry Most b o t a n i c a l feedstocks c o n t a i n a wide 
spectrum of compounds that can be d i s s o l v e d i n SCFC0 2. The 
character of the e x t r a c t obtained from a b o t a n i c a l feedstock w i l l 
markedly d i f f e r depending on the e x t r a c t i o n and separation 
c o n d i t i o n s chosen f o r the commercial-scale p l a n t . T y p i c a l l y , as the 
SCFC0 2 d e n s i t y increases w i t h i n c r e a s i n g pressure, the s o l u b i l i t y of 
l e s s v o l a t i l e components i n the SCFC0 2 g e n e r a l l y i n c r e a s e s . Hence, 
by s e l e c t i n g s u i t a b l e combinations of pressure and temperature f o r 
e x t r a c t i o n and separation c o n d i t i o n s , both s e l e c t i v i t y and r a t e can 
be optimized f o r a commercial-scale p l a n t design. For example, 
Figure 6 i s a gas chromatogram of the chemical components found i n 

a t y p i c a l n a t u r a l product. The de s i r e d e x t r a c t product c o n s i s t s of 
a l l the e s s e n t i a l o i l s and only the top f r a c t i o n of waxes and 
r e s i n s ; the e x t r a c t i o n was accomplished at 4350 p s i and 60°C. Upon 
complete e x t r a c t i o n of the a v a i l a b l e e s s e n t i a l o i l s , only the top 
f r a c t i o n s of the r e s i n s and waxes w i l l have been e x t r a c t e d w i t h 
v i r t u a l l y no pigments. Further f r a c t i o n a t i o n was accomplished by a 
mul t i - s t a g e separation process: a f i r s t stage to o b t a i n a f r a c t i o n 
r i c h i n the top f r a c t i o n s of waxes and r e s i n s ; a second stage r i c h 
i n terpenes, f r e e f a t t y a c i d s and f a t t y o i l s ; and a t h i r d and f i n a l 
stage to ob t a i n a f r a c t i o n r i c h i n e s s e n t i a l o i l s and e s t e r s . The 
product may be standardized by blending the f i r s t and t h i r d 
f r a c t i o n s , i . e . the r e s i n o i d and e s s e n t i a l o i l f r a c t i o n s . Thus, a 
high q u a l i t y e x t r a c t c o n s i s t i n g of e s s e n t i a l o i l and s o l u b l e r e s i n s 
can be obtained having a remarkable resemblance to an absolute. 
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7. M A R E N T I S Supercritical Carbon Dioxide Processing Plant 133 

Liters CO 2 x10 3 

Figure 5. Soy f l a k e thickness vs. e x t r a c t i o n e f f i c i e n c y . 
(Reproduced w i t h permission from Reference 6. Copyright 
1984 American O i l Chemists 1 Society.) 

Figure 6. Gas chromatograms of a t y p i c a l n a t u r a l 
(Figure courtesy of M i l t o n Roy.) 

product. 
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134 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 AND C H R O M A T O G R A P H Y 

In g e n e r a l , SCFC0 2 s e l e c t i v e l y e x t r a c t s e s s e n t i a l o i l s , e s t e r s , 
a l c o h o l s , aldehydes, ketones, and l i g h t e r f r a c t i o n s of waxes and 
r e s i n s , l e a v i n g the l e s s s o l u b l e heavier f r a c t i o n s of waxes and 
r e s i n s , f a t t y a c i d s , t r i g l y c e r i d e s , c h l o r o p h y l l s , pigments and other 
high molecular weight species. Compared to SCFC0 2, conventional 
organic solvent e x t r a c t i o n i s much l e s s s e l e c t i v e . Sugars, many 
a c i d s , s t a r c h e s , p r o t e i n s and mineral s a l t s are v i r t u a l l y i n s o l u b l e 
i n carbon d i o x i d e . (2-5-10) In more complex s i t u a t i o n s , c o nsider­
a t i o n must a l s o be given to the way the component i s bound to the 
b o t a n i c a l matrix. For example, a l k a l o i d s such as n i c o t i n e and 
c a f f e i n e are sometimes bound as complex s a l t w i t h other compounds 
such as chlorogenic a c i d , c i t r i c a c i d , e t c . and are d i f f i c u l t to 
e x t r a c t without i n t r o d u c i n g water as a cosolvent to f a c i l i t a t e the 
e x t r a c t i o n (3). 

PROCESS DESIGN PROTOCOL 

Y i e l d and composition of an e x t r a c t from a commercial-scale SCFC0 2 

p l a n t are determined by three key processing c o n d i t i o n s : 
1) P r e p a r a t i o n of feedstock 
2) E x t r a c t i o n c o n d i t i o n s 
3) Separation c o n d i t i o n s 

These parameters should be optimized f o r each product to be 
processed i n the commercial-scale p l a n t . However, i n the case of a 
m u l t i p l e product p l a n t , compromises may be made and some products 
w i l l be run at sub-optimal c o n d i t i o n s to reduce c a p i t a l and 
operating cost of the commercial-scale p l a n t . 

The process design p r o t o c o l i s a s e r i e s of three successive 
l e v e l s of t e s t i n g which f u r t h e r define the three key processing 
c o n d i t i o n s w i t h i n c r e a s i n g l y b e t t e r r e s o l u t i o n . Screening t e s t s are 
quick and inexpensive and are mainly used to q u a l i t a t i v e l y d e f i n e 
the processing sequence and determine the operating c o n d i t i o n s f o r 
the more accurate process development u n i t (PDU) t e s t i n g . I f the 
screening u n i t t e s t s show promise, then PDU t e s t i n g would be 
i n i t i a t e d to optimize processing v a r i a b l e s to generate data f o r 
economic e v a l u a t i o n of process a l t e r n a t i v e s that apply to the 
commercial-scale p l a n t . Next, i f economic e v a l u a t i o n of the process 
f a l l s w i t h i n the p r o f i t a b i l i t y goals of the commercial-scale p l a n t , 
p i l o t p l a n t t e s t i n g i s i n i t i a t e d to minimize scale-up u n c e r t a i n t y . 

Screening Unit T e s t i n g (Assessing T e c h n i c a l F e a s i b i l i t y ) The 
primary goal of screening u n i t t e s t i n g i s to assess t e c h n i c a l 
f e a s i b i l i t y . Experimental work begins using a s u p e r c r i t i c a l f l u i d 
"screening u n i t " such as the M i l t o n Roy system shown i n Figure 7 . 
The screening u n i t t y p i c a l l y has one e x t r a c t i o n v e s s e l of 60-300 cc 
c a p a c i t y and one or two separators. 

Data from the screening u n i t i s used to assess the process 
f e a s i b i l i t y and product q u a l i t y , and d e f i n e the f o l l o w i n g process 
parameters: 
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7. MARENTIS Supercritical Carbon Dioxide Processing Plant 135 

P r e p a r a t i o n of Feedstock E x t r a c t o r Conditions Separator Conditions 

G r a t i n g Pressure Pressure 
Grinding (cryogrinding) Temperature Temperature 
R o l l i n g Solvent/Feed R a t i o 
Rapid d e p r e s s u r i z i n g S u p e r f i c i a l V e l o c i t y 
Wetting 
Drying 

The e x t r a c t product i s analyzed to determine how changes i n 
these parameters change e x t r a c t y i e l d and/or conce n t r a t i o n . I f the 
r e s u l t s of t e c h n i c a l f e a s i b i l i t y screening are encouraging, process 
development proceeds to the next step. 

Process Development Unit (PDU) T e s t i n g (Optimizing Process 
Performance and Economics) The primary goal of PDU t e s t i n g i s to 
provide a d d i t i o n a l data f o r the key operating and process design 
v a r i a b l e s to optimize process performance and economics. A PDU 
d i f f e r s from a screening u n i t i n s e v e r a l s i g n i f i c a n t ways [Figure 
8 ] . I t has a) a l a r g e r e x t r a c t o r volume by about two orders of 
magnitude (10-20 l i t e r s v s . 60-300 c e ) ; b) a C0 2 recovery system to 
study the e f f e c t s of C0 2 r e c i r c u l a t i o n ; c) m u l t i p l e separator 
v e s s e l s connected i n s e r i e s to study f r a c t i o n a l s e p a r a t i o n of 
components; and d) o p t i o n a l l y , a computerized data a c q u i s i t i o n and 
c o n t r o l system to f a c i l i t a t e i t s o p e r a t i o n and c o l l e c t i o n of data. 

Data from the PDU experiments e s t a b l i s h process c o n d i t i o n s f o r 
p r e l i m i n a r y process design. These parameters are l i s t e d below: 

E x t r a c t i o n Separation 

Pressure Pressure 
Temperature Temperature 
Solvent/Feed R a t i o F r a c t i o n a l Separation 
S u p e r f i c i a l V e l o c i t y Adsorbent Separation 
Recycle E f f e c t s Column Separation 
E n t r a i n e r s and Cosolvents 
E x t r a c t o r S i z e , Shape and C o n f i g u r a t i o n 
Processing Modes (e.g. S u b / S u p e r c r i t i c a l 
C0 2 or Dry/Wet C0 2 E x t r a c t i o n ) 

P i l o t P l a n t Testing (Scale-up V e r i f i c a t i o n ) The primary goal of 
p i l o t p l a n t t e s t i n g [Figure 9] i s to minimize scale-up u n c e r t a i n t y . 
An SCFC0 2 p i l o t p l a n t i s t y p i c a l l y 50-200 l i t e r s i n e x t r a c t i o n 
c a p a c i t y . P i l o t p l a n t t e s t s are designed to v e r i f y : 
1) Optimum v e s s e l c o n f i g u r a t i o n and s i z e . 
2) E f f e c t s of feedstock p a r t i c l e s i z e and pretreatment techniques. 
3) Mechanical design problems, such as c l o g g i n g or s a l t i n g - o u t of 

e x t r a c t i n p i p i n g , v a l v e s and heat exchangers; m a t e r i a l handling 
c o n s i d e r a t i o n s and c l e a n i n g requirements. 
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136 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 AND C H R O M A T O G R A P H Y 

Figure 7. M i l t o n Roy SCFCO2 screening u n i t . (Photo courtesy of 
M i l t o n Roy.) 

Extractor 

C7 

Separator | Separator^ Separator"] 

Entraîner 
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Condenser 
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Figure 8. PDM process development u n i t schematic diagram. 
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7. M A R E N T I S Supercritical Carbon Dioxide Processing Plant 

COMMERCIAL PLANT DESIGN CONSIDERATIONS 

137 

Optimal commercial p l a n t performance and economic e f f i c i e n c y 
r e q u i r e s i n v e s t i g a t i o n of s e v e r a l design a l t e r n a t i v e s to choose the 
most s u i t a b l e commercial p l a n t design. These commercial p l a n t 
design c o n s i d e r a t i o n s f a l l i n t o two general c a t e g o r i e s - process 
design and mechanical design. 

Process Design and Economic Evaluations 

A n a l y s i s of process development data - The f o l l o w i n g i l l u s t r a t e s 
how PDU data can be used to develop a commercial SCFC0 2 p l a n t ' s 
process design. This data i s provided by Marc Sims on p y r e t h r i n s , a 
n a t u r a l i n s e c t i c i d e e x t r a c t e d w i t h s u b c r i t i c a l and s u p e r c r i t i c a l 
carbon d i o x i d e from pyrethrum flowers (a species of chrysanthemum). 

Figure 10 shows the e f f e c t of temperature on two parameters: 
p y r e t h r i n recovery from the b o t a n i c a l substrate and c o n c e n t r a t i o n of 
the p r y r e t h r i n i n the e x t r a c t product. P y r e t h r i n y i e l d r i s e s w i t h 
temperature reaching a maximum between 20-30°C but d e c l i n e s near 
30°C. S e l e c t i v i t y f o r p y r e t h r i n i s lowest at 20°C and r i s e s through 
and beyond the c r i t i c a l p o i n t . 

Design engineers must u t i l i z e knowledge of the f i n i s h e d product 
requirements to determine the temperature of e x t r a c t i o n . The 
minimum con c e n t r a t i o n of p y r e t h r i n acceptable w i l l determine 
e x t r a c t i o n temperature. I f 20% i s acceptable, the e x t r a c t i o n should 
be run at about 30°C. I f a higher c o n c e n t r a t i o n i s r e q u i r e d , 
f r a c t i o n a l s e p a r a t i o n , or a d i f f e r e n t operating pressure should be 
considered to enhance the c o n c e n t r a t i o n of p y r e t h r i n i n the product. 

Figure 11 d i s p l a y s e x t r a c t i o n e f f i c i e n c y vs. time on-stream. 
A f t e r two hours, 88% of the p y r e t h r i n i s recovered. A d d i t i o n a l time 
m a r g i n a l l y increases p y r e t h r i n y i e l d , however, t o t a l e x t r a c t y i e l d 
i n c r eases s i g n i f i c a n t l y d i l u t i n g the p y r e t h r i n . Since the 
a d d i t i o n a l components add no value to the e x t r a c t , a d d i t i o n a l time 
i s d e t r i m e n t a l [ Figure 12]. An economic e v a l u a t i o n b a l a n c i n g 
v a r i a b l e s of p y r e t h r i n y i e l d and c o n c e n t r a t i o n against c y c l e time 
w i l l determine the optimal time on-stream f o r t h i s a p p l i c a t i o n . 

A l t e r n a t i v e F r a c t i o n a t i o n and S t a n d a r d i z a t i o n Techniques - Raw 
m a t e r i a l q u a l i t y v a r i a t i o n s w i t h respect to e s s e n t i a l o i l s and other 
key i n g r e d i e n t s r e q u i r e s p e c i a l i z e d processing schemes to produce 
e x t r a c t s of standardized q u a l i t y . The f o l l o w i n g are three common 
f r a c t i o n a t i o n and s t a n d a r d i z a t i o n techniques that are i n d i c a t i v e of 
the process design a l t e r n a t i v e s c u r r e n t l y being used to achieve 
s i m i l a r end product r e s u l t s . Economic e v a l u a t i o n of each a l t e r n a ­
t i v e determines the best process design f o r a s p e c i f i c a p p l i c a t i o n . 

The f i r s t example i s the a p p l i c a t i o n of two-stage f r a c t i o n a l 
e x t r a c t i o n to s e l e c t i v e l y remove components from f e n n e l (7). The 
f i r s t e x t r a c t i o n stage operates under s u b c r i t i c a l temperature 
c o n d i t i o n s f o r e x t r a c t i o n , i . e . 130 BAR and 30° C. Approximately 9% 
of the feed m a t e r i a l i s removed and the r e s u l t i n g e x t r a c t i s over 
50% e s s e n t i a l o i l . The residue i n the e x t r a c t o r v e s s e l i s then 
e x t r a c t e d a second time using s u p e r c r i t i c a l c o n d i t i o n s , i . e . 300 BAR 
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138 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 A N D C H R O M A T O G R A P H Y 

Entraîner System C 0 2 Separator 
Recycle System 

Figure 9. PDM p i l o t p lant u n i t schematic diagram. 

û. 

Extraction Pressura: 80 bar 
Extraction Tima: 3 hours 
0.8% Pyrethrin Jn Raw Material 

Source: Marc Sims, P.E. 
Emeryville, California 
Unpublished Data 
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Figure 10. E f f i c i e n c y of C0 2 e x t r a c t i o n vs. temperature. ( P r i n t e d 
w i t h permission. Copyright 1987 Marc Sims.) 
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Extraction Pressure: 65 bar 
Extraction Temp.: 22°C 
0.9% Pyrethrin in Raw Material 

Source: Marc Sims, P.E. 
Emaryvilla, California 
Unpublished Data 

40 *-
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Figure 11. E f f i c i e n c y of C0 2 e x t r a c t i o n vs. time on stream. 
( P r i n t e d w i t h permission. Copyright 1987 Marc Sims.) 

Extraction Pressure: 65 bar 
Extraction Temp.: 22°C 

60 - N * 0.9% Pyrethrin in Raw Material 

1 s ° - \ 
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ν Source: Marc S»ma, P.E. 
Q n _ X Emeryville, CelHomla 
O V I N A UnpubHsiMd Data 
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Figure 12. P y r e t h r i n concentration i n e x t r a c t vs. time on stream. 
( P r i n t e d w i t h permission. Copyright 1987 Marc Sims.) 
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and 42°C. An a d d i t i o n a l 8.2% of the feed i s e x t r a c t e d w i t h very 
l i t t l e e s s e n t i a l o i l i n the e x t r a c t . The two f r a c t i o n s can then be 
u t i l i z e d s e p a r ately or combined, as d e s i r e d . 

The second example (8) demonstrates two stage e x t r a c t i o n using 
dry C0 2 followed by wet C0 2. Cinnamon i s e x t r a c t e d at 300 BAR and 
55°C. This f i r s t stage occurs w i t h dry C0 2 to remove the e s s e n t i a l 
o i l s r e s p o n s i b l e f o r the aroma and odor of the s p i c e . The second 
e x t r a c t i o n , u s i n g s u p e r c r i t i c a l C0 2 saturated w i t h water, e x t r a c t s 
the f l a v o r components. The f r a c t i o n s can be used separately or 
recombined to the d e s i r e d composition. 

A t h i r d example (9) uses f r a c t i o n a l s eparation by a v a r i a t i o n i n 
separator temperature and pressure, u s u a l l y w i t h two or more separa­
t i o n v e s s e l s i n s e r i e s and by reducing the pressure i n steps. This 
technique r e s u l t s i n the s e p a r a t i o n of the l e s s v o l a t i l e components 
from more v o l a t i l e compounds. Caraway seeds are extracted and 
p r e c i p i t a t e d i n three stages, y i e l d i n g three d i s t i n c t f r a c t i o n s . 
[Figure 13] The f i r s t separator f r a c t i o n contains only 1% e s s e n t i a l 
o i l and c o n s i s t s mainly of f a t t y o i l s . The second separator 
f r a c t i o n , which amounts to only 9.6% of the e x t r a c t , c o n s i s t s of a 
mixture of approximately one part e s s e n t i a l o i l to two p a r t s f a t t y 
o i l s . The t h i r d separator f r a c t i o n contains 90% caraway e s s e n t i a l 
o i l , reported to have e x c e l l e n t f l a v o r c h a r a c t e r i s t i c s . 

Each method of f r a c t i o n a t i o n r e q u i r e s d i f f e r e n t operating 
techniques and d i f f e r e n t equipment types, s i z e s and c o n f i g u r a t i o n s . 
Two-stage e x t r a c t i o n r e q u i r e s longer t o t a l e x t r a c t i o n c y c l e s , and 
p o s s i b l y , p a r a l l e l separator v e s s e l s to c o l l e c t each f r a c t i o n 
i n d i v i d u a l l y , and/or a d d i t i o n of h u m i d i f i c a t i o n v e s s e l s . M u l t i p l e 
stage separation r e q u i r e s a d d i t i o n a l separator v e s s e l s w i t h r e q u i r e d 
heaters and pressure c o n t r o l s . In a l l three cases, the products can 
be used as separate f r a c t i o n s , or i n v a r i o u s combinations to s u i t 
the user needs and marketplace c o n s i d e r a t i o n s . Choice of 
f r a c t i o n a t i o n and s t a n d a r d i z a t i o n methods f o r a commercial-scale 
SCFC0 2 p l a n t i s dependent on r e s u l t s of the economic e v a l u a t i o n of 
a l l t e c h n i c a l l y f e a s i b l e process design a l t e r n a t i v e s . 

Mechanical Design, C o n s t r u c t i o n and Start-up 

Maintenance and R e l i a b i l i t y - The s e l e c t i o n of h i g h pressure p a r t s 
i n r o t a t i n g and/or r e c i p r o c a t i n g s e r v i c e must consider f r i c t i o n , 
l u b r i c a t i o n , speed and s i m i l a r f a c t o r s to minimize wear, leakage and 
premature f a i l u r e . Routine maintenance that can be performed i n 
place w i t h a minimum of o f f - l i n e time i s advantageous; i f i t becomes 
necessary to disconnect the u n i t from the p i p i n g or motor or move i t 
to the maintenance shop f o r r e p a i r , spare u n i t s may be r e q u i r e d . 

An o v e r s i z e d u n i t operating at a slower speed may extend the 
p e r i o d between preventive maintenance work as w e l l as minimizing 
breakdowns or f a i l u r e s . High r e l i a b i l i t y i s necessary f o r 
economical operations s i n c e a p l a n t f a i l u r e i n the middle of a c y c l e 
r e s u l t s i n wasted feed m a t e r i a l , p o s s i b l y wasted products, l o s s of 
C0 2, e t c . 

Cleaning Between Runs and Products - S a n i t a t i o n w i t h i n the system i s 
a constant concern so s p e c i a l design c o n s i d e r a t i o n s such as p i p i n g 
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7. M A R E N T I S Supercritical Carbon Dioxide Processing Plant 1 4 1 

100 h 

75h 

50 

25 

Extr 90/20 P(bar)/T(°C) 

1 st Step 2nd Step 3rd Step 
90/40 74/40 30/0 

Percentage 45.8 
of Extract 

9.6 44.6 

BER. BUN. PHYS. CHEM. 88, p905 

J I Fatty OH 

Essential Oil 

Figure 13. Caraway seed f r a c t i o n a l s e p a r a t i o n . (Reproduced w i t h 
permission from Reference 9. Copyright 1984 Verl a g Chemie GmBH.) 
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142 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 A N D C H R O M A T O G R A P H Y 

disconnects at s u i t a b l e p o i n t s , e l i m i n a t i o n of dead legs where 
b i o l o g i c a l l y a c t i v e m a t e r i a l s might accumulate, access to v e s s e l s 
and heat exchangers f o r c l e a n i n g , e t c . In some cases c l e a n - i n - p l a c e 
(CIP) techniques w i l l be s u f f i c i e n t . 

Pretreatment and Posttreatment - Some m a t e r i a l s may r e q u i r e pre-
treatment processing to prepare the m a t e r i a l f o r e x t r a c t i o n or 
post-treatment of the residue a f t e r e x t r a c t i o n i s completed. 
M a t e r i a l handling systems such as conveyors and product s i l o s must 
be designed w i t h these c o n s i d e r a t i o n s i n mind. 

P i p i n g and Valves - Some e x t r a c t s develop a v i s c o u s o i l y phase; 
some e x t r a c t s c o n t a i n i n s o l u b l e s o l i d s ; some waxes or r e s i n s may 
p r e c i p i t a t e w i t h i n the p i p i n g , v a l v e s , or heat exchangers. The 
solvent C0 2 i t s e l f can deposit as a l i q u i d phase or even ( s o l i d ) dry 
i c e i f i n s u f f i c i e n t care i s taken to determine the phase changes 
which may occur i n p i p i n g and v a l v i n g . Techniques to r e l i e v e 
plugging i f i t occurs must be designed i n t o the system. 

Seals and Gaskets - Se a l s , gaskets, and packings face a p a r t i c u l a r l y 
harsh and unusual environment w i t h i n the s u p e r c r i t i c a l system. 
Elastomers w i t h even low C0 2 a b s o r p t i o n values may be u n s u i t a b l e f o r 
the s e r v i c e because even a sm a l l volume of C0 2 absorbed i n t o the 
elastomer at e x t r a c t i o n pressure expands to many times i t s volume 
when pressure i s reduced to atmospheric pressure. The r a t e at which 
pressure can be reduced without mechanically o v e r s t r e s s i n g or 
des t r o y i n g the elastomer must be determined. Areas where sm a l l 
q u a n t i t i e s of C0 2 can be trapped at high pressure create problems 
when the pressure i s r e l i e v e d must be i d e n t i f i e d and e l i m i n a t e d . 
C0 2 i s not a good l u b r i c a t i n g f l u i d , so a l l l u b r i c a t i n g o i l s and 
greases used must be FDA approved f o r food p l a n t use. 

M a t e r i a l s of Co n s t r u c t i o n - Pure dry C0 2 i s not p a r t i c u l a r l y 
c o r r o s i v e but i n the presence of water, organic a c i d s , e t c . 
p o t e n t i a l low c y c l e f a t i g u e / c o r r o s i o n problems e x i s t . S e l e c t i o n of 
s u i t a b l e m a t e r i a l s of c o n s t r u c t i o n must be addressed during the 
pla n t design. 

Quick-opening cl o s u r e s - Many of the v e s s e l s and heat exchangers 
w i t h i n the system w i l l operate i n batch mode. Frequently i t w i l l be 
necessary to remove the top head of a v e s s e l f o r i n t r o d u c t i o n of the 
feed m a t e r i a l or removal of the spent r e s i d u e , or f o r c l e a n i n g and 
i n s p e c t i o n of the surfaces i n contact w i t h the b o t a n i c a l . S e v e r a l 
quick opening c l o s u r e systems are c u r r e n t l y a v a i l a b l e to accomplish 
t h i s , but care must be taken to insure that the system chosen i s 
best f o r the intended use. 

Cons t r u c t i o n Schedule and Start-up - To date, the few commercial-
s c a l e SCFC02 p l a n t s constructed worldwide have, f o r the most p a r t , 
experienced cost overruns due to r e t r o f i t t i n g to c o r r e c t design and 
c o n s t r u c t i o n flaws upon s t a r t - u p , and the as s o c i a t e d cost of 
st a r t - u p delay. A commercial-scale SCFC02 processing p l a n t i s 
h i g h l y c a p i t a l i n t e n s i v e , and thus, p r o f i t a b i l i t y i s very s e n s i t i v e 
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7. M A R E N T I S Supercritical Carbon Dioxide Processing Plant 143 

to t i m e l y c o n s t r u c t i o n and s t a r t - u p . To best manage the problems of 
c o n s t r u c t i o n d e l a y , and to expedite the s o l u t i o n of design and 
c o n s t r u c t i o n flaws that surface upon s t a r t - u p , a s i n g l e vendor 
should be h e l d accountable f o r the r e s p o n s i b i l i t i e s of e n g i n e e r i n g 
d e s i g n , c o n s t r u c t i o n and s t a r t - u p . ' T u r n k e y ' c o n s t r u c t i o n c o n t r a c t s 
w i l l g r e a t l y enhance the p r o b a b i l i t y that f u t u r e c o m m e r c i a l - s c a l e 
SCFC0 2 p l a n t s w i l l be b u i l t on time and w i t h i n budget . 

SUMMARY 

Developing a commercial s u p e r c r i t i c a l C 0 2 p r o c e s s i n g p l a n t r e q u i r e s 
the a p p l i c a t i o n of f i v e s t e p s : 
1) A p p l i c a t i o n of h i g h pressure C 0 2 phase e q u i l i b r i a and f l u i d 

dynamics t h e o r y ; 
2) A p p l i c a t i o n of knowledge of the b o t a n i c a l s s t r u c t u r e and 

chemistry ; 
3) Performance of the process design p r o t o c o l i n c l u d i n g screening 

s t u d i e s , PDU s t u d i e s , and p i l o t p l a n t s t u d i e s ; 
4) U t i l i z a t i o n of process development data f o r process des ign and 

economic e v a l u a t i o n of a l t e r n a t i v e commercial p l a n t d e s i g n s ; 
5) E n g i n e e r i n g , c o n s t r u c t i o n and s t a r t - u p of the commercial p l a n t . 
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Chapter 8 

Capillary Supercritical Fluid 
Chromatography with Applications 

in the Food Industry 

T. L . Chester, L . J. Burkes, T . E. Delaney, D. P. Innis, G . D. Owens, 
and J. D. Pinkston 

Miami Valley Laboratories, The Procter & Gamble Company, 
Cincinnati, OH 45239-8707 

A thermodynamic basis positioning the capabilities of 
SFC and GC is given and demonstrated with food 
applications. SFC will elute the same eluate at a 
lower temperature than GC, and will elute much higher 
molecular weight eluates than GC. This elution 
capability, when combined with universal detection via 
flame ionization, makes SFC a powerful technique for 
screening analytical problems within its scope. Mild 
temperatures, extended molecular weight range (compared 
to GC), and universal detection for organic compounds 
provide more accurate screening of samples with SFC 
than is possible with GC or HPLC. 

C a p i l l a r y s u p e r c r i t i c a l f l u i d chromatography (SFC) (1) has c h a r a c ­
t e r i s t i c s f i t t i n g between those of c o n v e n t i o n a l gas chromatography 
(GC) and h i g h performance l i q u i d chromatography (HPLC) ( 2 ) . 
T h i n k i n g of SFC as an extens ion of GC, the s u p e r c r i t i c a l mobile 
phase, w i t h i t s c h a r a c t e r i s t i c l i q u i d - l i k e a b i l i t y to s o l v a t e other 
m a t e r i a l s , a l lows lower e l u t i o n temperatures and a much l a r g e r 
molecular weight or v o l a t i l i t y range than i s p o s s i b l e i n GC. B u t , 
s u p e r c r i t i c a l f l u i d s have much lower s o l u t e d i f f u s i o n c o e f f i c i e n t s 
than gases . T h i s g e n e r a l l y r e s u l t s i n longer a n a l y s i s times f o r SFC 
than f o r GC. As an extens ion o f HPLC, SFC i s a f a s t e r technique 
when comparing l i q u i d and s u p e r c r i t i c a l mobile phases on the same 
column. Once a g a i n , t h i s i s because of d i f f e r e n c e s i n s o l u t e 
d i f f u s i o n c o e f f i c i e n t s i n the mobile phases. Thus, c a p i l l a r y SFC 
has reasonable a n a l y s i s times w h i l e c a p i l l a r y HPLC u s u a l l y takes too 
long to be a p r a c t i c a l p r o b l e m - s o l v i n g t o o l . What i s even more 
important i n c o n s i d e r i n g p r a c t i c a l i t y and p r o b l e m - s o l v i n g p o t e n t i a l 
i s the c o m p a t i b i l i t y of many s u p e r c r i t i c a l f l u i d mobile phases w i t h 
GC d e t e c t o r s (3-8) and w i t h s p e c t r o s c o p i c d e t e c t o r s ( 9 , 1 0 ) . In 
p a r t i c u l a r , the use of CO2 w i t h the f l a m e - i o n i z a t i o n d e t e c t o r 
combines separat ions (with a low-temperature , s o l v a t i n g mobile phase 
of c o n t i n u o u s l y a d j u s t a b l e and programmable s trength) over a g r e a t l y 
extended molecular weight range (compared to GC) w i t h u n i v e r s a l 
d e t e c t i o n f o r o r g a n i c compounds. 

0097-6156/88/0366-0144$06.00/0 
© 1988 American Chemical Society 
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8. C H E S T E R E T A L . Applications in the Food Industry 145 

Understanding why SFC elution behaves in this manner is most 
easily achieved by starting from a GC perspective. If we study the 
retention behavior of a single, stable analyte on a capillary GC 
column as a function of temperature, we find that the logarithm of 
the capacity ratio varies linearly with the reciprocal of the 
absolute temperature. The capacity ratio, k, is ( t r - t Q ) / t 0 

for isothermal conditions. The variables t r and t Q are the 
retention times of the analyte and an unretained material, 
respectively. This GC retention behavior is shown in Figure 1. 

A thermodynamic explanation of GC retention vs. temperature is 
based on the Van't Hoff equation, extended for GC: 

In k = - AGS/RT - In β (1) 

where AG g is the free energy of solution of the solute in the 
stationary phase. R and Τ are the gas constant and absolute 
temperature, respectively, and β is the phase ratio of the column 
(defined as the ratio of the mobile phase to the stationary phase 
volumes). Upon substituting AH g - T A S g for AG g, we see the 
slope of the retention curve gives the enthalpy of solution of 
solute in the stationary phase, Δ Η 8 , and the intercept is 
determined by the phase ratio and the entropy ( A S g ) terms. This 
retention behavior for a given analyte is a function only of the 
column stationary phase, phase ratio and the temperature. Retention 
is completely independent of the mobile phase as long as i t is inert 
and non-solvating under the conditions of the measurements. Thus, 
He, Η 2 » and even CO2 produce the same retention behavior under 
GC conditions. 

Now, suppose we partially plug the column outlet while raising 
the inlet pressure. With a CO2 mobile phase we can achieve 
significant solvating densities beginning at pressures of about 70 
atmospheres. We have to choose and adjust the restriction at the 
outlet to get the mobile phase velocity range we want for the 
operating pressure range. As mobile phase solvation begins, the 
mobile phase competes with stationary phase for solute. The net 
effect is a reduction in analyte retention. In our thermodynamic 
model, a new term must be added representing the effect of mobile 
phase solvation: 

In k = - AGS/RT - In β + AGm/RT (2) 

or In k = - (Δ G g - AGm)/RT - In β (3). 

The new term, AG m, represents the free energy of solution of 
solute in the mobile phase. The magnitude of this term depends on 
the density of the mobile phase, and is zero for non-solvating 
mobile phases (as in GC). Upon substitution and simplification, 
equation 3 becomes 

In k = - (Δ H s -AHJ/RT + C (4) 

where C is the intercept containing the phase ratio and entropy 
terms. Looking at retention data again on a Van't Hoff plot, we see 
that increasing the mobile phase density decreases the slope and 
reduces retention (11). Mobile phase density has a large effect on 
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146 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 A N D C H R O M A T O G R A P H Y 

the enthalpy of s o l u t i o n and the slope of the p l o t . But i f 
s t a t i o n a r y phase s w e l l i n g i s n e g l i g i b l e ( f i x i n g the phase r a t i o ) and 
r e t e n t i o n occurs purely by a p a r t i t i o n mechanism (without 
a d s o r p t i o n ) , then the i n t e r c e p t should be constant (11). This i d e a l 
behavior i s shown i n Figure 2, a Van't Hoff p l o t of a s i n g l e , 
p e r f e c t a n a l y t e at s e v e r a l d i f f e r e n t mobile phase d e n s i t i e s . In 
a c t u a l f a c t , the i n t e r c e p t does move somewhat because the s t a t i o n a r y 
phase s w e l l s w i t h i n c r e a s i n g mobile phase d e n s i t y (.12). But i f the 
s t a t i o n a r y phase even doubles i t s volume, i t causes only a 
r e l a t i v e l y s m a l l s h i f t of the i n t e r c e p t because of the l o g f u n c t i o n . 

Even though the movement of the i n t e r c e p t has not been s t u d i e d 
i n depth i n c a p i l l a r y SFC, the general trend of r e t e n t i o n curves at 
v a r i o u s d e n s i t i e s at temperatures away from the o r i g i n are w e l l 
known: Incr e a s i n g the mobile phase d e n s i t y at any temperature 
reduces the r e t e n t i o n . S e v e r a l conclusions f o l l o w from t h i s 
knowledge: 

» Any compound t h a t can be e l u t e d from a given column by GC 
can be e l u t e d w i t h l e s s r e t e n t i o n by SFC. 

>> Any compound t h a t can be e l u t e d from a column by GC can be 
e l u t e d w i t h lower temperature by SFC. 

» For any homologous or o l i g o m e r i c s e r i e s of compounds, SFC 
i s capable of a c h i e v i n g a higher molecular weight range 
than GC. 

» Any t e c h n o l o g i c a l improvements t h a t extend the scope of GC 
w i l l s i m i l a r l y extend the scope of SFC. 

So, w i t h SFC, temperatures as low as 35°C are p o s s i b l e , and a 
molecular weight range of 3000 i s f a i r l y t y p i c a l (although masses 
exceeding 10,000 Da have been e l u t e d and detected w i t h an FID). And, 
compared to HPLC, SFC gives us c a p i l l a r y - c o l u m n e f f i c i e n c y combined 
w i t h detector options not p o s s i b l e w i t h organic mobile phases. 

The p r i c e we must pay f o r t h i s c a p a b i l i t y comes i n terms of 
a n a l y s i s time. I f we compare a l l three types of mobile phase on one 
column, we see the column e f f i c i e n c y behavior i l l u s t r a t e d i n Figure 
3. Here we've simply evaluated the Golay equation (13) ( g i v i n g 
height e q u i v a l e n t to a t h e o r e t i c a l p l a t e , h) f o r l i q u i d , super­
c r i t i c a l f l u i d at two d e n s i t i e s , and gas mobile phases, and p l o t t e d 
the r e s u l t s as a f u n c t i o n of the l o g of the mobile phase v e l o c i t y . 
The Golay equation p r e d i c t s t h a t any column w i l l produce the same 
minimum h regardless of the mobile phase used. The mobile phase 
choice determines the optimum v e l o c i t y (where the minimum h occurs) 
and thus has a d i r e c t e f f e c t on the a n a l y s i s time. This i s caused 
by the d i f f e r e n c e s i n the s o l u t e d i f f u s i o n c o e f f i c i e n t s between the 
mobile phases. As seen i n the f i g u r e , GC i s the f a s t e s t technique, 
by f a r . SFC i s second. And HPLC i s slowest - - i n f a c t , c a p i l l a r y 
HPLC i s so slow i t i s not w i d e l y used. But, i n p r a c t i c e , one column 
i s not used f o r a l l three techniques. Short packed columns are used 
s u c c e s s f u l l y i n HPLC and g i v e very short a n a l y s i s times. Packed-
column SFC can be even f a s t e r . But, without the use of ( d e t e c t o r -
l i m i t i n g ) organic c o - s o l v e n t s , packed-column SFC has not yet matched 
the molecular weight range of c a p i l l a r y SFC. 
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Figure 1. Retention behavior of an i d e a l analyte i n gas 
chromatography. 

Figure 2. Retention behavior of an i d e a l analyte i n s u p e r c r i t i c a l 
f l u i d chromatography w i t h changing mobile phase d e n s i t y , P. 

American Chemical Society 
Library 

1155 15th St., N.W. 
Washington, D.C. 20036 
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0.009 

0.008 

0.007 

υ

β 0.006 Η 
JC 

0.005 

0.004 Η 

0.003 

HPLC vy ^ V SFC (low density) V / GC 
SFC (high density) 

" Ί 1 
4 

log ν (v Is um/e) 

Figure 3. C a l c u l a t e d height equivalent to a t h e o r e t i c a l p l a t e , h, 
vs. l o g of the mobile phase v e l o c i t y f o r a p e r f e c t analyte e l u t e d 
on one c a p i l l a r y column w i t h three d i f f e r e n t mobile phases. 
Assumptions are: column i n s i d e diameter i s 50 um; d i f f u s i o n 
c o e f f i c i e n t s are 10~1 cm2/s f o r gas, 10~3 and 10-4 cm2/s f o r low-
and high-density s u p e r c r i t i c a l f l u i d , r e s p e c t i v e l y , and 10"^ 
cm^/s f o r l i q u i d . 
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Comparing only the v i a b l e c a p i l l a r y column techniques, GC and 
SFC, the columns used i n each are not i d e n t i c a l . Shorter, 
smaller-diameter columns are chosen f o r SFC to reduce the a n a l y s i s 
time. The smaller diameters a l s o lower ( t h a t i s , they improve) the 
minimum p l a t e height. However, column e f f i c i e n c y a c t u a l l y r e a l i z e d 
i s more important than p l a t e height. So, the column length and 
mobile phase v e l o c i t y used must a l s o be considered. Figure 4 
compares e f f i c i e n c i e s of t y p i c a l SFC and GC columns as a f u n c t i o n of 
mobile phase v e l o c i t y . The f i g u r e i s somewhat deceptive at f i r s t 
glance. The SFC column has a much higher optimum e f f i c i e n c y but i s 
u s u a l l y used at a higher-than-optimum v e l o c i t y to shorten a n a l y s i s 
time: E f f i c i e n c y i s traded f o r speed of a n a l y s i s . The v e l o c i t y and 
e f f i c i e n c y ranges commonly used i n both techniques are i n d i c a t e d by 
the shaded areas. Thus, i n common p r a c t i c e , c a p i l l a r y SFC has a 
lower e f f i c i e n c y and a somewhat longer a n a l y s i s time than GC. 

So, whenever i t i s capable of s o l v i n g a problem, GC i s the best 
choice by v i r t u e of i t s speed and e f f i c i e n c y . But the l i m i t e d 
molecular weight range and the u n c e r t a i n t i e s of a n a l y t e s u r v i v a l at 
high temperatures are s i g n i f i c a n t r e s t r i c t i o n s i n the use of GC. 
This i s obvious i n cases where known compounds f a i l t o e l u t e . 
However, these r e s t r i c t i o n s may be s u b t l e , and p o t e n t i a l l y more 
c o s t l y , when the thermal s t a b i l i t y and v o l a t i l i t y of the sample 
components i s unknown. HPLC i s r e s t r i c t e d by detector l i m i t a t i o n s 
-- detector choice i s a guessing game when the analytes are 
unknown. SFC i s s u p e r i o r to GC and HPLC f o r the f i r s t screening of 
many new samples. For t h i s purpose SFC provides: 

» A lower r i s k of t h e r m a l l y degrading (and a l t e r i n g ) the 
sample than GC. 

» A l a r g e r molecular weight range than GC, p r o v i d i n g a more 
complete p i c t u r e of what kinds of things are i n the 
sample. (GC provides more low-molecular-weight d e t a i l , 
but t h a t can come l a t e r , i f r e q u i r e d ) . 

>> A more complete p i c t u r e of what i s present w i t h i n i t s mass 
range (provided by the FID) than i s p o s s i b l e by HPLC w i t h 
i t s detector l i m i t a t i o n s . 

SFC i s extremely v a l u a b l e f o r screening problems and f o r v a l i d a t i n g 
GC and HPLC methods when they are best. And, SFC proves to be the 
best technique f o r r o u t i n e analyses i n many cases. 

Experimental Considerations 

C a p i l l a r y SFC r e q u i r e s a p u l s e - f r e e , p r e s s u r e - c o n t r o l l e d pump, an 
i n j e c t o r , a column, a column oven, and a d e t e c t o r . The b a s i c 
instrumentation has been described i n a number of r e p o r t s and 
reviews (14,15). In a d d i t i o n , w i t h the f l a m e - i o n i z a t i o n d e t e c t o r , 
the mass spectrometer, and any other low-pressure d e t e c t o r , a 
f l o w - r e s t r i c t i n g i n t e r f a c e i s r e q u i r e d between the column o u t l e t and 
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the d e t e c t o r . This i s necessary t o c o n t r o l the mobile phase 
v e l o c i t y w h i l e maintaining the mobile phase pressure (and d e n s i t y ) 
over the e n t i r e length of the column. This a l s o has been the 
subject of much previous work (3-7). 

Columns are made of fused s i l i c a i n a f a s h i o n s i m i l a r t o modern 
GC columns. The dimensions are somewhat d i f f e r e n t than used i n GC. 
I n s i d e diameters are u s u a l l y 50-100 um, and the t h i c k n e s s of the 
s t a t i o n a r y phase f i l m r e l a t i v e to the i n s i d e diameter i s l a r g e r than 
i n GC (16). S t a t i o n a r y phases must be i n s o l u b l e i n the mobile 
phase. C r o s s l i n k e d s i l i c o n e s are very s t a b l e , e s p e c i a l l y w i t h CO2 
mobile phase, and have been used as s t a t i o n a r y phase i n most of the 
c a p i l l a r y SFC work reported to date. 

A p p l i c a t i o n s 

We w i l l focus on examples t h a t are e i t h e r impossible, or at l e a s t 
questionable, by GC and HPLC. 

SFC works great f o r a wide v a r i e t y of oligomers. Ethoxylates 
and propoxylates have many uses i n the food i n d u s t r y . Yet, they are 
d i f f i c u l t to c h a r a c t e r i z e because of t h e i r mass range, o f t e n 
exceeding s e v e r a l thousand d a l t o n s , combined w i t h poor l i g h t 
absorbance which l i m i t s HPLC d e t e c t i o n . SFC i s able t o e l u t e 
polyethylene g l y c o l s out to about E 4 5 ( t h a t i s , an e t h o x y l a t e 
chain w i t h 45 members) as seen i n Figure 5. The a b i l i t y of SFC to 
handle h i g h l y - p o l a r g l y c o l s i s important when g l y c o l chains are 
attached to nonpolar molecules to make s u r f a c t a n t s and e m u l s i f i e r s . 

The s u p e r i o r i t y of SFC i n a n a l y z i n g oligomers i s e a s i l y seen i n 
the a n a l y s i s of s i l i c o n e s . S i l i c o n e s ( i n t h i s case, 
p o l y d i m e t h y l s i l o x a n e s , or PDMS) are s p e c i f i e d according t o t h e i r 
v i s c o s i t y . A 20 cs PDMS can be separated over most of i t s molecular 
weight range using GC. However, h e a v i e r , more viscous samples 
cannot be d i f f e r e n t i a t e d by GC. HPLC, and e s p e c i a l l y g e l permeation 
chromatography (GPC), i s f r e q u e n t l y used t o get molecular weight 
d i s t r i b u t i o n s of PDMS samples. However, the chromatogram i s u s u a l l y 
j u s t an envelope w i t h no information on i n d i v i d u a l components and no 
i n d i c a t i o n i f i m p u r i t i e s e x i s t over the same molecular weight range 
as the sample. Figures 6 and 7 show SFC chromatograms of two 500 cs 
PDMS samples, both of which met manufacturers' s p e c i f i c a t i o n s . The 
mass range i n these chromatograms i s estimated t o extend beyond 8500 
Da (17)· R e s o l u t i o n of i n d i v i d u a l components g r a d u a l l y diminishes 
u n t i l being completely l o s t about h a l f way through the 
chromatograms. This i s due to the i n c r e a s i n g s i m i l a r i t y of adjacent 
s e r i e s members w i t h i n c r e a s i n g degree of p o l y m e r i z a t i o n and to the 
i n c r e a s i n g s o l u t e d i f f u s i o n c o e f f i c i e n t s w i t h i n c r e a s i n g s o l u t e 
molecular weight and mobile phase d e n s i t y . GPC chromatograms of 
these two samples are very s i m i l a r to each other and show no d e t a i l 
of i n d i v i d u a l peaks. GC i s p o i n t l e s s . Yet, SFC, w h i l e not p e r f e c t , 
provides the most d e t a i l e d i n f o r m a t i o n a v a i l a b l e , e a s i l y 
d i s t i n g u i s h e s these samples from each other, and i s capable of 
d e t e c t i n g ( e a r l y - e l u t i n g ) overlapping s e r i e s of i m p u r i t i e s . 
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The a b i l i t y of SPC to e l u t e s i l y l a t e d o l i g o s a c c h a r i d e s through 
about G^g ( t h a t i s , a chain of 18 glucose u n i t s ) has been reported 
(18). A t y p i c a l SFC-FID chromatogram of a s i l y l a t e d corn syrup 
s o l i d s sample i s shown i n Figure 8. The double peaks are b e l i e v e d 
to be caused by the two p o s s i b l e anomers at each molecular weight. 
O r d i n a r i l y , o l i g o s a c c h a r i d e s cannot be d i s s o l v e d w e l l enough i n 
CO2 f o r a p r a c t i c a l a n a l y s i s . However, they s i l y l a t e e a s i l y i n 
j u s t one step. The s i l y l a t e d analogs are very s o l u b l e i n CO2 and 
give e x c e l l e n t SFC behavior. Conventional GC i s the best method to 
analyze o l i g o s a c c h a r i d e s through about G 5 , but r e q u i r e s 
temperatures exceeding 350°C to go any f u r t h e r . I f columns could 
be developed w i t h 500°C temperature ranges, and i f the sample 
components could s u r v i v e such a high temperature a n a l y s i s , 
e x t r a p o l a t i o n of lower-molecular-weight r e t e n t i o n data suggests t h a t 
GC could only reach the G^g-G^ range. HPLC has more molecular 
weight range than has been demonstrated so f a r even f o r SFC, but can 
only r e s o l v e a few members of a s e r i e s on any one i n j e c t i o n due to 
the i s o c r a t i c solvent l i m i t a t i o n imposed by the d e t e c t o r s . 

E a r l i e r we emphasized how e f f e c t i v e SFC-FID can be at surveying 
samples new to a p a r t i c u l a r l a b . The SFC-FID combination gives a 
much b e t t e r chance of seeing what i s i n the sample than e i t h e r GC or 
HPLC used alone. The f i n a l examples were a l l done i n survey f a s h i o n 
w i t h minimum sample p r e p a r a t i o n and w i t h no attempt t o determine the 
i d e n t i t i e s of the peaks. 

E m u l s i f i e r s and gums are important i n the food i n d u s t r y and are 
o f t e n hard t o c h a r a c t e r i z e . Figure 9 shows chromatograms of a 
chewing gum e x t r a c t and a bubble gum e x t r a c t . Each was prepared by 
blending a s t i c k of chewing gum or a piece of bubble gum i n a 1:1 
mixture of water and methylene c h l o r i d e . The methylene c h l o r i d e 
l a y e r was then separated, f i l t e r e d , and i n j e c t e d . The major peaks 
e l u t i n g above 250 atmospheres, e s p e c i a l l y i n the cinnamon-flavored 
chewing gum, are noteworthy. G e n e r a l l y , peaks e l u t i n g at 250 
atmospheres ( a t a 100°C column temperature) by c a p i l l a r y SFC would 
r e q u i r e an e l u t i o n temperature of over 350°C using GC. And, 
s i g n i f i c a n t a d d i t i o n a l scope i s a v a i l a b l e w i t h SFC s i n c e the 
pressure range a v a i l a b l e exceeds 400 atmospheres. 

Figure 10 i s a chromatogram of honeycomb e x t r a c t . The honey­
comb was simply d i s s o l v e d i n toluene, f i l t e r e d , and i n j e c t e d . Honey­
comb contains f a t t y a c i d s , p a r a f f i n s , e s t e r s , d i e s t e r s , and other 
components. I t i s d o u b t f u l t h a t a l l the peaks v i s i b l e i n Figure 10, 
and e s p e c i a l l y those e l u t i n g above 300 atmospheres, could be e l u t e d 
by GC. 

Figure 11 shows chromatograms of black and red pepper e x t r a c t s . 
Here i s a case where GC may be s u i t a b l e f o r the black pepper but not 
f o r the red pepper because of the major, l a t e - e l u t i n g peaks. 

We have given t h e o r e t i c a l and p r a c t i c a l arguments and examples 
to i l l u s t r a t e how SFC can be used to s o l v e s e p a r a t ion problems when 
conventional techniques are not s u f f i c i e n t . SFC would be a powerful 
a d d i t i o n to the c a p a b i l i t i e s of a well-equipped a n a l y t i c a l l a b , and 
would be e s p e c i a l l y v a l u a b l e to a i d i n the c h a r a c t e r i z a t i o n of 
unknown samples. 
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Pressure (atm) 
70 

Time (min) '— 
70 

Blueberry Brand HB (A) vs. Cinnamon Brand BR (Β) (whole) 

Sample Prep. 

Instrument 
Column 
Column Temp 
FID Temp 
Carrier 
Pressure 

gum homogenized in blender with (1:1) H20:CH2CI2 

CH2CI2 phase passed through 0.45 um Millipore filter. 
MVL-built SFC with ΡΕ 3920B gas chromatograph oven 
J&W Scientific DB-1,10 m χ 50 um I.D., 0.1 um film 
100° C 
350° C 
C0 2 

10 min at 70 atm, 2 atm/min to 270 atm, 4 atm/min to 390 atm 

100 125 150 175 200 225 250 270 310 350 370 

10 20 30 40 50 60 70 80 90 100 110 120 130 140 

Figure 9. Chromatogram of e x t r a c t s of two d i f f e r e n t chewing gums. 
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Chapter 9 

Retention Processes in Supercritical 
Fluid Chromatography 

Clement R. Yonker and Richard D. Smith 

Chemical Sciences Department, Pacific Northwest Laboratory, 
Richland, WA 99352 

The understanding of retention processes in 
supercritical fluid chromatography is important for the 
continued growth and development of the analytical 
technique. Chromatographic retention has been studied 
using a simple thermodynamic model involving solute 
retention as a function of pressure and through 
assessment of the effect of density on the enthalpy of 
solute transfer between the supercritical mobile phase 
and bonded stationary phase. The solvatochromic behavior 
of solute probes in pure and binary supercritical fluids 
can be used to determine their polarity/polarizability as 
a function of density and related solvent effects on 
solute retention in supercritical fluid chromatography. 

S u p e r c r i t i c a l f l u i d chromatography (SFC) i s a r a p i d l y expanding 
a n a l y t i c a l technique f o r the separation of a wide range of compound 
c l a s s e s , some of which are not e a s i l y amenable to gas chromatography 
or l i q u i d chromatography. It can be argued that the continuation of 
t h i s r a p i d growth and expansion i n t o other a n a l y t i c a l a p p l i c a t i o n s 
would b e n e f i t from an improved fundamental understanding of solute 
r e t e n t i o n i n SFC using both pure and binary s u p e r c r i t i c a l f l u i d s as 
mobile phase solvents. The ba s i c physicochemical studies to be 
discussed i n t h i s chapter e f f e c t not only chromatographic r e t e n t i o n , 
but a l s o 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 processes and chemical 
r e a c t i o n mechanisms i n s u p e r c r i t i c a l f l u i d s . ( l n l ) 

The d i s t r i b u t i o n c o e f f i c i e n t f o r the chromatographic r e t e n t i o n 
process i s s i m i l a r to the bulk d i s t r i b u t i o n c o e f f i c i e n t s tudied i n 
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 . Reaction rates i n s u p e r c r i t i c a l 
f l u i d solvents as a fun c t i o n of pressure are determined by the change 
i n p a r t i a l molar volume (Δν^) between the products and reactants. 
The same parameter (Avp a f f e c t s solute r e t e n t i o n i n SFC, as w i l l be 
shown i n the Theory s e c t i o n . Therefore, the study and understanding 
of solute r e t e n t i o n i n SFC i s relevant to a l l t e c h n o l o g i c a l 
a p p l i c a t i o n s of s u p e r c r i t i c a l f l u i d s . 

Three major areas of i n v e s t i g a t i o n i n our laboratory using 
s u p e r c r i t i c a l f l u i d s w i l l be discussed. These e n t a i l : 1) solute 
r e t e n t i o n modeling using a simple thermodynamic d e s c r i p t i o n of 
re t e n t i o n as a func t i o n of pressure at constant temperature i n SFC; 

0097-6156/88/0366-0161 $06.00/0 
© 1988 American Chemical Society 
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2) the i n v e s t i g a t i o n of the thermodynamics of solute r e t e n t i o n by 
studying the behavior of the enthalpy of solute t r a n s f e r between the 
f l u i d mobile phase and the bonded s t a t i o n a r y phase, f o r both pure and 
binary s u p e r c r i t i c a l f l u i d s , and 3) the study of the solvatochromic 
behavior of pure and binary s u p e r c r i t i c a l f l u i d s at d i f f e r e n t 
pressures and temperatures. The l a t t e r method allows one to study 
the s o l v a t i o n process (solute-solvent i n t e r a c t i o n s ) i n the f l u i d 
mobile phase as a f u n c t i o n of density independent of the presence of 
the bonded s t a t i o n a r y phase. 

The combination of these fundamental studies provides a basis 
f o r an i n t e g r a t e d approach to understanding r e t e n t i o n processes i n 
SFC. Inherent i n t h i s approach i s a concommitant increase i n the 
understanding of s u p e r c r i t i c a l f l u i d s f o r a p p l i c a t i o n s i n e x t r a c t i o n 
and chemical r e a c t i o n phenomena. In t h i s chapter the r e s u l t s of our 
i n i t i a l studies on solute r e t e n t i o n i n SFC w i l l be presented and 
discussed. 

Theory 

Thermodynamics of Retention i n SFC. Solute r e t e n t i o n i n SFC as a 
f u n c t i o n of pressure i s given as, (6,7) 

(3lnk'/3P)T = l / R T t v ^ P ' 0 0 - v^P' 0 0] - Κ (l) 

where k' i s the dimensionless r e t e n t i o n f a c t o r of the solute, R i s 
the gas constant, Τ i s temperature, v ^ P ' 0 0 and v ^ P ' 0 0 are the solute 
p a r t i a l molar volumes i n the mobile and s t a t i o n a r y phases at i n f i n i t e 
d i l u t i o n r e s p e c t i v e l y , and K, the isothermal c o m p r e s s i b i l i t y of the 
f l u i d s o l u t i o n , i s defined as 1/V (3v/3P). This term r e l a t e s the 
change i n molar volume of the compressible f l u i d (V) as a f u n c t i o n of 
pressure to solute r e t e n t i o n i n SFC. Under the experimental 
conditions discussed i n t h i s chapter (and almost u n i v e r s a l l y relevant 
to SFC), the mole f r a c t i o n of the s e l e c t e d solute, naphthalene, i n 
the f l u i d phase i s very low (X^p « 1 0 " 2 ) (£) , therefore, v ^ P ~ 
ν-^p, 0 0. 

The p a r t i a l molar volume of the solute i n the mobile phase at 
i n f i n i t e d i l u t i o n i s a s e n s i t i v e probe of the s o l v e n t - s o l u t e 
i n t e r a c t i o n s . The p a r t i a l molar volume of the solute at i n f i n i t e 
d i l u t i o n can be expressed as two terms through a t r i p l e product 
r e l a t i o n s h i p . 

Vlmp,oo = K 2 V 2 [ O p / a n i ) T / v f n 2 3 ( 2 ) 

where K 2 i s the isothermal c o m p r e s s i b i l i t y of the pure solvent and V 2 

i s the molar volume of the pure solvent. (^.,lu) S u b s t i t u t i o n of 
equation 2 i n t o equation 1 y i e l d s a r e l a t i o n s h i p f o r the slope of 
solute r e t e n t i o n i n SFC. 

(3lnk f/3P)T = l/RT{K 2V 2OP/an 1) T fv,n2 -vi sP'°°] - Κ (3) 

From equation 3, using an appropriate equation of state (EOS) that 
describes the P,V,T e q u i l i b r i a f o r the solute and the f l u i d , solute 
r e t e n t i o n i n SFC can be p r e d i c t e d f o r systems f a l l i n g within the 
scope of our assumptions. 
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The density dependence of r e t e n t i o n at constant temperature i s 
defi n e d as, 

(3lnk'/3p) T = (3lnk'/3P) T (3P/3p) T <4> 

where p i s density (g/cm3) . The f i r s t term on the r i g h t hand side 
(RHS) of equation 4 has already been evaluated i n the previous 
equation. The second term on the RHS of equation 4 i s the slope of 
pressure versus density at constant temperature f o r the f l u i d and can 
be r e a d i l y obtained from an EOS. The Peng-Robinson, two-parameter, 
cubic EOS was used to evaluate the p a r t i a l molar volume of the solute 
i n the mobile phase (equation 2 ) , the isothermal c o m p r e s s i b i l i t y of 
the f l u i d s o l u t i o n and solvent, and (3Ρ/3ρ)τ i n Equation 4. 

For systems composed of a pure f l u i d solvent and an organic 
s o l u t e , standard mixing r u l e s were used f o r the c a l c u l a t i o n of the 
mixture parameters (10.11) . Therefore, a l l the terms i n equation 3 
and 4 can be evaluated as a fu n c t i o n of pressure and dens i t y at 
constant temperature, except f o r the p a r t i a l molar volume of the 
solute i n the s t a t i o n a r y phase at i n f i n i t e d i l u t i o n visP'°°. The 
p a r t i a l molar volume of the solute i n the s t a t i o n a r y phase can be 
estimated, allowing solute r e t e n t i o n i n the s u p e r c r i t i c a l region to 
be c a l c u l a t e d as a fu n c t i o n of pressure. 

Assuming conditions of i n f i n i t e d i l u t i o n during r e t e n t i o n i n 
SFC, the solute d i s t r i b u t i o n c o e f f i c i e n t can be r e l a t e d to the fr e e 
energy of t r a n s f e r by, 

AG = -RT In K D (5) 

where AG i s the change i n Gibbs f r e e energy of so l u t e t r a n s f e r from 
the mobile phase to the s t a t i o n a r y phase (12.) r and K D i s the solute 
d i s t r i b u t i o n c o e f f i c i e n t . 

The thermodynamic r e l a t i o n s h i p between the solute d i s t r i b u t i o n 
c o e f f i c i e n t and temperature i s , 

In K D = -ΔΗ/RT + AS/R (6) 

where ΔΗ i s the change i n ethalpy of solute t r a n s f e r and As i s the 
change i n entropy of solute t r a n s f e r . The solute d i s t r i b u t i o n 
c o e f f i c i e n t can be r e l a t e d to the solute r e t e n t i o n f a c t o r by, 

K D = C s/C m = k'<Vm/Vg) = k'p (7) 

where C s and C m are the solute concentrations i n the two phases, V m 

i s the volume of the mobile phase and V s i s the volume of the 
s t a t i o n a r y phase. Their r a t i o , β, i s d e f i n e d as the phase r a t i o . 
Upon s u b s t i t u t i o n of equation 7 i n t o 6 and rearranging y i e l d s , 

In k' = - ΔΗ/RT + AS/R - In β (8) 

The slope of a p l o t of In k' against T"1 at constant pressure i s , 

[3ln k ' / S i T - M u p = -AH/R (9) 
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where ΔΗ i s the enthalpy of solute t r a n s f e r at constant pressure. Of 
greater i n t e r e s t i s the slope of In k' versus T"1 at constant 
density, 

(3ln k'/3T" 1) p= (3ln k'/3P) T (3P/3T" 1) p+ (3ln k ' ^ T " 1 ) ? (10) 

From Equation 10, the e f f e c t i v e enthalpy of solute t r a n s f e r between 
the mobile and s t a t i o n a r y phases, (ΔΗ τ) can be obtained at constant 
d e n s i t y . S u b s t i t u t i n g Equation 9 i n t o equation 10 y i e l d s , 

(3ln k'/3T~ 1)p = ô + ΔΗ = ΔΗ τ (11) 

where δ i s a c o r r e c t i o n term to ΔΗ containing a thermal exp a n s i v i t y 
term and (3ln k'/3P)T(3ln k'/3T _ 1)p. For l i q u i d and gas 
chromatography, where pressure has a n e g l i g i b l e e f f e c t on solvent 
d e n s i t y (HPLC) or i s held constant (GLC), δ i s zero and Equation 9 i s 
v a l i d . 

Therefore the e f f e c t i v e enthalpy of solute t r a n s f e r i n SFC can 
be obtained experimentally f o r a set of solutes at d i f f e r e n t 
d e n s i t i e s by determining solute r e t e n t i o n as a f u n c t i o n of 
temperature at constant density. The reference s t a t e i n both the 
mobile and s t a t i o n a r y phase i s i n f i n i t e d i l u t i o n obeying Henry's Law; 
therefore, s o l u t e - s o l u t e i n t e r a c t i o n s do not i n f l u e n c e the standard 
s t a t e . The standard state f o r ΔΗ Τ i s a h y p o t h e t i c a l one i n which the 
solute i s at u n i t molar concentration having the same p r o p e r t i e s that 
i t would have at i n f i n i t e d i l u t i o n (12.) · 

Solvatochromic Measurement of S u p e r c r i t i c a l F l u i d S o l v a t i o n 
Environments. The s o l v a t i n g p r o p e r t i e s of s u p e r c r i t i c a l f l u i d mobile 
phases and how these p r o p e r t i e s change with pressure (or f l u i d 
density) are v i t a l to understanding r e t e n t i o n processes i n SFC. The 
measurement of spectroscopic solvent s h i f t s can be used to probe the 
immediate s o l v a t i o n environment of a solute molecule. This 
solvatochromic method u t i l i z e s a l i n e a r s o l v a t i o n energy r e l a t i o n s h i p 
to c o r r e l a t e solvent e f f e c t s upon a s o l u t e . The Kamlet-Taft 
solvatochromic s c a l e (one of s e v e r a l which have been developed) 
r e l a t e s the solute's s u s c e p t i b i l i t y to the solvent's 
p o l a r i t y / p o l a r i z a b i l i t y , a c i d or b a s i c c h a r a c t e r i s t i c s , and charge 
t r a n s f e r e f f e c t s (13-17). Kamlet and Taft have shown that f o r UV-
v i s i b l e s p e c t r a l data, the solvatochromic behavior of the solvent can 
be c o r r e l a t e d by a s i n g l e parameter, π*, i n the absence of hydrogen 
bond i n t e r a c t i o n s or charge t r a n s f e r e f f e c t s . The π* parameter 
c o r r e l a t e s solvent e f f e c t s on the π to π* e l e c t r o n i c t r a n s i t i o n of 
the s o l u t e molecule, e s t a b l i s h i n g an e m p i r i c a l π* s c a l e of solvent 
p o l a r i t y / p o l a r i z a b i l i t y . 

The r e l a t i o n s h i p between the solvent's solvatochromic behavior and 
the s u s c e p t i b i l i t y of the solute i n the absence of s p e c i f i c chemical 
i n t e r a c t i o n s (e.g., hydrogen bonding), i s given by, 

Umax = U 0 + S7t* (12) 

where \ ) m a x i s the wave number of maximum absorbance, \) 0 i s the 
reference absorbance maximum of the solute i n a standard solvent 
(cyclohexane) and S i s the solute's s u s c e p t i b i l i t y to the solvent's 
p o l a r i t y / p o l a r i z a b i l i t y (π*) . Using equation 12 the solvent strength 
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9. Y O N K E R A N D S M I T H Retention Processes in SFC 165 

(π* value) of a s u p e r c r i t i c a l f l u i d can be r e l a t e d to changes i n the 
wavenumber of maximum absorbance f o r the solute as a fu n c t i o n of 
pressure, temperature, density and mole f r a c t i o n of organic co-
solvent . 

Experimental 

The experimental apparatus and methodologies have been described i n 
d e t a i l i n previous p u b l i c a t i o n s . (18-22) The columns used i n these 
studies were fused s i l i c a c a p i l l a r i e s coated and c r o s s - l i n k e d with 
methylphenylpolysiloxane s t a t i o n a r y phases. Detection could be 
accomplished using e i t h e r a flame i o n i z a t i o n detector or a U V - v i s i b l e 
v a r i a b l e wavelength detector, i n which a small s e c t i o n of the outer 
polyimide coating of the c a p i l l a r y had been removed to serve as the 
sample c e l l . Chromatographic studies using one component f l u i d s 
were obtained by condensing the solvent gas i n t o the syringe of a 
high pressure chromatographic pump. Binary f l u i d mixtures were 
prepared by loading predetermined weights of co-solvent i n the 
syringe followed by a known weight of solvent gas from a l e c t u r e 
b o t t l e . The l e c t u r e b o t t l e was weighed before and a f t e r solvent 
loading i n t o the syringe to accurately determine the amount of 
condensed gas added to the co-solvent. The temperature of the 
columns was c o n t r o l l e d with a constant temperature a i r bath having an 
accuracy of ±0.1 °C. Solute samples were i n j e c t e d with a Valco C14W 
HPLC i n j e c t i o n valve (0.2 μΐ rot o r volume). The i n j e c t o r was mounted 
ouside the column oven and was connected to the chosen 
chromatographic column through a flow s p l i t t e r . A flow r e s t r i c t o r 
was connected to the end of the column which c o n t r o l l e d the l i n e a r 
v e l o c i t y of the s u p e r c r i t i c a l f l u i d mobile phase i n the column. The 
solute r e t e n t i o n f a c t o r , k', was determined from the r a t i o of the 
re t e n t i o n time of the ret a i n e d solute (tR) minus the e l u t i o n time of 
a non-retained component ( t Q ) to the e l u t i o n time of a non-retained 
component (k« = ( t R - t Q ) / t Q ) . 

The probe molecule used f o r the studies on the solvatochromic 
behavior of s u p e r c r i t i c a l f l u i d s was 2 - n i t r o a n i s o l e , which has an S 
value of -2.428 ± 0.195 (15) and a reference absorbance maximum of 
32,560 cm-1 i n cyclohexane (υ0) · Absorption spectra of 2 - n i t r o a n i s o l e 
i n the s u p e r c r i t i c a l f l u i d s were obtained with a Varian Model 2200 
spectrophotometer operated i n the dual beam mode with an a i r 
reference. The gases used as s u p e r c r i t i c a l solvents were SFC grade 
C02/ high p u r i t y grade N 20 and NH3, and research grade f o r the other 
gases. 

The high pressure c e l l was constructed from s t a i n l e s s s t e e l (SS 
304) with dimensions of 8.25 cm wide χ 5.0 cm high χ 14.0 cm long. 
The o p t i c a l path along the axis of the c e l l was 5.0 cm long χ 1.9 cm 
i n diameter with a sapphire window at each end of 2.5 cm i n diameter 
χ 1.3 cm t h i c k . The high pressure s e a l between the s t a i n l e s s s t e e l 
c e l l body and the sapphire windows was made using s i l v e r - c o a t e d , 
metal C-rings. The volume of the sample c e l l was ~14.5 cm^. 

Results and Discussion 

P r e d i c t i o n of chromatographic r e t e n t i o n i n SFC using the simple 
thermodynamic equation o u t l i n e d i n the Theory Section allows one to 
determine the e f f e c t of the bulk macroscopic thermodynamic parameters 
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of p a r t i a l molar volume of the solute i n the mobile and s t a t i o n a r y 
phases upon r e t e n t i o n . Equation 3 can be used to c a l c u l a t e solute 
r e t e n t i o n once a k' value f o r that p a r t i c u l a r solute at any pressure 
has been determined experimentally. P r e d i c t i o n of s o l u t e r e t e n t i o n 
f o r naphthalene at 55 *C as a f u n c t i o n of pressure with s u p e r c r i t i c a l 
CO2 as the f l u i d mobile phase i s shown i n Figure 1. The binary 
i n t e r a c t i o n parameter used i n the c a l c u l a t i o n of v-^P»00 from the Peng-
Robinson EOS was ki2 = 0.040, which was regressed from naphthalene 
s o l u b i l i t y data i n CO2 at 55 °C (22.) · As shown i n Figure 1, there i s 
an e x c e l l e n t c o r r e l a t i o n between the experimental r e t e n t i o n data and 
the t h e o r e t i c a l p r e d i c t i o n of r e t e n t i o n f o r naphthalene at 55 °C over 
a wide range of pressure. The value of v ^ P ' 0 0 used f o r the 
c a l c u l a t i o n of naphthalene r e t e n t i o n was -125 cm^/mole; although the 
r e l a t i v e magnitude of t h i s term may be questionable, the value 
suggests an a t t r a c t i v e i n t e r a c t i o n between the solute and the bonded 
polymeric s t a t i o n a r y phase. The pressure independence of v^P'^may 
or may not be v a l i d at higher f l u i d d e n s i t i e s and f o r s t a t i o n a r y 
phases that are solvated by the s u p e r c r i t i c a l f l u i d . For low 
d e n s i t i e s and i n e r t s t a t i o n a r y phases the thermodynamic model's 
p r e d i c t i o n s are quite accurate. Figure 2 shows the same experimental 
r e s u l t s as used i n Figure 1, with solute r e t e n t i o n f o r naphthalene 
p l o t t e d as a f u n c t i o n of d e n s i t y f o r CO2 at 55 °C. Solute r e t e n t i o n 
was c a l c u l a t e d using equation 4 and the Peng-Robinson EOS. Once 
again, e x c e l l e n t c o r r e l a t i o n i s seen between the experimental 
r e t e n t i o n and the t h e o r e t i c a l p r e d i c t i o n using the same binary 
i n t e r a c t i o n parameters andv-^P' 0 0. 

For non-polar solutes, the simple thermodynamic model described 
can be used to p r e d i c t solute r e t e n t i o n as a f u n c t i o n of pressure or 
d e n s i t y at constant temperature. This model w i l l be v a l i d f o r those 
so l u t e - s o l v e n t systems where s p e c i f i c i n t e r a c t i o n s (e.g., hydrogen 
bonding or charge t r a n s f e r complex formation) are n e g l i g i b l e or non­
e x i s t e n t . In t h i s case, the Peng-Robinson EOS provides an adequate 
d e s c r i p t i o n of the s o l u t e - s o l v e n t i n t e r a c t i o n s , which over the 
l i m i t e d pressure range studied, dominates the solute r e t e n t i o n 
process. The a b i l i t y to c a l c u l a t e solute r e t e n t i o n i n SFC would lead 
to increased speed and e f f i c i e n c y i n s e l e c t i n g appropriate 
experimental conditions f o r a p a r t i c u l a r chromatographic separation, 
maximizing r e s o l u t i o n as a f u n c t i o n of separation time. The study of 
s o l u t e - s t a t i o n a r y phase i n t e r a c t i o n s through t h i s model remains an 
i n t r i g u i n g p o s s i b i l i t y to explore. 

The thermodynamics of solute r e t e n t i o n i n SFC can be studied 
e i t h e r as a f u n c t i o n of pressure or temperature. The bulk 
macroscopic thermodynamic parameters a f f e c t i n g s o l u t e r e t e n t i o n as a 
f u n c t i o n of pressure have already been discussed and shown to be the 
p a r t i a l molar volume of the s o l u t e i n the mobile and s t a t i o n a r y 
phases (v-^P' 0 0 a n d ^ P ' 0 0 ) . At constant pressure, more s p e c i f i c a l l y 
constant density, the bulk macroscopic thermodynamic v a r i a b l e which 
i s temperature dependent, i s the e f f e c t i v e enthalpy of solute 
t r a n s f e r between the mobile and s t a t i o n a r y phase (ΔΗχ). Chester and 
Innis (2A) have studied solute r e t e n t i o n as a f u n c t i o n of temperature 
at constant pressure and a r r i v e d at a thermodynamic explanation of 
observed r e t e n t i o n i n SFC r e l a t i n g solute v o l a t i l i t y and f l u i d - s o l u t e 
s o l v a t i o n c o n t r i b u t i o n s to r e t e n t i o n . The study of AH? at constant 
d e n s i t y as a f u n c t i o n of temperature provides a more d i r e c t route to 
p h y s i c a l i n s i g h t s i n t o the r e t e n t i o n mechanism of SFC. 
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Figure 1. P l o t of In k 1 versus pressure (bar) f o r naphthalene 
r e t e n t i o n at 55 °C i n CO2 on SE-54, νχ SP'°° = -125 cm 3/mole, 
( ̂ · ) experimental data ( ) c a l c u l a t e d r e t e n t i o n , binary 
i n t e r a c t i o n parameter = 0.040.  P
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Figure 2. P l o t of In k' versus density (g/cm3) f o r naphthalene 
r e t e n t i o n at 55 °C i n CO2 on SE-54, v 1

s P ' ° ° = -125 cm3/mole, 
( [·) ) experimental data ( — ) c a l c u l a t e d r e t e n t i o n , binary 
i n t e r a c t i o n parameter = 0.040. 
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For pure f l u i d solvents Lauer et a l . (2i) have reported average 
values f o r ΔΗτ of -6 kcal/mole f o r s e l e c t e d solutes with 
s u p e r c r i t i c a l CO2 and N2O at a density of 0.80 gm/cm3 with PRP-1 (a 
styrene-divinylbenzene copolymer) m i c r o - p a r t i c u l a t e packed column. 
Yonker and Smith have reported e f f e c t i v e enthalpy values of -5.9 
to -8.4 kcal/mole and -3.9 to -8.6 kcal/mole f o r s e l e c t solutes on 
OV-17 and SE-54 c a p i l l a r y columns, r e s p e c t i v e l y , f o r CO2 d e n s i t i e s 
between 0.20 and 0.50 g/cm3. Figure 3 i s a p l o t of ΔΗτ as a f u n c t i o n 
of d e n s i t y f o r two d i f f e r e n t s t a t i o n a r y phases, SE-54 and OV-17. The 
ΔΗτ values f o r the n-alkane, heptadecane, on SE-54 with CO2 show a 
ne a r l y l i n e a r dependence upon f l u i d density, while the ΔΗτ values f o r 
OV-17 with CO2 asymptotically approach a l i m i t i n g value at higher 
d e n s i t i e s . This behavior f o r OV-17 may be a t t r i b u t e d to p o s s i b l e 
s o l v a t i o n or s w e l l i n g of the bonded polymeric phase by CO2, which 
would a f f e c t ΔΗτ· The greatest s o l v a t i o n occurs at higher d e n s i t i e s , 
r e s u l t i n g i n a l e s s negative ΔΗτ value ( p a r t i t i o n - l i k e mechanism). 
The phenomenon of bonded phase s w e l l i n g or s o l v a t i o n has been 
reported f o r pure s u p e r c r i t i c a l f l u i d s by Sie et a l . (2ϋ) and 
Springston et a l . (22)· 

M o d i f i e d (mixed) f l u i d systems are of i n t e r e s t because many of 
the a t t r i b u t e s of a more po l a r f l u i d can be obtained, while r e t a i n i n g 
a m i l d c r i t i c a l temperature f o r the mixture. The r e t e n t i o n 
c h a r a c t e r i s t i c s of binary s u p e r c r i t i c a l f l u i d s o l u t i o n s c o n t a i n i n g 
CO2 and an organic co-solvent as a f u n c t i o n of temperature at 
constant d e n s i t y have been studied. In a d d i t i o n , various binary 
f l u i d d e n s i t i e s and co-solvent mole f r a c t i o n s were studied. The 
d e n s i t i e s of the binary f l u i d s were determined as o u t l i n e d by Yonker 
and Smith i n t h e i r work on composition gradients i n SFC (23.) · Figure 
4 shows the dependence of ΔΗ-p upon modifier concentration f o r the 
binary f l u i d C02/2-propanol at two d e n s i t i e s , 0.44 g/cm3 and 0.39 
g/cm3, using the p o l a r solute myristophenone with an SE-54 bonded 
polymeric s t a t i o n a r y phase . Two points are apparent i n Figure 4: (1) 
a minimum i s observed i n ΔΗτ between a co-solvent mole f r a c t i o n of 
0.0 and 0.05, and (2) ΔΗτ becomes more negative as co-solvent mole 
f r a c t i o n increases. The thermodynamic behavior (ΔΗτ) °f t n e binary 
f l u i d solvent (Figure 4) contrasts with that seen f o r the pure f l u i d 
(Figure 3). Once again t h i s i s most l i k e l y due to the dynamic 
process of bonded s t a t i o n a r y phase s o l v a t i o n by the added co-solvent 
m o d i f i e r . Small amounts of organic co-solvents have been shown to 
have a large e f f e c t on solute r e t e n t i o n i n SFC (2£, 28-33) (Yonker, 
C. R.; McMinn, D. G.; Wright, B. W.; Smith, R. D. J . Chromatoçrr, i n 
press) . As the s t a t i o n a r y phase becomes solvated by 2-propanol, the 
SFC r e t e n t i o n mechanism assumes a greater p a r t i t i o n - l i k e 
c h a r a c t e r i s t i c compared to the ΔΗ values reported i n l i q u i d 
chromatography (34,35). As the mole f r a c t i o n of organic co-solvent 
increases, ΔΗτ becomes more negative. The thermodynamics of solute 
r e t e n t i o n at constant density f o r SFC are complex due to the dynamics 
of processes relevant to solute t r a n s f e r between the mobile and 
s t a t i o n a r y phases. The r e t e n t i o n mechanism i n SFC suggested by the 
studies at constant density i s consistent with the observation that 
ΔΗτ becomes more negative as the density decreases, u l t i m a t e l y 
approaching the enthalpy values reported f o r gas chromatography (3U-
38). Therefore, i t i s suggested that f o r the system studied the 
r e t e n t i o n mechanism v a r i e s as a f u n c t i o n of density between an 
a d s o r p t i o n - l i k e process as seen i n gas chromatography to a p a r t i t i o n -
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Figure 3. P l o t of ΔΗτ versus density (g/cm3) f o r heptadecane 
on OV-17 ( • ) and SE-54 ( φ . ) . 
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-14 

- 4 H • . • 1 · 1 
0 10 20 30 

Mole % IPA 
Figure 4. P l o t of ΔΗτ versus mole % 2-propanol (mole % IPA) 
f o r myristophenone on SE-54 at the d e n s i t i e s of ( • ) 0.44 
g/cm3 and ( ̂  ) 0.390 g/cm3. 
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l i k e process as f l u i d d e nsity and s o l v a t i o n of the bonded polymeric 
s t a t i o n a r y phase increases (18.24) . For binary f l u i d mixtures, ΔΗτ 
d i s p l a y s a minimum as a f u n c t i o n of modifier concentration due to the 
s o l v a t i o n of the bonded s t a t i o n a r y phase by the organic co-solvent. 
C l e a r l y , the enrichment (or modification) of the s t a t i o n a r y phase by 
s u p e r c r i t i c a l f l u i d co-solvents has a prominent e f f e c t on the 
r e t e n t i o n mechanism i n SFC. More research i s being undertaken to 
explore the s o l v a t i o n of various polymeric phases by organic co-
solvents i n an e f f o r t to define i t s e f f e c t on the r e t e n t i o n mechanism 
i n SFC. 

The s o l u t e - s o l v e n t i n t e r a c t i o n s independent of the s t a t i o n a r y 
phase are obviously of major importance to understanding the 
r e t e n t i o n mechanism i n SFC. The solvatochromic behavior of 
s u p e r c r i t i c a l f l u i d probes has been used to i n v e s t i g a t e the s p e c i f i c 
and n o n - s p e c i f i c s o l u t e - s o l v e n t i n t e r a c t i o n s o c c u r r i n g i n a f l u i d as 
a f u n c t i o n of d e n s i t y at d i f f e r e n t temperatures. Yonker et a l . ( 1 £ , 

have st u d i e d various s u p e r c r i t i c a l f l u i d s over a wide range of 
d e n s i t y and temperature conditions with the aim of allowing 
intercomparison of s u p e r c r i t i c a l f l u i d solvents as w e l l as comparison 
with conventional l i q u i d s o lvents. Kim and Johnston (Ai) have a l s o 
reported solvatochromic data using pure and binary mixtures of 
s u p e r c r i t i c a l f l u i d s . 

The π* p o l a r i z a b i l i t y / p o l a r i t y values determined f o r various 
s u p e r c r i t i c a l f l u i d s of general i n t e r e s t to SFC are shown i n Figure 
5. From t h i s f i g u r e one can draw some i n t e r e s t i n g conclusions: 1) 
ammonia i s the most p o l a r s u p e r c r i t i c a l f l u i d studied, whose solvent 
strength (ignoring s p e c i f i c chemical i n t e r a c t i o n s ) v a r i e s from that 
of hexane to ethanol as a f u n c t i o n of density, 2) CO2 and N2O show 
s i m i l a r solvent strengths as a f u n c t i o n of d e n s i t y over the e n t i r e 
regime studied [ t h i s i s not s u r p r i s i n g when cons i d e r i n g a 
corresponding s t a t e s argument f o r these f l u i d s since t h e i r c r i t i c a l 
c o n d i t i o n s are so s i m i l a r (42)1 r and 3) SFg and ethane are non-polar 
f l u i d s and d i s p l a y low p o l a r i t y on the π* s c a l e due to t h e i r 
p o l a r i z a b i l i t y dominating i n s o l u t e - s o l v e n t i n t e r a c t i o n s . I t should 
be noted that these general observations are c o n s i s t e n t with our 
experience i n u t i l i z i n g these f l u i d s f o r SFC. 

The solvatochromic technique d i r e c t l y probes the s o l u t e - s o l v e n t 
i n t e r a c t i o n s i n the c y b o t a c t i c region of the s o l u t e . The c y b o t a c t i c 
region i s d e f i n e d as the cage of solvent molecules whose s t r u c t u r e 
about the s o l u t e molecule i s determined by the presence of the 
s o l u t e . The immediate s o l v a t i o n sphere about the s o l u t e molecule f o r 
b i n a r y f l u i d solvents may be a n t i c i p a t e d to show p r e f e r e n t i a l 
enrichment of the organic co-solvent due to the greater a t t r a c t i v e 
f o r c e s . Figure 6 contains the spectroscopic data with values based 
on equation 12 f o r a CC>2/2-propanol (IPA) binary f l u i d solvent using 
2-nitroanisole as the solvatochromic probe molecule at various 
concentrations of IPA at 44 °C. I t should be noted that the a d d i t i o n 
of a p o l a r m o d i f i e r such as IPA to CO2 probably r e s u l t s i n s p e c i f i c 
i n t e r a c t i o n s (hydrogen bonding) with the solvatochromic probe. Thus 
the π* values c a l c u l a t e d from equation 12 do not s t r i c t l y conform to 
the approach of Kamlet and T a f t , which would require a more rigorous 
approach invoking a d d i t i o n a l solvatochromic parameters. However, the 
present approach provides a u s e f u l d e s c r i p t i o n of the f l u i d s o l v a t i n g 
power and a b a s i s f o r more q u a n t i t a t i v e determinations. The r e s u l t s 
i n Figure 6 show a s h i f t towards more p o l a r π* values on a d d i t i o n of 
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1.0 

reduced density 

Figure 5 . P l o t of π* versus reduced density f o r N H 3 , C02r N2O, 
Xe, Freon-13, C2Hg and SFg with 2 - n i t r o a n i s o l e at a reduced 
temperature of 1.03. The π* values f o r l i q u i d methylene 
c h l o r i d e ( M e C l 2 ) , benzene, ethanol (EtOH), carbon t e t r a c h l o r i d e 
( C C I 4 ) , hexane and per-fluorohexane (C6F14) are included f o r 
comparison. 
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0.25 

BAR 

Figure 6. P l o t of π* versus pressure (bar) f o r various mole % 
2-propanol (IPA) i n CO2 with 2 - n i t r o a n i s o l e at 44 °C. 
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a small concentration of IPA. The π* value becomes more p o s i t i v e , 
approaching the l i m i t of the value f o r pure IPA. An enrichment of 
IPA, beyond the 5.1 mole %, i s seen i n the c y b o t a c t i c region about 2-
n i t r o a n i s o l e (Yonker, C. R.; Smith, R. D. J . Phys. Chem. i n p r e s s ) , 
which contributes to the solvatochromic s h i f t . At 44 °C, the 10.6 
and 13.2 mole % CO2/IPA are s u b c r i t i c a l l i q u i d s at the pressures 
s t u d i e d i n Figure 6 (4.2.). Therefore, the solvatochromic s h i f t 
r e f l e c t s the s a t u r a t i o n of the c y b o t a c t i c region of the s o l u t e by the 
s u b c r i t i c a l l i q u i d co-solvent and no s i g n i f i c a n t d i f f e r e n c e i s seen 
between the extent of the s p e c t r a l s h i f t s f o r 10.6 and 13.2 mole % 
IPA. 

S u p e r c r i t i c a l f l u i d solvent strength w i l l a f f e c t s o l u t e - s o l v e n t 
i n t e r a c t i o n s i n the f l u i d mobile phase which w i l l impact on s o l u t e 
r e t e n t i o n i n SFC. As the concentration of p o l a r organic co-solvent 
increases the solvent strength ( p o l a r i t y ) a l s o increases (see Figure 
6) and r e t e n t i o n of a p o l a r solute would be expected to decrease. 
Figure 7 i s a p l o t of solute r e t e n t i o n (In k 1) as a f u n c t i o n of 
d e n s i t y f o r CO2/IPA f o r various concentrations of the organic co-
solvent. The solute studied was 9-phenanthrol, which could i n t e r a c t 
with the p o l a r IPA. At constant density, s o l u t e r e t e n t i o n decreases 
as a f u n c t i o n of IPA concentration. These experiments were performed 
at 127 C with SE-54 as the s t a t i o n a r y phase. The r e s u l t s shown i n 
Figure 7 are e n t i r e l y c o n s i s t e n t with the increased solvent strength 
(increased p o l a r i t y ) demonstrated by the solvatochromic studies f o r 
binary s u p e r c r i t i c a l f l u i d solvents. 

The solvatochromic method can be used to probe the solute's 
c y b o t a c t i c region, to determine the e f f e c t of s o l v a t i o n on the 
physicochemical p r o p e r t i e s of the s o l u t e . This information w i l l lead 
to a more fundamental understanding of the r o l e of the f l u i d mobile 
phase i n the r e t e n t i o n mechanism f o r SFC. Binary f l u i d s can show an 
enrichment i n the solute c y b o t a c t i c region, which can a l t e r the 
s e l e c t i v i t y of the separation process, through changes i n s o l u t e -
solvent i n t e r a c t i o n s as a f u n c t i o n of density, temperature or co-
solvent concentration. Important questions which remain to be 
addressed include the e f f e c t of solvent m o d i f i e r s a t u r a t i o n of the 
c y b o t a c t i c region (at high concentrations) upon r e t e n t i o n . The 
p h y s i c a l p r o p e r t i e s of mixed f l u i d s ( i . e . , d i f f u s i o n c o e f f i c i e n t s ) 
relevant to SFC remains e s s e n t i a l l y unexplored, although the l o c a l 
concentration of the m o d i f i e r i n the c y b o t a c t i c region might r e s u l t 
i n s u b s t a n t i a l l y lower d i f f u s i o n r a t e s . F i n a l l y , as i n d i c a t e d 
e a r l i e r , the e f f e c t of modifiers on SFC s t a t i o n a r y phases i s a 
complex process and requires s i g n i f i c a n t f u r t h e r study. 

Conclusion 

Retention i n SFC i s a complex f u n c t i o n of temperature, pressure, 
d e n s i t y and solvent modifier concentration and a more complete 
understanding of these phenomena should d i r e c t l y b e n e f i t the 
development of SFC. The dynamic processes of s t a t i o n a r y phase 
s o l v a t i o n and s o l u t e - s o l v e n t i n t e r a c t i o n s i n the s t a t i o n a r y and 
mobile phases, r e s p e c t i v e l y , impact on solute r e t e n t i o n i n SFC. The 
study of the r e t e n t i o n process n e c e s s i t a t e s a multi-dimensional 
approach to understand the b a s i c physicochemical processes underlying 
s o l u t e r e t e n t i o n i n SFC. The d i s c u s s i o n i n t h i s chapter o u t l i n e s 
three i n t e r r e l a t e d areas of study, probing s p e c i f i c areas of solute 
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Figure 7. Plot of In k f versus density (g/cm3) for various 
mole % of 2-propanol (IPA) in C02 with 9-phenanthrol on SE-54 
at 127 °C. 
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retention. Prediction of solute retention using a simple 
thermodynamic model allows one to study the effect of the bulk 
macroscopic thermodynamic parameters of v ^ P ' 0 0 and v ^ P ' 0 0 and their 
role i n retention. The attractive interaction between the solute and 
the bonded stationary phase i s an interesting area of future research 
which w i l l impact on the basic understanding of the retention 
mechanism for SFC. The thermodynamic studies of retention as a 
function of temperature at constant density presents the capability 
of studying SFC retention from gas-like densities to l i q u i d - l i k e 
densities, bridging the gap between gas and l i q u i d chromatography. 
Solvation of the stationary phase has a possible impact on ΔΗτ, 
importance of this to retention in SFC i s s t i l l under active study. 
The solvatochromic technique presents the a b i l i t y to study the f l u i d 
mobile phase solvent-solute interactions independent of the role of 
the stationary phase in the retention process for SFC. The direct 
study of the cybotactic region of the solute i n s u p e r c r i t i c a l fluids 
allows one to bridge the gap between gas phase and condense phase 
regions by studying cluster formation and solvation of the solute by 
the s u p e r c r i t i c a l f l u i d . The combination of these three techniques 
and the fundamental physicochemical information obtained thus far 
describe more coherently the retention mechanism for SFC. 
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Chapter 10 

Capillary Supercritical Fluid 
Chromatography 
Use for the Analysis 

of Food Components and Contaminants 

B. E. Richter, M. R. Andersen, D. E. Knowles, E. R. Campbell, N. L. Porter, 
L. Nixon, and D. W. Later 

Lee Scientific, Inc., 4426 South Century Drive, Salt Lake City, UT 84123 

Capillary supercritical fluid chromatography has been 
demonstrated as a viable alternative for the analysis of 
food components which are sensitive to temperature such 
as flavors and fragrances. Supercritical fluids have 
long been recognized for their unique solvating 
characteristics. One of the most common uses of 
supercritical fluids is for the extraction of components 
of interest from natural materials (i.e., caffeine from 
coffee or oil from soybeans). Early in its development, 
supercritical fluid chromatography (SFC) was used for 
the analysis of natural materials such as flavors and 
other food components because the technique is well 
suited for the analysis of compounds which thermally 
degrade. In this paper, the use of capillary SFC for 
the analysis of food components is discussed. Examples 
of the capillary SFC analysis of fats and flavors as 
well as food contaminants such as pesticides are 
presented. 

T h e r e a r e many l i t e r a t u r e r e p o r t s on i n d u s t r i a l u s e s o f 
s u p e r c r i t i c a l f l u i d s , and many p a t e n t s have been i ssued f o r 
v a r i o u s uses of s u p e r c r i t i c a l f l u i d s as s o l v e n t s i n e x t r a c t i o n 
p r o c e s s e s . R a n d a l l (1) prepared an e x c e l l e n t review on the uses 
and patents i s s u e d up to 1982 i n the area of 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 and chromatography. Many of these a p p l i c a t i o n s d e a l 
with n a t u r a l products such as f l a v o r s , f r a g r a n c e s , o i l s and f a t s , 
or the removal o f unwanted components from n a t u r a l m a t e r i a l s such 
as c a f f e i n e from cof fee or tea and n i c o t i n e from tobacco . 

The f i r s t use of s u p e r c r i t i c a l f l u i d s as mobile phases i n 
chromatography was reported i n 1962 by K l e s p e r e t _ a K ( 2 ) . The 
i n t e r e s t i n the use of s u p e r c r i t i c a l f l u i d s grew s lowly at f i r s t , 
probably due i n l a r g e measure to the concurrent r a p i d development 
of h i g h performance l i q u i d chromatography (HPLC) as w e l l as some 
t e c h n i c a l d i f f i c u l t i e s w h i c h impeded t h e i n t r o d u c t i o n o f 
commercial SFC i n s t r u m e n t a t i o n . I n t e r e s t began to grow r a p i d l y i n 
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the e a r l y 1980 's as the f i r s t c o m m e r c i a l packed column SFC 
i n s t r u m e n t was i n t r o d u c e d . S h o r t l y f o l l o w i n g t h i s event , the 
f i r s t r e p o r t appeared i n the l i t e r a t u r e on c a p i l l a r y column SFC by 
Novotny and Lee ( 3 ) . Since i t s i n t r o d u c t i o n , SFC technology has 
grown r a p i d l y i n use and a p p l i c a t i o n . Subsequently , the f i r s t 
commercial c a p i l l a r y column SFC instrumentat ion was introduced i n 
1986. 

The use of c a p i l l a r y SFC f o r the a n a l y s i s of food components 
was f i r s t reported i n 1984 by Chester (4) and then i n 1985 by 
White ( 5 ) . Both groups showed the a n a l y s i s of mono-, d i - , and 
t r i g l y c e r i d e s at low o p e r a t i n g temperatures us ing carbon d i o x i d e 
as the mobile phase to avoid degradat ion of the unsaturated f a t t y 
a c i d groups . A d d i t i o n a l work by Chester and co-workers a l s o has 
shown the a n a l y s i s of s u c r o s e p o l y e s t e r s ( 6 ) , o l i g o - and 
p o l y s a c c h a r i d e s (7 ) , and p o l y g l y c e r o l e s t e r s ( 8 ) . C a p i l l a r y SFC 
u s i n g carbon d i o x i d e as the mobile phase can be operated near room 
t e m p e r a t u r e and i s thus w e l l s u i t e d for the a n a l y s i s of food 
components which can thermal ly degrade, such as c i t r u s o i l s ( 9 ) . 

In t h i s p a p e r , work i s p r e s e n t e d showing c a p i l l a r y SFC 
a n a l y s e s of a soybean o i l , a hops e x t r a c t , a c e l e r y seed 
o l e o r e s i n , and an e s s e n t i a l c i t r u s o i l . In a d d i t i o n , r e s u l t s 
showing the d e t e r m i n a t i o n of p e s t i c i d e res idues i n a p a r s l e y 
sample by c a p i l l a r y SFC are p r e s e n t e d . 

Experimental 

S u p e r c r i t i c a l f l u i d grade carbon d i o x i d e (Scott S p e c i a l t y Gases, 
P l u m s t e a d v i l l e , PA) was u s e d as the c a r r i e r f l u i d . A Lee 
S c i e n t i f i c Model 501 s u p e r c r i t i c a l f l u i d chromatograph equipped 
with a flame i o n i z a t i o n d e t e c t o r (FID) and a nitrogen-phosphorus 
d e t e c t o r (NPD) was the instrument u t i l i z e d for these s t u d i e s . 
Fused s i l i c a c a p i l l a r y columns (50 μιη i . d . ) were employed for a l l 
the experiments . Three column types w i t h s t a t i o n a r y phases of 
three d i f f e r e n t p o l a r i t i e s were used: SB-Methyl -100 , S B - B i p h e n y l -
30 and Carbowax 20M (0.25 pm f i l m s ) . F r i t r e s t r i c t o r s were used 
to m a i n t a i n pressure and proper flow r a t e s i n the column. The 
r e s t r i c t o r was connected to the end of the column v i a a zero dead-
volume u n i o n . The end of the r e s t r i c t o r was p o s i t i o n e d i n the 
d e t e c t o r at 1 mm below the end of the flame j e t . The d e t e c t o r was 
o p e r a t e d at 325 -350°C with n i t r o g e n make-up gas at 25 mL/min. 
S p l i t i n j e c t i o n was used i n t h e s e e x p e r i m e n t s w i t h 0.2 pL 
i n j e c t i o n r o t o r and a s p l i t r a t i o of approximately 10 :1 . 

The c i t r u s o i l samples were analyzed neat . Other samples 
were prepared by d i s s o l v i n g i n an a p p r o p r i a t e so lvent such as 
methylene c h l o r i d e , methanol or acetone (HPLC g r a d e ) . 

R e s u l t s and D i s c u s s i o n 

C a p i l l a r y SFC can be used to analyze t r i g l y c e r i d e s which c o n t a i n 
unsaturated f a t t y a c i d groups that are s u s c e p t i b l e to d e g r a d a t i o n . 
F i g u r e 1 shows the a n a l y s i s of a soybean o i l sample on a 10 m SB-
Methyl-100 column us ing C 0 2 as the mobile phase at 200°C w i t h an 
FID. I d e n t i f i c a t i o n of the compounds was achieved by comparing 
the r e t e n t i o n times of sample components with standard compounds. 
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,0LL 

ΟΟΙλ. 

4 T ime (min) 
ι 1 1 
0 20 40 

F i g u r e 1 . SFC chromatogram of soybean o i l sample. Carbon 
d i o x i d e mobile phase at 200°C, 10 m χ 50 μιη i . d . SB-Methyl -100 
column, l i n e a r d e n s i t y programmed at 0.005 g /mL/min, FID at 
375°C . F a t t y a c i d group i d e n t i f i c a t i o n : P - P a l m i t i c , 0 - 0 1 e i c , 
S - S t e a r i c , L - L i n o l e i c , L n - L i n o l e n i c . 
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The methyl phase column does not g ive adequate s e p a r a t i o n of the 
v a r i o u s t r i g l y c e r i d e s ( F i g u r e 1 ) · However, i f the same a n a l y s i s 
i s done us ing the more p o l a r Carbowax 20M s t a t i o n a r y phase, then 
b e t t e r r e s o l u t i o n of the components i s achieved as shown i n F i g u r e 
2. I t should be noted that these SFC chromatograms were obtained 
a t f a i r l y m i l d c o n d i t i o n s , 200°C, w e l l w i t h i n the c o n d i t i o n s 
recommended by P r o o t et_JLLi ( 1 5 0 - 2 0 0 ° C ) f o r the a n a l y s i s of 
t r i g l y c e r i d e s by c a p i l l a r y SFC (10) . T r i g l y c e r i d e s which c o n t a i n 
u n s a t u r a t e d f a t t y a c i d g r o u p s c a n d e g r a d e a t the e l e v a t e d 
temperatures necessary for t h e i r e l u t i o n under GC c o n d i t i o n s (350-
4 0 0 ° C ) . T h e r m a l d e g r a d a t i o n ranging from 3 to 15% has been 
r e p o r t e d d u r i n g the a n a l y s i s of t r i g l y c e r i d e s by c a p i l l a r y GC 
(11) . Mares e t ^ a l ^ showed that q u a n t i t a t i v e a n a l y s i s of t r a c e 
l e v e l s o f t r i g l y c e r i d e s can be d i f f i c u l t because of the " low 
recovery of these compounds" (12) . The a n a l y s i s of t r i g l y c e r i d e s 
by HPLC has been thoroughly i n v e s t i g a t e d (13) , but i t s u f f e r s some 
drawbacks. The absence of a s trong chromophore means that UV 
a b s o r p t i o n d e t e c t i o n o f t r i g l y c e r i d e s y i e l d s v e r y p o o r 
s e n s i t i v i t y . R e f r a c t i v e index d e t e c t i o n i s more f r e q u e n t l y used 
f o r t r i g l y c e r i d e a n a l y s i s , but t h i s d e t e c t o r cannot be used i n 
c o n j u n c t i o n with g r a d i e n t e l u t i o n which i s necessary for complete 
r e s o l u t i o n of complex mixtures of t r i g l y c e r i d e s . HPLC s e p a r a t i o n 
of t r i g l y c e r i d e s w i t h l a s e r l i g h t s c a t t e r i n g d e t e c t i o n has been 
i n v e s t i g a t e d and i s g a i n i n g p o p u l a r i t y (14) . C a p i l l a r y SFC does 
n o t s u f f e r f r o m t h e p r o b l e m s o f d e t e c t o r s e n s i t i v i t y o r 
c o m p a t i b i l i t y as does HPLC o r the p r o b l e m s o f d e g r a d a t i o n 
encountered i n GC. T r i g l y c e r i d e a n a l y s i s by c a p i l l a r y SFC does 
show great promise . 

F i g u r e 3 shows the c a p i l l a r y SFC a n a l y s i s of a l i q u i d C 0 2 

e x t r a c t of hops. Compounds' e l u t i n g i n Region A are c l a s s i f i e d as 
- a c i d s and i s o - - a c i d s . Examples of t h e s e compounds are 

cohumulone, humulone, and isocohumulone, among o t h e r s . P o s i t i v e 
i d e n t i f i c a t i o n of e a c h of t h e peaks i n the chromatogram was 
d i f f i c u l t because o f the u n a v a i l a b i l i t y o f pure s t a n d a r d s . 
However, standards of the h ighest a v a i l a b l e p u r i t y were analyzed 
under i d e n t i c a l c o n d i t i o n s to a i d i n component i d e n t i f i c a t i o n . 
The i n f o r m a t i o n gained from these analyses was used to i d e n t i f y 
the r e s p e c t i v e component groupings i n the chromatogram. Compounds 
e l u t i n g i n Region Β are c l a s s i f i e d as - a c i d s ; examples of these 
compounds i n c l u d e c o l u p u l o n e and a d l u p u l o n e . A l l of these 
compounds are very s e n s i t i v e to temperature which makes a n a l y s i s 
by GC d i f f i c u l t ; HPLC does not have s u f f i c i e n t chromatographic 
e f f i c i e n c y to adequately r e s o l v e the compounds as w e l l as can be 
done by SFC (15 ,16) . C l e a r l y , c a p i l l a r y SFC can e a s i l y be used as 
a f i n g e r p r i n t method f o r q u a l i t y c o n t r o l of the f l a v o r components 
i n hops and hops e x t r a c t s . 

C e l e r y seed o l e o r e s i n presents a unique a n a l y t i c a l c h a l l e n g e . 
The f l a v o r and f r a g r a n c e components are e a s i l y degraded w i t h 
temperature (17) . However, h igher temperatures are r e q u i r e d to 
p e r f o r m a c o m p l e t e a n a l y s i s o f the sample by GC b e c a u s e 
t r i g l y c e r i d e s are p r e s e n t . These t r i g l y c e r i d e s can a l s o degrade 
e i t h e r i n hot i n j e c t i o n p o r t s or i n the columns themselves i f 
oxygen or c a t a l y t i c i m p u r i t i e s are p r e s e n t . F i g u r e 4 shows two 
chromatograms obtained from the a n a l y s i s of a c e l e r y seed o i l . 
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R I C H T E R E T A L . Analysis of Food Components and Contaminants 183 

F i g u r e 2. SFC chromatogram of soybean o i l sample. CO2 at 
200°C, 10 m χ 50 pm i . d . Carbowax 20M column, l i n e a r d e n s i t y 
programmed, at 0.005 g /mL/min , FID at 375°C. 
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Time (min) 

0 24 48 

F i g u r e 3. SFC chromatogram of l i q u i d C 0 2 e x t r a c t of hops. C 0 2 

mobile phase at 100°C, 10 m χ 50 pm i . d . S B - B i p h e n y l - 3 0 column, 
l i n e a r d e n s i t y programmed, FID at 350°C . 
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10· R I C H T E R E T A L . Analysis of Food Components and Contaminants 185 

U J 
DENSITY (g/mL) 

Β 

JU 

DENSITY (g/mL) 

F i g u r e 4. SFC chromatograms of c e l e r y seed o i l . C 0 2 at 50°C, 
FID at 325°C, mult i - ramp d e n s i t y programmed. Top chromatogram 
(A)—4 m χ 50 pm i . d . SB-Methyl -100 column; bottom (B)—4 m χ 
50 pm i . d . S B - B i p h e n y l - 3 0 column. 
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186 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 A N D C H R O M A T O G R A P H Y 

The top chromatogram was obtained on a methyl column, and the 
bottom chromatogram was obtained on a b iphenyl column. C l e a r l y , 
the b iphenyl s t a t i o n a r y phase e x h i b i t s very d i f f e r e n t s e l e c t i v i t y 
from the m e t h y l . As po ints of r e f e r e n c e , the peaks e l u t i n g i n the 
m i d d l e o f the chromatograms are a l k y l a t e d p h t h a l i d e s , and the 
peaks e l u t i n g at the end of the chromatogram are t r i g l y c e r i d e s . 
Other components present i n c l u d e terpenes and s e s q u i t e r p e n e s . A l l 
t h e s e c l a s s e s of compounds which have widely v a r y i n g chemical 
f u n c t i o n a l i t i e s and molecular weights are separated i n a s i n g l e 
chromatographic a n a l y s i s . It should be mentioned that t h i s data 
was obtained at an o p e r a t i n g temperature of 50°C. The p r o b a b i l i t y 
of thermal degradat ion at t h i s temperature i s g r e a t l y reduced . 
These low temperature analyses can be performed by SFC w i t h the 
added a d v a n t a g e of u s i n g the FID which o f f e r s u n i v e r s a l and 
s e n s i t i v e d e t e c t i o n , an o p t i o n not a v a i l a b l e i n HPLC. 

Even though c i t r u s o i l s are t r a d i t i o n a l l y analyzed by GC, 
there has been concern r a i s e d about t h i s p r a c t i c e because some of 
the components i n these o i l s can thermal ly degrade ( 9 ) . F i g u r e 5 
shows two chromatograms obtained from the a n a l y s i s of a c o l d 
pressed g r a p e f r u i t o i l . The sample was analyzed i s o t h e r m a l l y at 
50 and 100°C on a b iphenyl s t a t i o n a r y phase column. At 50°C, the 
l i g h t e r m o l e c u l a r weight m a t e r i a l s which e l u t e e a r l y i n the 
chromatogram are w e l l separated whi le the l a t e r e l u t i n g components 
are not w e l l r e s o l v e d . At 100°C, the l a t e r e l u t i n g peaks are 
separated b e t t e r , and the a n a l y s i s time i s s h o r t e r . However, the 
e a r l y e l u t i n g peaks are not w e l l r e s o l v e d but are bunched together 
and look s i m i l a r to a so lvent peak that would be obtained by GC 
a n a l y s i s . I f a h igher temperature i s used ( 1 5 0 ° C ) , then the 
a n a l y s i s time i s again shortened and a s l i g h t improvement i n the 
s e p a r a t i o n of the l a t e r e l u t i n g peaks i s achieved ( F i g u r e 6A) . As 
was expected , r e s o l u t i o n i n the f i r s t part of the chromatogram i s 
extremely poor . The bottom chromatogram ( F i g u r e 6B) demonstrates 
that s imultaneous ly combining d e n s i t y programming w i t h temperature 
p r o g r a m m i n g i n a s i n g l e r u n a c h i e v e s a u n i q u e s e p a r a t i o n 
c a p a b i l i t y . The i n i t i a l temperature of t h i s a n a l y s i s was h e l d at 
50°C and t h e d e n s i t y was a t 0 .19 g / m L . T h i s a l l o w e d t h e 
s e p a r a t i o n of the e a r l y e l u t i n g peaks. Then as the d e n s i t y was 
programmed, the t e m p e r a t u r e was s i m u l t a n e o u s l y programmed to 
150°C. T h i s combination of temperature and d e n s i t y programming 
r e s u l t e d i n the s h o r t e s t a n a l y s i s time w i t h the best r e s o l u t i o n of 
a l l the components, from the e a r l y to the l a t e r e l u t i n g compounds. 
Even the upper t e m p e r a t u r e o f 150°C i s much lower than the 
t e m p e r a t u r e s n o r m a l l y used t o a n a l y z e t h e s e samples by GC. 
C a p i l l a r y SFC can serve as an a l t e r n a t i v e to the a n a l y s i s of 
f l a v o r s and fragrances by GC i f the thermal s t a b i l i t y of the 
components of i n t e r e s t i s i n q u e s t i o n . 

The a n a l y s i s of p e s t i c i d e res idues and metabol i tes i n foods 
can be a d i f f i c u l t problem because of the complexity of the matrix 
and t h e t r a c e l e v e l s at which the a n a l y t e s must be d e t e c t e d . 
C a p i l l a r y SFC has been shown to be a very e f f e c t i v e technique f o r 
the a n a l y s i s of t r a c e l e v e l s of p e s t i c i d e s , e s p e c i a l l y when a 
s e l e c t i v e d e t e c t o r such as the NPD i s used (18) . F i g u r e 7 shows 
an example of the d e t e r m i n a t i o n of s e l e c t i v e carbamate p e s t i c i d e s 
i n p a r s l e y . The sample was prepared by e x t r a c t i o n of 1 gram of 
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J J 

0.48 
OENSITY (g/mU 

F i g u r e 5. SFC chromatograms of c o l d pressed g r a p e f r u i t o i l . 
FID at 325°C, l i n e a r d e n s i t y programmed at 0.008 g /mL/min, 4 m 
χ 50 μπι i . d . S B - B i p h e n y l - 3 0 column. Top chromatogram ( A ) — 5 0 ° C 
o v e n t e m p e r a t u r e , b o t t o m c h r o m a t o g r a m ( B ) - - 1 0 0 ° C o v e n 
temperature. 
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J - J J 

Β 

I υ 
OENStTV<Q/mU 

F i g u r e 6. SFC chromatograms of c o l d pressed g r a p e f r u i t o i l . 
FID at 325°C, 4 m χ 50 μπι i . d . S B - B i p h e n y l - 3 0 column. Top 
chromatogram ( A ) — 1 5 0 ° C oven temperature programmed at 0.008 
g / m L / m i n , b o t t o m c h r o m a t o g r a m ( B ) — s i m u l t a n e o u s l i n e a r 
d e n s i t y / t e m p e r a t u r e programmed at 0.008 g/mL/min and 3°C/min. 
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10. RICHTER ET AL. Analysis of Food Components and Contaminants 189 

p a r s l e y with 10 mL of acetone . The sample was concentrated to 0.5 
mL, f i l t e r e d and then a n a l y z e d . The p e s t i c i d e s were present at 
approximately 2 n g / g of p a r s l e y . C l e a r l y , c a p i l l a r y SFC can be 
e f f e c t i v e l y used for the t r a c e a n a l y s i s of p e s t i c i d e contaminants 
i n some food s t u f f s . 

OXAMYL 

MESUROL 

METHOMYL 

ALDICARB CARBOFURAN 

I CARBARYL 

10 

TIME (min) 

2 0 30 

F i g u r e 7. SFC chromatogram of carbamate p e s t i c i d e s i n p a r s l e y . 
C 0 2 at 100°C, 10 m χ 50 pm i . d . SB-Methyl-100 column, NPD at 
325°C , asymptotic d e n s i t y programmed. 
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Summary 

The d a t a p r e s e n t e d h e r e show t h a t c a p i l l a r y SFC c a n be u s e d t o 
a n a l y z e f o o d components s u c h a s f a t s » f l a v o r s a n d f r a g r a n c e s . The 
h i g h c h r o m a t o g r a p h i c e f f i c i e n c y p o s s i b l e w i t h c a p i l l a r y c o l u m n s 
a n d t h e u s e o f a n F I D make t h i s t e c h n i q u e a n a t t r a c t i v e 
a l t e r n a t i v e t o HPLC o r GC f o r some a p p l i c a t i o n s . When s e l e c t i v e 
d e t e c t o r s a r e u s e d , s u c h as t h e NPD, SFC c a n a l s o be u s e d f o r t h e 
a n a l y s i s o f f o o d c o n t a m i n a n t s s u c h as p e s t i c i d e s . 

A c k n o w l e d g m e n t s 

S p e c i a l t h a n k s t o A . A . M u r a k a m i o f M i l l e r B r e w i n g f o r t h e hops 
e x t r a c t s a m p l e a n d t o K . C . T i n g o f t h e C a l i f o r n i a S t a t e D e p a r t m e n t 
o f F o o d a n d A g r i c u l t u r e f o r t h e p a r s l e y s a m p l e . 
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Chapter 11 

Capillary Supercritical 
Fluid Chromatography-

Mass Spectrometry 
Practical Considerations and Applications 

G. D. Owens, L. J. Burkes, J. D. Pinkston, T. Keough, J. R. Simms, 
and M. P. Lacey 

Miami Valley Laboratories, The Procter & Gamble Company, 
Cincinnati, OH 45239-8707 

The combination of capillary supercritical-fluid 
chromatography with mass spectrometry promises to be 
an important new tool. It can be used where solutes 
can not be examined by GC-MS (due to thermal sen­
sitivity and/or volatility). It also complements 
HPLC-MS by providing higher chromatographic effi­
ciency and easier solvent elimination. This work 
focuses on mass spectrometer interface design, tuning 
techniques and several practical considerations 
encountered when performing SFC-MS determinations. 
Examples of both food and drug-related applications 
are presented. 

S u p e r c r i t i c a l f l u i d mobile phases o f f e r the chromatographer a unique 
combination of c h a r a c t e r i s t i c s -- s o l v a t i n g p r o p e r t i e s s i m i l a r t o a 
l i q u i d , and s o l u t e d i f f u s i v i t i e s intermediate between a gas and a 
l i q u i d . In the 1960 fs, s u p e r c r i t i c a l f l u i d mobile phases were used 
to separate thermally l a b i l e compounds (1^) and then proposed as a 
means of extending the molecular weight range of gas chromatography 
(GC) (2,3). However, the p o t e n t i a l of s u p e r c r i t i c a l f l u i d 
chromatography (SFC) has not been e x t e n s i v e l y explored u n t i l 
r e c e n t l y . This r e v i v a l of i n t e r e s t can be a t t r i b u t e d to the 
development of f u s e d - s i l i c a c a p i l l a r y columns w i t h nonextractable 
s t a t i o n a r y phases ( 4 ) , the a v a i l a b i l i t y of commercial instrumentation 
( 5 ) , and the r e a l i z a t i o n t h a t SFC i s uniquely able to solve a c l a s s 
of separations problems t h a t f a l l s between the c a p a b i l i t i e s of GC and 
high performance l i q u i d chromatography (HPLC) ( 6 ) . 

The combination of a chromatographic technique w i t h mass 
spectrometry (MS) provides a powerful a n a l y t i c a l t o o l . This i s 
evidenced by the dominance of GC-MS as the method of choice i n 
v o l a t i l e mixture a n a l y s i s . The d i f f i c u l t coupling of HPLC w i t h mass 

0097-6156 /88 /0366-0191 $06.00/0 
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spectrometry has been pursued over the past two decades. The most 
promising LC-MS i n t e r f a c e uses "thermospray" i o n i z a t i o n (7) and i s 
most a p p l i c a b l e to p o l a r compounds. 

The idea of combining s u p e r c r i t i c a l f l u i d i n t r o d u c t i o n (SFI) or 
SFC w i t h mass spectrometry i s not new. The i n t r o d u c t i o n of a 
s u p e r c r i t i c a l f l u i d i n t o a molecular beam instrument was proposed i n 
the l a t e s i x t i e s (8) and examined throughout the seventies (9-11). 
This work d i d not lead to a p r a c t i c a l SFC-MS combination because of 
the complexity of the instrumentation and poor s e n s i t i v i t y . In the 
past four years, R. D. Smith and coworkers have reported progress i n 
the development and a p p l i c a t i o n of c a p i l l a r y SFC-MS (12-18). The 
groups l e d by Henion (19,20) and Voorhees (21,22) have a l s o added to 
t h i s a p p l i c a t i o n s base. This body of work suggests th a t SFC-MS 
should be uniquely s u i t e d to the examination of non-polar compounds 
that are not v o l a t i l e enough to be examined by GC-MS or are thermally 
l a b i l e . 

In t h i s r e p o r t we summarize some of the p r a c t i c a l c o n s i d e r a t i o n s 
of coupling a c a p i l l a r y SFC instrument w i t h a quadrupole mass 
spectrometer. Our i n i t i a l r e s u l t s from food and drug-related 
examples demonstrate some of the promise t h i s new technology holds. 

EXPERIMENTAL 

SFC Equipment. Our SFC-MS instrumentation i s shown i n Figure 1. The 
SFC p a r t of t h i s c o n f i g u r a t i o n i s on the l e f t s i d e of the f i g u r e and 
has been described elsewhere (23^). L i q u i d carbon d i o x i d e , the mobile 
phase (SFC grade, Scott S p e c i a l t y Gases, P l u m b s t e a d v i l l e , PA), i s 
introduced d i r e c t l y i n t o a computer-controlled syringe pump. The 
pressure-programmed pump s u p p l i e s the mobile phase to a 0.1-uL HPLC 
i n j e c t o r v a l v e , IV, which i s s i t u a t e d outside the chromatographic 
oven. Room-temperature, s p l i t t i n g i n j e c t i o n occurs at the e x i t of 
the i n j e c t i o n v a l v e . A f r a c t i o n of the analyte enters a 50-um i . d . 
r e t e n t i o n gap, RG, at the s p l i t p o i n t . The r e t e n t i o n gap i s housed 
i n s i d e a 0.5-mm i . d . s t a i n l e s s s t e e l tube. The m a j o r i t y of the 
analyte flows around the outside of the r e t e n t i o n gap and i n t o a 
s t a i n l e s s s t e e l tee, T. A short length of 14-um i . d . f u s e d - s i l i c a 
t u b i n g , V, i s connected to t h i s tee. I t serves as a vent f o r the 
m a j o r i t y of the a n a l y t e , and i t s length c o n t r o l s the s p l i t r a t i o . 

A f t e r passing through the r e t e n t i o n gap, a p o r t i o n of the analyte 
i s focused at the head of the a n a l y t i c a l column, C. Two d i f f e r e n t 
f u s e d - s i l i c a columns (J&W S c i e n t i f i c , Inc., Rancho Cordova, CA) were 
used depending on the a p p l i c a t i o n ; a 10 mX 50 urn i . d . X 0.2 urn f i l m 
t h i c k n e s s DB-1 column, or a 10 m X 50 um i . d . X 0.1 urn f i l m t h ickness 
DB-17 column. 

MS I n t e r f a c e Probe. A f t e r separation on the c a p i l l a r y column, 
analytes are introduced d i r e c t l y i n t o the mass spectrometer source 
v i a the i n t e r f a c e probe shown i n Figure 2. The heart of the probe 
i s a 60 cm length of uncoated, 25 um i . d . , f u s e d - s i l i c a tubing 
(25VS-025ID, S c i e n t i f i c Glass Engineering, Inc., A u s t i n , TX, USA). 
The end of t h i s tube was tapered, s i z e d , and cut to form a 
r e s t r i c t o r , R, i n the manner p r e v i o u s l y described (23). The tapered 
end narrows to an aperture of approximately 3-5 um diameter over a 
length of 2 to 4 cm. This r e s t r i c t o r i s housed i n s i d e a 50 cm length 
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of 0.25 mm i . d . X 1.59 mm o.d. s t a i n l e s s s t e e l tube, IT (3005, 
A l l t e c h Assoc., D e e r f i e l d , I L , USA). 

The inner tube, IT, i s d i v i d e d i n t o two heated regions. A 2-cm 
length of IT near the t i p of the probe has been wrapped w i t h a l a y e r 
of g l a s s tape and a 30-cm length of ΑΛ/ft nichrome wire ( P e l i c a n 
Wire Co., Naples, FL, USA) to form a t i p heater, TH. This heater i s 

C 0 o Apple l l / e 

oooooooo oooooooo oooooooo 

Pump 

GC Oven 

DIP 

JUL 
οοοοοΰοο oooooooo oooooooo oooooooo 

Data 
System 

HP 5985B 
Mass Spectrometer 

Figure 1. SFC-MS instrumentation. 

OVEN WALL 

Figure 2. SFC-MS i n t e r f a c e probe. 
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connected to a 22-W DC power supply (PAT 15-1.5, KEPCO, F l u s h i n g , NY, 
USA) by 22-guage, t e f l o n - i n s l u a t e d leads which have been s i l v e r 
soldered to the nichrome wire. The temperature of the t i p heater i s 
measured by a 30 guage, iron-constantan thermocouple, TS (Omega 
Engineering, Stamford, CN, USA). This thermocouple and the e n t i r e 
t i p heater are potted i n a high-temperature ceramic adhesive, CA 
(AREMCO products Inc, O s s i n i n g , NY, USA). 

The remaining 45 cm of IT i s wrapped w i t h glass tape and 1 . 6 A / f t 
nichrome wire ( P e l i c a n ) to form a stem heater, SH. The temperature 
of the stem heater i s measured by a second, i d e n t i c a l , 
iron-constantan thermocouple, SS. This heater i s powered by a 
v a r i a b l e AC powerstat (10B, Superior E l e c t r i c Company, B r i s t o l , CN, 
USA). The e n t i r e stem heater i s wrapped w i t h a l a y e r of glass tape. 
The oven-end of IT i s coupled to a reducing union, RU (ZRU1.5, 
V a l c o ) . This union forms a vacuum s e a l between the r e s t r i c t o r and 
the inner tube. 

The outer diameter of the i n t e r f a c e probe and the shape of i t s 
t i p are d i c t a t e d by the mass spectrometer's d i r e c t i n s e r t i o n port and 
source i n l e t . The probe's outer tube, OT, i s a 40 cm length of 6.4 
mm o.d. X 4.8 mm i . d . s t a i n l e s s s t e e l tubing (Microgroup Inc., 
Medway, MA, USA). A c y l i n d r i c a l bushing was custom machined from 316 
s t a i n l e s s s t e e l and s i l v e r soldered to both the inner tube, IT, and 
the outer tube, OT, to form a vacuum s e a l . 

MS Equipment. The quadrupole mass spectrometer (Model 5985B, 
Hewlett-Packard) was operated i n the chemical i o n i z a t i o n (CI) mode. 
Various reagent gases were used, i n c l u d i n g isobutane, methane, 
methanol and ammonia (reagent grade or b e t t e r , Matheson Gas Products, 
Secaucus, NJ). The analyzer had a mass range of 1000 Da. Unless 
s p e c i f i e d otherwise, the MS ion-source temperature was 200°C, the 
e l e c t r o n m u l t i p l i e r was set to i t s maximum value of 3000 v o l t s , and 
the scan r a t e was 6.66 sec/decade from m/z 200-1000. A cryopump 
(Cryo-miser IC-51, Torr Vacuum Products, Inc.) was used, when noted, 
to reduce the pressure i n the source manifold. The p a r t i a l pressure 
of CO2 i n the ion-source manifold, at an SFC pump pressure of 200 
atm, was t y p i c a l l y 1.0-1.5 X 10"^ t o r r . The CI reagent gas was 
added so that the manifold pressure increased by an i n d i c a t e d 1 X 
10~4 t o r r . I t should be noted t h a t the response of 
the i o n i z a t i o n gauge was not s p e c i f i c a l l y c a l i b r a t e d f o r CO2 or the 
various CI reagent gases. Under the c o n d i t i o n s j u s t d escribed, the 
a c t u a l i on source pressure, measured w i t h a thermocouple gauge, was 
0.5 to 1.5 t o r r . 

Sample Pre p a r a t i o n . T r i t o n - X 100 (Packard Instrument Company, 
Downers Grove, IL,USA) was d i s s o l v e d i n methylene c h l o r i d e to a 
concentration of 25 mg/mL. Benzoyl peroxide ( A l d r i c h , Milwaukee, WI) 
was d i s s o l v e d to a concentration of 10 ug/uL i n dry methylene 
c h l o r i d e and stored at -20°C. C h o l e s t e r o l (Lot 23F-7080, Sigma 
Chemical Co., St. L o u i s , MO) was d i s s o l v e d i n methylene c h l o r i d e to a 
concentration of 1 ug/uL. A sample of T e r g i t o l nonionic 
s u r f a c t a n t - 9 , USP name: Nonoxynol-9, (Union Carbide, S. Charleston, 
WV) was a g i t a t e d , and an a l i q u o t was taken to prepare a 3% (w/v) 
s o l u t i o n i n methylene c h l o r i d e . Samples of two d i f f e r e n t l o t s of 
food-grade s i l o x a n e s (DC200- 500 cSt, Dow Corning Corp., Midland, Ml) 
were prepared w i t h a concentration of 8% w/w i n methylene c h l o r i d e . 
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A 10% w/w s o l u t i o n of a lower v i s c o s i t y p o l y d i m e t h y l s i l o x a n e (DC200-
20 c S t , Contour Chemical Co., North Reading, MA) was a l s o prepared i n 
methylene c h l o r i d e . 

T r i m e t h y l s i l y l (TMS) d e r i v a t i v e s of oligomers of polyethylene 
g l y c o l (PEG) 600 ( F i s h e r S c i e n t i f i c , S p r i n g f i e l d , NJ) were prepared 
according to the f o l l o w i n g dérivâtization procedure. One to f i f t y mg 
of sample was weighed i n t o a one dram v i a l . The sample was then 
mixed w i t h 0.2 mL p y r i d i n e , and 0.2 mL of a 5:1 mixture of 
t r i m e t h y l s i l y l i m i d a z o l (TMSI) : N,0 b i s ( t r i m e t h y l s i l y l ) -
t r i - f l u o r o a c e t a m i d e (BSTFA), (Supelco, Inc. B e l l e f o n t e , PA). This 
mixture was shaken and heated at 80°C f o r one hour. A f t e r c o o l i n g , 
0.6 mL of methylene c h l o r i d e was added. The f i n a l volume was 1.0 mL. 

Methyl arachidate was made by methylation of a r a c h i d i c a c i d . 
Approximately 1-2 mg of a r a c h i d i c a c i d (product Number 10930, Fluka 
Chemical Corp., Ronkonkoma, NY) was reacted at room temperature f o r 
two minutes w i t h 200 uL of d i s t i l l e d d i e t h y l ether saturated w i t h 
diazomethane ( A l d r i c h Chemical Co. Inc., Milwaukee, Wl) and 25 uL of 
methanol. The mixture was evaporated, and the r e s u l t i n g e s t e r was 
d i l u t e d i n hexane to produce a set of s o l u t i o n s w i t h concentrations 
ranging from 1.2 ng/uL to 1.2 mg/uL. 

RESULTS AND DISCUSSION 

Sever a l experimental v a r i a b l e s have an important i n f l u e n c e on the 
SFC-MS experiment using t h i s equipment. These v a r i a b l e s i n c l u d e the 
s i z e of the r e s t r i c t o r o r i f i c e , the tuning of the mass spectrometer, 
the temperature of the MS-interface probe t i p , and the pressure i n 
the i o n source manifold. A l l of these v a r i a b l e s as w e l l as the c l a s s 
and molecular weight of the analyte i n f l u e n c e the s e n s i t i v i t y of the 
technique. 

R e s t r i c t o r O r i f i c e S i z e . When s p l i t t i n g i n j e c t i o n i s used, a number 
of parameters vary as the r e s t r i c t o r o r i f i c e s i z e i s changed. I f the 
s p l i t t e r vent r e s t r i c t o r i s h e l d constant, then mobile phase 
v e l o c i t y , sample loading on column (extent of column ov e r l o a d ) , mass 
of a nalyte per u n i t time to the d e t e c t o r , and r e s i s t a n c e to plugging 
a l l increase w i t h i n c r e a s i n g r e s t r i c t o r aperture s i z e . Conversely, 
chromatographic e f f i c i e n c y decreases w i t h i n c r e a s i n g r e s t r i c t o r 
o r i f i c e s i z e and mobile phase v e l o c i t y . Hence, the choice of the 
proper r e s t r i c t o r aperture f o r SFC-MS inv o l v e s a t r a d e - o f f between 
s e n s i t i v i t y and chromatographic e f f i c i e n c y . In t h i s work, a 
r e s t r i c t o r aperture of 3-5 um was used because i t provided an 
acceptable compromise between these two c h a r a c t e r i s t i c s . This 
aperture s i z e i s l a r g e r than that used commonly w i t h the FID. 

Mass Spectrometer Tuning. A three-step process was used to tune the 
quadrupole mass spectrometer p r i o r to i t s use as a detector f o r SFC. 
In the f i r s t step, p e r f l u o r o t r i b u t y l a m i n e ( P f a l t z Bauer Inc., 
Stamford, Conn.) was i o n i z e d by e l e c t r o n i o n i z a t i o n and used to 
c a l i b r a t e the mass a x i s . In the second step, methane was introduced 
i n t o the CI source and the reagent ion p r o f i l e s were optimized. In 
the t h i r d step, the mass r e s o l u t i o n was adjusted f o r improved 
s e n s i t i v i t y . This was accomplished by i n t r o d u c i n g a v o l a t i l e 
brominated compound, such as 2-bromopentane, i n t o the CI source. The 
mass spectrometer's r e s o l v i n g power was reduced such th a t the peaks 
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of the protonated molecule i s o t o p i c doublet (separated by 2 Da) were 
separated by a 50% v a l l e y . Operating the mass spectrometer at t h i s 
decreased r e s o l v i n g power provided the expected t e n - f o l d s e n s i t i v i t y 
enhancement compared to operation at u n i t r e s o l v i n g power (24). 

SFC-MS I n t e r f a c e Tip Temperature. Figure 3 shows the e f f e c t of 
in c r e a s i n g MS i n t e r f a c e p r o b e - t i p temperature on the separation of 
the oligomers i n the s u r f a c t a n t T r i t o n X-100. At probe t i p 
temperatures below 300°C, the r e s t r i c t o r c o n s i s t e n t l y 

plugged before a separation could be completed. Figures 3a and 3b 
i n d i c a t e t h a t a pla t e a u i n the reconstructed t o t a l - i o n - c u r r e n t (RTIC) 
response e x i s t s f o r t h i s compound between 300°C and 350°C. The 
response at 400°C, Figure 3c, shows a red u c t i o n i n both the s i g n a l 
and the background current and a pronounced s h i f t to longer r e t e n t i o n 
times. The s h i f t t o longer r e t e n t i o n times and lower ion current at 
higher temperature i s presumably due to an increase i n moble phase 
v i s c o s i t y i n the r e s t r i c t o r t i p . This v i s c o s i t y increase causes a 
decrease i n both the mobile phase v e l o c i t y and column lo a d i n g . The 
mass spe c t r a of the oligomers at 400°C showed no evidence of 
thermal decomposition. This example demonstrates that a number of 
f a c t o r s change w i t h i n t e r f a c e - t i p temperature. We chose a 
tip-temperature range of 325-350°C f o r the separation of 
th e r m a l l y - s t a b l e compounds s i m i l a r to T r i t o n X-100. This value 
changes and must be e m p i r i c a l l y e s t a b l i s h e d f o r each type of compound 
examined. 

Routine operation of the mass spectrometer i n t e r f a c e t i p at high 
temperature might cause the decomposition of t h e r m a l l y - l a b i l e 
m a t e r i a l s . H i s t o r i c a l l y , c h o l e s t e r o l has been used to t e s t the 
thermal a c t i v i t y of GC-MS i n t e r f a c e s and j e t separators. I t i s very 
s e n s i t i v e t o dehydration across the 3-4 bond upon contact w i t h 
" a c t i v e s i t e s " i n the system, y i e l d i n g a species w i t h molecular 
weight 368 Da (25). 

C h o l e s t e r o l was examined by both SFC-MS and GC-MS under i d e n t i c a l 
isobutane CI c o n d i t i o n s . SFC-MS analyses were made at a probe-tip 
temperature of 350°C. GC-MS analyses were made w i t h an i n t e r f a c e 

T r i t o n X-100 

C h o l e s t e r o l . MW 386 Da 
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Figure 3. SFC-MS response vs. probe t i p temperature f o r T r i t o n 
X-100. Conditions: 10 m X 50 urn i . d . X 0.1 urn f i l m 
DB-17 column, column temperature = 90°C, probe stem 
temperature = 90°C, 0.1 uL of a 25 mg/ml T r i t o n X-100 
i n methylene c h l o r i d e s o l u t i o n s p l i t i n j e c t e d , s p l i t 
r a t i o 1:2, pressure program =100 atm f o r 3 min, ramp 
to 140 atm i n 3 min, ramp to 325 atm i n 23 min, methane 
CI, MS source temperature = 200°C. 
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temperature of 300°C. During the GC-MS runs, CO2 was introduced 
through the SFC probe i n t o the CI volume. SFC-MS analyses were 
performed w i t h the i n t r o d u c t i o n of helium i n t o the ion source through 
the GC t r a n s f e r l i n e . The isobutane CI spectra of c h o l e s t e r o l 
obtained by GC-MS and SFC-MS under these i o n i z a t i o n c o n d i t i o n s were 
v i r t u a l l y i d e n t i c a l . In both cases the ml ζ 369 peak was the base 
peak, and the m/z 386 peak had a r e l a t i v e i n t e n s i t y of approximately 
10%. This demonstrates t h a t the SFC-MS i n t e r f a c e does not c o n t r i b u t e 
to " a c t i v e s i t e " thermal degradation to any greater extent than does 
the widely accepted f u s e d - s i l i c a GC-MS i n t e r f a c e . 

SFC has been used f o r separations of t h e r m a l l y - l a b i l e compounds 
(26) due to i t s m i l d e l u t i o n c o n d i t i o n s as compared to those of GC. 
We examined benzoyl peroxide as a second, more s e n s i t i v e , t e s t of our 
i n t e r f a c e ' s performance w i t h t h e r m a l l y - l a b i l e compounds. Benzoyl 
peroxide i s a r e l a t i v e l y s t a b l e peroxide, but i t i s s t i l l very 
thermally l a b i l e (27^) and d i f f i c u l t to analyze by GC, as are most 
peroxy-compounds (28). The peroxide l i n k a g e i s prone to cleavage, 
and common decomposition products are known (27^). The SFC-FID 
a n a l y s i s of benzoyl peroxide provides a s i n g l e , sharp peak, i f the 
chromatographic oven i s maintained at temperatures < 100°C. This 
suggests t h a t the peroxide i s s t a b l e during the SFC a n a l y s i s , or that 
i t i s converted to a s t a b l e product upon or before i n j e c t i o n . 

A s o l u t i o n of benzoyl peroxide i n methylene c h l o r i d e was analyzed 
by SFC-MS using both isobutane and ammonia CI. The chromatographic 
oven and probe stem where h e l d at 60°C, the probe t i p was held at 
250°C, and the mass spectrometer source was held at 200°C. Under 
these c o n d i t i o n s , a s i n g l e peak i n the RTIC i s observed. However, 
the major species observed i n the mass spectra are a t t r i b u t a b l e t o 
the protonated molecules of known thermal decomposition products: 
phenolic e s t e r of benzoic a c i d , benzoic a c i d , and phenol. Only a 
small f r a c t i o n (<5% r e l a t i v e i n t e n s i t y ) of the t o t a l i o n current 
corresponded to the i n t a c t , protonated benzoyl peroxide. This 
mixture of products and the s i n g l e chromatographic peak suggest t h a t 
the benzoyl peroxide survived the SFC separation i n t a c t . 
Decomposition i s probably o c c u r r i n g i n the source or i n the 
i n t e r f a c e . A d d i t i o n a l experiments, i n which both the source and 
SFC-MS i n t e r f a c e temperatures are v a r i e d , w i l l be re q u i r e d to 
e s t a b l i s h the s i t e of decomposition. I t i s c l e a r , however, t h a t the 
a p p l i c a t i o n of SFC-MS to t h e r m a l l y - l a b i l e m a t e r i a l s w i l l u l t i m a t e l y 
be l i m i t e d , not by the SFC, but by the i n t e r f a c e - d e t e c t o r 
combination. 

Ion Source Pressure. During pressure-programmed SFC-MS runs, we have 
observed an apparent decrease i n s i g n a l - t o - n o i s e r a t i o (S/N) as the 
pressure i n the source manifold increases. Data from the 
manufacturer of the mass spectrometer suggest that an e i g h t - f o l d 
decrease i n r e l a t i v e s e n s i t i v i t y should be expected as the pressure 
i n the source manifold region increases from 1X10"^ to 5X10"^ 
t o r r (29). Figure 4 i l l u s t r a t e s t h i s e f f e c t . This f i g u r e shows the 
RTIC vs. time p r o f i l e s f o r two SFC separations of the s i l y l a t e d 
oligomers of polyethylene g l y c o l (PEG) 600. Both analyses were 
conducted w i t h equal amounts of PEG i n j e c t e d . The upper t r a c e shows 
the response when cryopumping was used during the e n t i r e run and the 
source manifold pressure remained below 8X10"^ t o r r . The lower 
t r a c e shows the response f o r an i d e n t i c a l run without cryopumping 
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where the source pressure rose to over 3X10"^ t o r r as the l a t e r 
peaks were e l u t i n g . These r e s u l t s show tha t reducing the source 
manifold pressure improves the S/N by at l e a s t a f a c t o r of two. The 
S/N improves by almost a f a c t o r of A f o r the higher molecular weight 
species which e l u t e at increased mobile phase pressure. S e n s i t i v i t y 
l o s ses at higher pressure are apparently due to the l o s s of ions by 
s c a t t e r i n g , and other c o l l i s i o n a l processes, as they t r a v e l between 
the e x i t of the CI volume and the entrance of the analyzer. 

Figure 5 shows the RTIC and s e l e c t e d mass chromatograms f o r the 
dérivâtized oligomers of PEG 600 when cryopumping i s employed. 
Protonated molecular species were observed f o r compounds w i t h masses 
up to the 1000 Da mass l i m i t of t h i s mass spectrometer. The species 
at m/z 999 has 19 ethylene g l y c o l repeating u n i t s . 

S e n s i t i v i t y and Chromatographic E f f i c i e n c y . We used methyl 
arachidate to evaluate the s e n s i t i v i t y of the SFC-MS combination 
using the HP quadrupole instrument. A s p l i t l e s s i n j e c t i o n of 1.2 ng 
of methyl arachidate i n dichloromethane produced a peak i n the mass 
chromatogram of m/z 327, [M+H]+. The S/N was roughly 5 at the 
expected r e t e n t i o n time. The instrument was operated i n the 
isobutane CI mode at u n i t r e s o l u t i o n and was scanned from m/z 120 to 
m/z 500 i n 1 s. This l e v e l of s e n s i t i v i t y i s comparable to t h a t 
observed by other workers performing SFC-MS wi t h e l e c t r o n i o n i z a t i o n 
(22^). However, much b e t t e r s e n s i t i v i t y values have been reported f o r 
chemical i o n i z a t i o n of both biphenyl compounds (1_5) and trichothecene 
mycotoxins ( .18 ). The reason f o r t h i s d i f f e r e n c e i n CI mode 
s e n s i t i v i t i e s i s not p r e s e n t l y understood. C e r t a i n l y instrumental 
c o n f i g u r a t i o n , method of i o n i z a t i o n , nature and molecular weight of 
the species i n question, and the t r a n s m i s s i o n / d e t e c t i o n e f f i c i e n c y of 
the mass spectrometer a l l a f f e c t s e n s i t i v i t y . 

The chromatographic e f f i c i e n c y of the SFC-MS combination w i t h the 
HP quadrupole as a detector i s lower than what we commonly observe 
using SFC-FID. Chromatographic e f f i c i e n c y has been s a c r i f i c e d to 
gain s e n s i t i v i t y . Larger r e s t r i c t o r apertures (which produce l a r g e r 
column flow v e l o c i t i e s , smaller s p l i t r a t i o s and more mass on column 
given a constant s p l i t t e r vent r e s t r i c t i o n ) , and higher pressure 
program r a t e s decrease the apparent e f f i c i e n c y and improve 
s e n s i t i v i t y . Smith (IS) has discussed the use of very high 
pressure-program r a t e s as a means of improving s e n s i t i v i t y . The 
complexity of the mixtures examined i n t h i s work precluded the use of 
t h i s technique. 

A p p l i c a t i o n of SFC-MS to a Drug-Related Problem. T e r g i t o l nonionic 
s u r f a c t a n t - 9 (USP name: Nonoxynol-9; abbreviated here TNS-9) i s an 
important a c t i v e i n g r e d i e n t and s u r f a c t a n t i n a number of drug 
for m u l a t i o n s . 

Figure 6 shows the SFC-FID chromatogram of TNS-9. I t e x h i b i t s a 
s e r i e s of s i m i l a r m u l t i p l e t s , each c o n s i s t i n g of 6 or 7 major peaks 
or shoulders. S p i k i n g experiments, i n which standards were i n j e c t e d 

T e r g i t o l nonionic s u r f a c t a n t - 9 . 
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Upper- with Cryopumping Lower- without Cryopumping 

32000 

Time (min) 

Figure 4. SFC-MS response vs. ion-source manifold pressure f o r 
PEG 600. Conditions: s p l i t i n j e c t i o n (~1:2) of 0.1 uL 
of a 20 mg/mL s o l u t i o n of PEG 600 i n methylene 
c h l o r i d e , 10 m X 50 urn i . d . X 0.1 urn f i l m DB-17 column, 
column temperature = 90°C, probe stem temperature = 
90°C, probe t i p temperature 350°C, pressure program 
= 100 atm f o r 3 min, ramp to 140 atm i n 3 min, ramp to 
365 atm i n 22 min, isobutane CI, MS source temperature 
= 200°C. 

10 12 14 16 18 20 
Time (min ) 

Figure 5. RTIC and s e l e c t e d mass chromatograms f o r PEG 600 using 
cryopumping. Same operating c o n d i t i o n s as Figure 4. 
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Figure 6. SFC-FID chromatogram of T e r g i t o l Nonionic S u r f a c t a n t - 9 . 
Conditions: 10 m X 50 urn i . d . X 0.1 um f i l m DB-17 
column, column temperature = 100°C, detector 
temperature = 70°C, pressure program = 150 atm f o r 5 
min, ramp to 360 atm at 3 atm/min. 
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w i t h the unknown, suggested th a t each m u l t i p l e t corresponds to a 
s p e c i f i c e t h o x y l a t e chain length (one value of n ) , and to a v a r i e t y 
of isomers of an 8, 9 or 10 carbon s i d e - c h a i n . 

To confirm our assignments, we ran TNS-9 by SFC-MS. Figure 7 
shows the RTIC f o r the run as w e l l as one mass spectrum from a peak 
i n a t y p i c a l m u l t i p l e t . The RTIC resembles the FID t r a c e . In s p i t e 
of the f a c t t h a t the chromatographic e f f i c i e n c y i s much lower than i n 
the SFC-FID run, one can s t i l l recognize the TNS-9 m u l t i p l e t s i n the 
f i r s t h a l f of the chromatogram. A l l spectra c o l l e c t e d across a 
s i n g l e m u l t i p l e t e x h i b i t e d the same protonated molecule. In a d d i t i o n 
to the protonated molecule, the base peak i n a l l the s p e c t r a , s e v e r a l 
s e r i e s of fragment i o n s , separated by 44 Da i n t e r v a l s , were 
observed. These r e s u l t s i n d i c a t e t h a t each m u l t i p l e t corresponds to 
isomers of a p a r t i c u l a r e thoxylate chain length and of a hydrocarbon 
chain length of nine. The complexity of the m u l t i p l e t s i s presumably 
due to hydrocarbon chain branching and/or i n p o s i t i o n a l isomerism 
about the phenyl r i n g . 

The mass spectrum shown i n Figure 7 does not e x h i b i t s t a b l e 
i s o t o p i c m u l t i p l e t s and the s i g n a l i n t e n s i t y i s weak. The lack of 
s t a b l e isotopes i s due to the decreased mass r e s o l u t i o n . However, 
t h i s example demonstrates th a t even low q u a l i t y mass spectra can be 
h e l p f u l f o r the c h a r a c t e r i z a t i o n of m a t e r i a l s . The most important 
r e s u l t f o r t h i s experiment i s th a t one SFC-MS a n a l y s i s gave us b e t t e r 
information on the nature of TNS-9 than d i d over a week of c a r e f u l 
SFC-FID work. 

A p p l i c a t i o n of High-Mass SFC-MS to Food-Related Problems. The 
c h a r a c t e r i z a t i o n of mixtures of food-grade pol y d i m e t h y l s i l o x a n e 
(PDMS) oligomers i s a d i f f i c u l t problem. The la r g e number of 
oligomers r e q u i r e s t h a t a h i g h - r e s o l u t i o n separation technique be 
used. However, the molecular weight range encountered i s w e l l beyond 
the range of any form of gas chromatography. A powerful 
c h a r a c t e r i z a t i o n technique i s badly needed because the performance of 
these m a t e r i a l s i n food a p p l i c a t i o n s v a r i e s widely from l o t to l o t , 
even when the v i s c o s i t y (commonly used to c h a r a c t e r i z e PDMS samples) 
i s constant. We have used SFC-FID to examine samples from two 
d i f f e r e n t l o t s of a food-grade PDMS (30) tha t e x h i b i t e d d i f f e r e n t 
product performance. "High-mass" SFC-MS has aided our understanding 
of the molecular weight range of these separations. 

We have r e c e n t l y i n t e r f a c e d a c a p i l l a r y SFC instrument using 
s p l i t l e s s i n j e c t i o n t o a 3000 Da, VG quadrupole mass spectrometer 
(31). Figure 8 shows the RTIC and r e p r e s e n t a t i v e s p e c t r a c o l l e c t e d 
from an SFC-MS run of a 20 cSt PDMS sample. A l l of the oligomers 
show [M+NH/J"*" ammonium adduct ions and the assigned m/z values 
are w i t h i n one u n i t of the expected c e n t r o i d . From t h i s SFC-MS run, 
we were able to ob t a i n molecular weight information up to the 39th 
oligomer (ammonium adduct i o n of m/z 2998) f o r the 20 cSt PDMS 
sample. The SFC-FID chromatogram f o r t h i s m a t e r i a l shows 
w e l l - r e s o l v e d peaks up to the 65th oligomer. Based on the SFC-MS 
r e s u l t s , we can assi g n the mass f o r the l a t e r e l u t i n g peaks. 
Comparison of the SFC-FID chromatograms from the 20 cSt PDMS and the 
500 cSt food-grade m a t e r i a l s allows us to estimate a molecular-weight 
range of at l e a s t 8500 f o r SFC separations of the h i g h e r - v i s c o s i t y , 
food-grade m a t e r i a l s . 

High-mass SFC-MS has a l s o been used to examine the oligomers i n 
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a) RTIC for Nonoxynol-9 
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Figure 7. a) SFC-MS RTIC f o r T e r g i t o l Nonionic Surfactant-9. 
C o n d i t i o n s : s p l i t i n j e c t i o n (~1:2) of 0.1 uL 
of a 30 mg/mL s o l u t i o n of TNS-9 i n methylene c h l o r i d e , 
10 m Χ 50 um i . d . X 0.1 um f i l m DB-17 column, column 
temperature = 90°C, probe stem temperature = 90°C, 
probe t i p temperature = 350°C, pressure program = 80 
tm f o r 5 min, ràmp to 360 atm i n 80 min, isobutane CI, 
MS source temperature = 200°C. 

b) A Selected Mass Spectra f o r the n=9 T e r g i t o l 
Oligomer. 
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s i l y l a t e d corn sweeteners up to 3000 Da ( 3 ^ ) . The t r i m e t h y l s i l y l 
d e r i v a t i v e s of ol i g o s a c c h a r i d e s can be e a s i l y e l u t e d w i t h unmodified 
CO2 mobile phase i n c a p i l l a r y SFC over a wide molecular weight 
range (32). The oligomes e l u t e as a s e r i e s of i r r e g u l a r l y spaced 
doublets. Figure 9 i l l u s t r a t e s the RTIC chromatogram f o r the 
ol i g o s a c c h a r i d e s c o n t a i n i n g two through seven u n i t s (G2-G7). The 
molecular weights of the o l i g o s a c c h a r i d e s G8 and above were beyond 
the mass range of the mass spectrometer. Figure 9 a l s o i l l u s t r a t e s 
r e p r e s e n t a t i v e spectra c o l l e c t e d during the NH3 CI run. Each 
o l i g o s a c c h a r i d e d i s p l a y s a base peak w i t h i n 1 mass u n i t of th a t 
expected f o r i t s ammonium adduct i o n . The more intense spectra 
u s u a l l y d i s p l a y e d fragment ions (m/z 773, 1152) r e l a t e d to the 
s t r u c t u r e of the o l i g o s a c c h a r i d e . Analyzing t h i s mixture by SFC-MS 
allowed us to strengthen our assignment of the doublets as anomeric 
forms of the o l i g o s a c c h a r i d e (33). 

During the runs of high molecular weight o l i g o m e r i c s e r i e s such 
as the polydimethylsiloxanes and the o l i g o s a c c h a r i d e s , the r e s o l v i n g 
power of the VG instrument was purposely reduced. The peak 
d e t e c t i o n parameters were adjusted such that the i s o t o p i c m u l t i p l e t s 
corresponding to the major ions of a tuning mixture merged i n t o 
s i n g l e , centroided peaks. (The "high mass peak width" i n the VG 
tuning parameters f i l e was increased from 1.02 mass u n i t s to 1.20 
mass u n i t s . ) This d r a m a t i c a l l y improved the S/N of the 
measurements. The reduc t i o n i n r e s o l v i n g power increased the s i g n a l 
i n t e n s i t y by a f a c t o r of roughly 10 at m/z 2000 as d i r e c t l y measured 
on the o s c i l l o s c o p e during the tuning process. 

SFC-MS co n d i t i o n s were simulated w h i l e tuning the VG mass 
spectrometer by i n t r o d u c i n g a 3% s o l u t i o n of the 20 cSt PDMS i n 
s u p e r c r i t i c a l CO2 i n t o the ion source. SFI of the PDMS mixture 
provided oligomers which ranged i n molecular weight from 200 daltons 
to w e l l over 4000 daltons. 

The s e n s i t i v i t y of t h i s SFC-MS combination was evaluated w i t h two 
standards: methyl arachidate (326 Da) and t r i s t e a r i n (890 Da). The 
instrument was tuned to " u n i t " r e s o l u t i o n (10% v a l l e y d e f i n i t i o n ) 
before the s e n s i t i v i t y measurements were made. S p l i t l e s s i n j e c t i o n 
of 800 pg of methyl arachidate produced a mass chromatogram of m/z 
344, [M+NH/J*, w i t h a S/N of approximately 4. The scan range was 
m/z 100 to 500 w i t h a 1 s scan c y c l e time. S p l i t l e s s i n j e c t i o n of 12 
ng of t r i s t e a r i n produced a mass chromatogram of m/z 908, 
[M+NH^]"1", w i t h a S/N of approximately 5. The scan range was from 
m/z 500 to 1000 w i t h a scan c y c l e time of 1.1 s. The t r i s t e a r i n 
r e s u l t i s a "worst case" r e s u l t . L o g i s t i c a l d i f f i c u l t i e s of 
combining instruments from two d i s t a n t s i t e s over a short p e r i o d of 
time precluded o p t i m i z a t i o n of S/N. 

These r e s u l t s show f o r the f i r s t time that i t i s p o s s i b l e t o 
generate and detect high-mass ions (> 1500 Da) a f t e r t h e i r parent 
compounds have been introduced i n t o a mass spectrometer by SFC. Both 
of these examples, PDMS and s i l y l a t e d o l i g o s a c c h a r i d e s , are mixtures 
of r e l a t i v e l y v o l a t i l e compounds. We have not succeeded i n observing 
ions r e l a t e d to l e s s v o l a t i l e m a t e r i a l s , l i k e sucrose o c t a o l e a t e , 
t h a t r e q u i r e high SFC e l u t i o n pressures (370 atm). Future SFC-MS 
work w i l l examine the a p p l i c a b i l i t y of t h i s technique to high mass 
species t h a t are l e s s v o l a t i l e . The combination of t h i s unique 
separations method and a high-mass quadrupole mass spectrometer w i l l 
be a powerful a n a l y t i c a l t o o l . 
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Figure 8. Reconstructed t o t a l - i o n - c u r r e n t chromatogram (top) and 
se l e c t e d mass spectra produced during N H 3 CI SFC-MS 
run of 20 cSt PDMS. (Adapted from Ref. 31. Copyright 
1988 ACS.) 
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Figure 9. Reconstructed t o t a l - i o n - c u r r e n t chromatogram and 
se l e c t e d s pectra from N H 3 CI SFC-MS run of 
d e r i v a t i z e d M a l t r i n 100. (Adapted from Ref. 31. 
1988 ACS.) 
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Chapter 12 

Supercritical Fluid Chromatography-
Mass Spectrometry 

of Carotenoid Pigments 

Nelson M. Frew1, Carl G. Johnson 1, and Richard H. Bromund2 

1Department of Chemistry, Woods Hole Oceanographic Institution, 
Woods Hole, MA 02543 

2Department of Chemistry, College of Wooster, Wooster, OH 44691 

Combined supercritical fluid chromatography-mass 
spectrometry is shown to be a useful new tool for the 
separation and identification of carotenoids, rela­
tively involatile, labile pigments which contain mul­
tiple functional groups spanning a range of polari­
ties. The most promising stationary phases for capil­
lary SFC of complex natural mixtures of carotenoids 
are the cyanopropylpolysiloxanes and polyethylene 
glycols. The extremely mild ionization conditions 
which prevail using supercritical CO2 as the mobile 
phase, produce superior quality mass spectra for fra­
gile carotenoids such as fucoxanthin and its deriva­
tives, as compared with earlier in-beam desorption CI 
techniques. The CI-CH4 fragmentation of many other 
carotenoids under these conditions is minimal; the 
simplicity of their spectra may be advantageous in 
determining low level distributions using molecular 
ion abundances. 

The separation and structural characterization of complex mixtures 
of natural products i s an important problem i n food and agricul­
tural chemistry, pharmaceutical research and environmental and geo-
chemical studies. Gas chromatography (GC) and high performance 
liquid chromatography (HELC), now well-established methods, have 
largely supplanted earlier techniques, including thin-layer 
chromatography and open-column liquid chromatography, for reasons 
of chromatographic efficiency and speed of analysis. The use of 
combined gas chromatography-mass spectrometry (GC-MS) has been 
particularly valuable i n the analysis of complex mixtures, and 
more than a decade of research on combined HPLC-MS has resulted i n 
interfacing techniques such as thermospray ionization and electro-
spray ionization which show similar promise. 

The introduction of open-tubular columns and improved hardware 
for supercritical f l u i d chromatography (SFC) has renewed interest 

0097-6156 /88 /0366-0208$06 .25 /0 
© 1988 A m e r i c a n C h e m i c a l Society 
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12. FREW E T A L . SFC-MS of Carotenoid Pigments 209 

i n the use of s u p e r c r i t i c a l f l u i d s as mobile phases f o r chromato­
g r a p h i c separat ions ( 1 - 3 ) . T h i s new technique supplements the 
s e p a r a t i o n c a p a b i l i t i e s of both GC and HPLC f o r two reasons : (1) 
the a b i l i t y t o d e a l w i t h l e s s v o l a t i l e , t h e r m o l a b i l e and h i g h 
molecular weight m a t e r i a l s not g e n e r a l l y amenable t o GC a n a l y s i s , 
but w i t h h i g h e r chromatographic e f f i c i e n c i e s than are a t t a i n a b l e 
i n HPLC and (2) the g r e a t e r f l e x i b i l i t y i n a v a i l a b l e d e t e c t i o n 
modes, i n c l u d i n g U V - v i s i b l e , f l u o r e s c e n c e , flame i o n i z a t i o n , 
t h e r m i o n i c , F o u r i e r transform i n f r a r e d and mass s p e c t r o m e t r i c 
d e t e c t i o n . The p o t e n t i a l f o r combining SFC w i t h the l a t t e r of 
these d e t e c t o r s , the mass spectrometer (MS), i s an important 
advantage because of the u n i v e r s a l i t y and s p e c i f i c i t y of MS and 
i t s a b i l i t y t o supply e x p l i c i t s t r u c t u r a l i n f o r m a t i o n . S e v e r a l of 
the common MS i o n i z a t i o n modes, i n c l u d i n g e l e c t r o n i o n i z a t i o n ( £ 1 ) , 
chemical i o n i z a t i o n (CI) and charge-exchange (CE) have been shown 
t o be compatible w i t h o n - l i n e SFC ( 4 - 1 2 ) . V a r y i n g degrees of 
hardware m o d i f i c a t i o n are r e q u i r e d , but are g e n e r a l l y much l e s s 
extens ive than r e q u i r e d i n HPLC-MS, where the mass spectrometer 
must cope w i t h h i g h f low r a t e s of p o l a r l i q u i d s . 

The i n c r e a s i n g prominence of SFC i s r e f l e c t e d i n the many 
r e c e n t l y - p u b l i s h e d a p p l i c a t i o n s , p r i m a r i l y i n v o l v i n g i n d u s t r i a l 
u s e s , i n c l u d i n g a n a l y s i s of s y n t h e t i c s u r f a c t a n t s , polymers, food 
and cosmetic formulat ions and petroleum d i s t i l l a t e s (13-19) . R e l a ­
t i v e l y l i t t l e work has been p u b l i s h e d on SFC of n a t u r a l p r o d u c t s , 
p a r t i c u l a r l y of p o l a r m a t e r i a l s w i t h molecular weights g r e a t e r than 
400 dal tons (20 -23) . The choice of p o l a r s u p e r c r i t i c a l f l u i d s i s 
r e l a t i v e l y l i m i t e d i n p r a c t i c e , s i n c e c r i t i c a l temperatures and 
chemical r e a c t i v i t y i n c r e a s e d r a m a t i c a l l y w i t h p o l a r i t y . Some 
progress has been made w i t h the use of p o l a r m o d i f i e r s , but most 
i n v e s t i g a t i o n s of mixed f l u i d s have been conf ined t o s t u d i e s of 
e l u t i o n order e f f e c t s w i t h r e l a t i v e l y n o n - p o l a r or low molecular 
weight p o l a r s o l u t e s (24 -29) . The extent t o which SFC w i l l be 
u s e f u l f o r r e l a t i v e l y p o l a r m a t e r i a l s (and thus a s t r o n g competi tor 
w i t h HPLC) i s s t i l l an open q u e s t i o n and a matter f o r much f u t u r e 
r e s e a r c h . 

We have s e l e c t e d a c l a s s of l a b i l e p o l a r l i p i d s , the c a r o t e n ­
o i d s , w i t h which t o explore the p o t e n t i a l of SFC-MS. We are 
s p e c i f i c a l l y i n t e r e s t e d i n these compounds as b i o l o g i c a l source 
markers and as model i n d i c a t o r s of the f a t e of l a b i l e organic 
matter which i s produced i n the s u r f a c e ocean and i s subject t o 
v a r i o u s b i o l o g i c a l and chemical degradat ion processes . However, 
our f i n d i n g s should be of g e n e r a l i n t e r e s t t o others working t o 
apply SFC-MS i n other areas of n a t u r a l product c h e m i s t r y . 

The carotenoids (carotenes and x a n t h o p h y l l s ) are wide ly d i s ­
t r i b u t e d i n both p h o t o s y n t h e t i c and non-photοsynthetic organisms, 
f u n c t i o n i n g as accessory l i g h t r e c e p t o r s a s s i s t i n g i n the t r a n s f e r 
of energy t o the c h l o r o p h y l l s and a c t i n g as a n t i o x i d a n t s which 
p r o t e c t the c h l o r o p h y l l s from p h o t o o x i d a t i o n d u r i n g p h o t o s y n t h e s i s . 
The carotenoids are t e t r a t e r p e n o i d s ( F i g u r e 1 ) , each c o n s i s t i n g of 
a conjugated polyene backbone o f t e n terminated a t each end w i t h 
six-membered r i n g s of v a r y i n g u n s a t u r a t i o n . The t e r m i n a l r i n g s 
(as w e l l as the backbone) are t y p i c a l l y s u b s t i t u t e d w i t h v a r i o u s 
p o l a r f u n c t i o n a l groups , i n c l u d i n g h y d r o x y l , methoxy, k e t o , a c e t y l 
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and epoxy groups . The h i g h l y r e a c t i v e nature of these compounds 
which makes them a t t a c t i v e as i n d i c a t o r s of s h o r t - t e r m dégradative 
pathways a l s o makes t h e i r i s o l a t i o n and mass s p e c t r a l c h a r a c t e r i z a ­
t i o n d i f f i c u l t , p a r t i c u l a r l y a t low l e v e l s (< 100 n g ) . Carotenoids 
are not g e n e r a l l y amenable t o gas chromatographic a n a l y s i s due t o 
t h e i r t h e r m o l a b i l i t y and low v o l a t i l i t y (35 , 42) . The a n a l y s i s of 
carotenoids c u r r e n t l y i n v o l v e s s e p a r a t i o n by HPLC and i d e n t i f i c a ­
t i o n of the p u r i f i e d compounds by a b s o r p t i o n spectroscopy and 
d i r e c t i n s e r t i o n probe mass spectrometry (30 ) . The e l e c t r o n i o n i ­
z a t i o n , chemical i o n i z a t i o n and f i e l d d e s o r p t i o n fragmentat ion of 
c a r o t e n o i d pigments have been s t u d i e d by a number of workers 
(31-33) . V e t t e r et a l . (31) have d iscussed i n d e t a i l the problem 
of thermal degradat ion of carotenoids and the o b s e r v a t i o n t h a t 
c a r o t e n o i d EI fragmentation p a t t e r n s , t o a l a r g e e x t e n t , a c t u a l l y 
represent t h e r m a l l y degraded and i somerized c a r o t e n o i d s . Combined 
o n - l i n e chromatography-mass spectrometry (HPLC-MS or SFC-MS) has 
not been p r e v i o u s l y demonstrated f o r the c a r o t e n o i d s . 

We have i n v e s t i g a t e d the p o s s i b i l i t y of i d e n t i f y i n g c a r o t e n o i d 
pigments u s i n g c a p i l l a r y s u p e r c r i t i c a l f l u i d chromatography-mass 
spectrometry . I n view of t h e i r l a b i l i t y , l o w - v o l a t i l i t y , and 
p o l a r i t y range, these compounds present an i n t e r e s t i n g t e s t of the 
c u r r e n t c a p a b i l i t i e s of c a p i l l a r y SFC-MS. We demonstrate t h a t 
SFC-MS can be implemented w i t h r e l a t i v e l y few m o d i f i c a t i o n s t o a 
t y p i c a l quadrupole GC-MS system and t h a t u s e f u l chromatography and 
s t r u c t u r a l i n f o r m a t i o n may be obtained f o r these compounds u s i n g 
SFC. 

Instrumentat ion and Experimental Methods 

Two s u p e r c r i t i c a l f l u i d chromatographs were used i n t h i s work. 
The f i r s t system, used f o r SFC a l o n e , was c o n s t r u c t e d u s i n g a 
c o m p u t e r - c o n t r o l l e d (Apple H e ) p r e s s u r e / d e n s i t y programmable Lee 
S c i e n t i f i c Model 250 s y r i n g e pump and a Hewlett -Packard 5710 
chromatograph modi f ied t o accept a Rheodyne 7520 i n j e c t o r ( r o t o r 
i n t e r n a l loop volume, 0.2 y l ) . Columns were connected t o the 
Rheodyne i n j e c t o r through a s p l i t t e r tee e i t h e r d i r e c t l y or 
i n d i r e c t l y us ing a short r e t e n t i o n gap of uncoated c a p i l l a r y . 
J e t - t y p e r e s t r i c t o r s were f a b r i c a t e d d i r e c t l y on the columns by 
flame s e a l i n g the column end t o form a sharp i n t e r n a l t a p e r , then 
opening the s e a l by g r i n d i n g t o the d e s i r e d o r i f i c e diameter of 
approximately 1 t o 3 microns (34) . When flame i o n i z a t i o n d e t e c t i o n 
(FID) was used , some flame i n s t a b i l i t y was observed a t h i g h p r e s ­
sures unless the r e s t r i c t o r was p o s i t i o n e d s l i g h t l y below the t i p 
of the FID j e t . T h i s n e c e s s i t a t e d h e a t i n g the FID t o temperatures 
of 300-350°C t o a v o i d peak t a i l i n g . 

A second system used f o r SFC-MS c o n s i s t e d of a Brownlee Model 
G Micropump, a Rheodyne 7520 i n j e c t o r (0 .2 μ 1 r o t o r ; s p l i t t e r tee) 
and a C a r l o Erba 4160 gas chromatograph. The i n j e c t o r was c h i l l e d 
t o 18°C us ing a r e f r i g e r a t e d c i r c u l a t i n g b a t h . The chromatograph 
was d i r e c t l y coupled t o a F i n n i g a n 4500 quadrupole mass spectrome­
t e r ( e s s e n t i a l l y without m o d i f i c a t i o n u s i n g the same e l e c t r i c a l l y 
heated i n t e r f a c e oven used f o r GC-MS operat ion) such t h a t the 
column e f f l u e n t entered the i o n volume normal t o the quadrupole 
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a x i s . The column r e s t r i c t o r was p o s i t i o n e d 0.5 mm back from the 
sample entrance h o l e . While e l e c t r i c a l h e a t i n g maintained the 
i n t e r f a c e r e g i o n a t the same temperature as the chromatograph 
oven, no a d d i t i o n a l heat was s u p p l i e d t o the r e s t r i c t o r other than 
t h a t from the source b l o c k , which was maintained a t 1 0 0 - 1 2 0 ° C . 
Methane chemical i o n i z a t i o n was achieved us ing a methane pressure 
of 0.5 t o r r ( u n c o r r e c t e d ) . A n a l y z e r pressures ranged from 3-6 χ 
1 0 " 5 t o r r . The e l e c t r o n energy was 130 eV. The e l e c t r o n m u l t i ­
p l i e r was operated a t 1.3 kV w i t h the c o n v e r s i o n dynodes a t 3 kV. 
P r e a m p l i f i e r g a i n was 10~8 A / V . The spectrometer was tuned f o r 
u n i t r e s o l u t i o n and c a l i b r a t e d i n the C H 4 - C I mode u s i n g p e r -
f l u o r o t r i b u t y l a m i n e . Data a c q u i s i t i o n was c a r r i e d out w i t h an 
INCOS 2300 data system. Data were a c q u i r e d over the mass range of 
400-800 d a l t o n s u s i n g two-second scans t o enhance the s i g n a l - t o -
n o i s e r a t i o . 

Separat ions were c a r r i e d out u s i n g 50 or 100 μ m ID DB-5 , 
DB-17, DB-225 and DB-WAX coated fused s i l i c a c a p i l l a r y columns 
(J&W S c i e n t i f i c , Rancho Cordova, CA) of 2 t o 20 meters i n l e n g t h . 
SFC Grade carbon d i o x i d e ( S c o t t S p e c i a l t y Gases , P l u m b s t e a d v i l l e , 
PA) was used as the c a r r i e r f l u i d a t 60 -100°C w i t h c a r r i e r l i n e a r 
f low v e l o c i t i e s of 2-5 cm/sec . U n d e r i v a t i z e d c a r o t e n o i d standards 
( i s o l a t e d from n a t u r a l sources by D. Répéta or obtained from Sigma 
Chemical C o . , S t . L o u i s , MO) were d i s s o l v e d i n methylene c h l o r i d e 
to a c o n c e n t r a t i o n of 400-4000 n g / μ ΐ and i n j e c t e d u s i n g a 0.2 u l 
r o t o r and a s p l i t r a t i o i n the range of 2 -10 :1 . 

R e s u l t s and D i s c u s s i o n 

Chromatography of C a r o t e n o i d s . One of the e a r l i e s t l i t e r a t u r e 
r e p o r t s on SFC demonstrated the m i g r a t i o n and s e p a r a t i o n of a l p h a -
and b e t a - c a r o t e n e i n s u p e r c r i t i c a l CO2 ( 35 ) . Enhanced s o l u b i l i t y 
of these compounds i n CO2 was a s c r i b e d t o formation of a c c e p t o r -
donor complexes w i t h the p o l a r i z a b l e p i - e l e c t r o n s i n the h i g h l y 
conjugated backbone. I n the present work, a l l of the carotenoids 
shown i n F i g u r e 1, as w e l l as s e v e r a l r e l a t e d i somers , are found 
to be s u f f i c i e n t l y s o l u b l e i n s u p e r c r i t i c a l CO2 t o a l l o w chroma­
t o g r a p h i c e l u t i o n from the s t a t i o n a r y phases t e s t e d . We examined 
the chromatographic behavior of carotenoids on s e v e r a l types of 
s t a t i o n a r y phases u s i n g s imple mixtures spanning a range of p o l a r i ­
t i e s . In g e n e r a l , s e l e c t i v i t i e s f o r the carotenoids on p o l y -
s i l o x a n e phases are l i m i t e d . On DB-5 (5% p h e n y l , m e t h y l - p o l y -
s i l o x a n e ) , r e l a t i v e l y sharp chromatographic peaks are o b t a i n e d , 
but the s e l e c t i v i t y i s inadequate to separate even simple mix­
t u r e s . U s e f u l separat ions are obtained only on moderately p o l a r 
t o p o l a r s t a t i o n a r y phases. S e p a r a t i o n of s e v e r a l carotenoids on 
a 20 m χ 100 y m ID DB-17 (50% p h e n y l , m e t h y l - p o l y s i l o x a n e ) column 
i s i l l u s t r a t e d i n Figure 2A. The unusual e l u t i o n behavior of 
f u c o x a n t h i n (V) i s e x e m p l i f i e d by i t s e l u t i o n from DB-17 w e l l 
before other c a r o t e n o i d s . T h i s behavior i s temperature s e n s i t i v e 
and not e x h i b i t e d by other p o l a r c a r o t e n o i d s . DB-225 (50% cyano-
p r o p y l m e t h y l , 50% m e t h y l p h e n y l - p o l y s i l o x a n e ) e x h i b i t s s i m i l a r 
moderate s e l e c t i v i t y (Figure 2B) , but s t i l l does not provide s u f ­
f i c i e n t r e s o l u t i o n of the more p o l a r c a r o t e n o i d s . The highest 
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A 

Fluid: C0 2 at 70°C 
Column: DB-17 20m χ 100/* ID 
Inject: 80 barsj fast ramp to 200 bars 
Program-. 200 to 320 bars at 4 bar/min. 

ι «—ι 1 1 1 1 1 
80 80 200 230 260 290 320 320 

PRESSURE (Bars) 

Figure 2A. SFC-FID chromatograms of carotenoids separated on DB-17 
s t a t i o n a r y phase. See Figure 1 f o r key to compound s t r u c t u r e s . 
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Β 

Fluid :C02 at 60°C 
Column: DB-225 10mx50/i.lD 
Inject: 80 bars; fast ramp to 200 bars 
Program: 200 to 320 bars at 4 bar/min. 

Π 

m 

80 80 200 230 260 290 
—ι 1 
320 320 

PRESSURE (Bars) 
Figure 2B. SFC-FID chromatograms of carotenoids separated on DB-225 
s t a t i o n a r y phase. See Figure 1 f o r key to compound s t r u c t u r e s . 
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C 

Fluid: C0 2 at 80°C 
Column: DB-WAX 1.8mx50/xlD 
Inject: 80 bars; fast ramp to 120 bars 
Program: 120 to 300 bars at 6 bar/min. 

I , 1 1 1 1 1 1— 
80 120 180 240 300 

PRESSURE (Bars) 
Figure 2C. SFC-FID chromatograms of carotenoids separated on DB-WAX 
s t a t i o n a r y phase. See Figure 1 f o r key to compound s t r u c t u r e s . 
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s e l e c t i v i t y i s obtained w i t h DB-WAX (a c r o s s - l i n k e d Carbowax 20M). 
Figure 2C i s a chromatogram obtained on a short (1 .8 m χ 50 μ m ID) 
DB-WAX column u s i n g a v e r y h i g h l i n e a r f low v e l o c i t y . These n o n -
i d e a l c o n d i t i o n s r e s u l t i n lower chromatographic e f f i c i e n c y , but 
are necessary f o r e l u t i o n of the s t r o n g l y r e t a i n e d p o l a r c a r o ­
t e n o i d s . The carotenoids I - V e l u t e from DB-WAX w i t h the expected 
order based on p o l a r i t y . 

We have a l s o used longer (10 and 20 meter) DB-WAX columns 
us ing more opt imal ( lower) l i n e a r f low v e l o c i t i e s , w i t h attendent 
improvement i n chromatographic e f f i c i e n c y . However, very h i g h 
f l u i d d e n s i t i e s (> 0.9 g/ml) and the use of p o l a r modi f iers ( e . g . 
2-5% MeOH) are r e q u i r e d f o r e l u t i o n of the more p o l a r carotenoids 
from longer DB-WAX columns. Under these c o n d i t i o n s , the s t a t i o n a r y 
phase i s not s t a b l e and continuous d i s s o l u t i o n of the column c o a t ­
i n g leads t o repeated p lugging of the c a p i l l a r y r e s t r i c t o r . We 
conclude t h a t f u r t h e r improvements i n s t a t i o n a r y phase c r o s s - l i n k ­
i n g technology w i l l be r e q u i r e d f o r s u b s t a n t i a l progress i n the 
use of p o l a r m o d i f i e r s f o r s t r o n g l y p o l a r s o l u t e s . The s trong 
r e t e n t i o n and h i g h s e l e c t i v i t y of DB-WAX make t h i s phase the most 
promising one f o r the SFC s e p a r a t i o n of carotenoids and a f f o r d the 
p o s s i b i l i t y of u s i n g p o l a r m o d i f i e r g r a d i e n t s t o enhance the 
q u a l i t y of the chromatography. 

I t i s important t o emphasize t h a t s t a t i o n a r y phase s e l e c t i v i t y 
i s the dominant f a c t o r i n the s e p a r a t i o n of these compounds, which 
d i f f e r p r i m a r i l y i n end-group s u b s t i t u t i o n . Other f a c t o r s such as 
column diameter appear t o be l e s s important . The advantage of i n ­
creased column e f f i c i e n c y obtained u s i n g s m a l l e r diameter columns 
( i . e . 50 μ m) tends t o be outweighed by the lower l o a d i n g c a p a c i t y , 
p a r t i c u l a r l y f o r SFC-MS, because the s i g n a l / n o i s e r a t i o i s l e s s 
f a v o r a b l e than f o r SFC-FID and higher amounts of a n a l y t e are 
r e q u i r e d . 

Due t o t h e i r p o l a r i t y and molecular weight , the s u c c e s s f u l 
e l u t i o n of these compounds i s c r u c i a l l y dependent on the des ign of 
the f low r e s t r i c t o r . We were not able t o use s m a l l diameter ( e . g . 
5 micron) s t r a i g h t c a p i l l a r y r e s t r i c t o r s because of pronounced 
s o l u t e p r e c i p i t a t i o n and p lugging problems. I n s t e a d , we f a b r i c a t e d 
j e t - t y p e r e s t r i c t o r s d i r e c t l y on the columns us ing the method of 
G u t h r i e ( 3 4 ) · The r e s t r i c t o r s thus formed are mechanica l ly s turdy 
and t a p e r from the column i n t e r n a l diameter t o approximately 1-3 
microns over a l e n g t h of 1 mm, p r o v i d i n g n e a r l y i d e a l decompres­
s i o n of the f l u i d . S i g n i f i c a n t advantages of the use of r e s t r i c ­
t o r s i n t e g r a l w i t h the column are the ease of i n t e r f a c i n g t o the 
mass spectrometer , the absence of connect ing dead volumes and 
a c t i v e sur faces and the f a c t t h a t the s t a t i o n a r y phase extends 
v i r t u a l l y to the p o i n t of d e t e c t i o n . 

Mass Spectrometry. The use of s u p e r c r i t i c a l CO2 as a mobile phase 
p r o v i d e s an e f f i c i e n t means of t r a n s f e r r i n g these l a b i l e compounds 
to the mass spectrometer i o n source . M o d i f i c a t i o n s t o the F i n n i -
gan 4500 are minimal and f u l l y compatible w i t h normal GC-MS o p e r ­
a t i o n . Conversion between GC-MS and SFC-MS modes i n v o l v e s only an 
i n j e c t o r s u b s t i t u t i o n and a column change. F i g u r e 3 i l l u s t r a t e s 
the r e c o n s t r u c t e d i o n chromatogram obtained f o r the s e p a r a t i o n of 
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Figure 3. SFC-MS t o t a l i o n chromatogram obtained f o r separation 
of a carotenoid t e s t mixture on 0V-17 ( c o n d i t i o n s as i n Figure 
2A). 
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a simple carotenoid test mixture on a 20 meter χ 100 y m ID OV-17 
column under c o n d i t i o n s s i m i l a r to Figure 2A. Adequate s e n s i t i v i ­
t ies (S/N - 5-10 for 50-100 ng injected on the column) are obtained 
using column effluent introduction normal to the quadrupole axis. 
However, we have not yet explored other ion source geometries with 
respect to optimizing sensit ivity and better performance may be 
possible using axial effluent introduction. Ion source and an­
alyzer pressure changes are substantial, increasing from 0.5 to 
1.0 torr and from 3 to 6 χ 10" ̂  torr , respectively, during pres­
sure programming from 80 to 350 bars. However, these pressures 
are within the normal l imits for chemical ionization. Background 
noise does not increase s igni f icant ly . Observed CO2 cluster 
ions (protonated) are not significant above the tetramer. We do 
not observe a significant effect on sensit ivi ty due to increasing 
pressure, although Pinkston et a l . (13) have reported lowered sen­
s i t i v i t i e s for their SFC-MS system at analyzer pressures i n the 
10~4 torr range. In our experience, SFC pressure programming up 
to 400 bars using a properly dimensioned restrictor i s compatible 
with normal mass spectrometer operating pressures. Several workers 
have reported that additional heating of SFC-MS restrictors i s 
required as with FID detection (8, 36, 37). In the present work, 
mass chromâtograms for the most polar carotenoids are observed to 
give smooth elution envelopes (e.g. fucoxanthin; cf . Figures 3 and 
6), which suggests that particle formation during decompression i s 
minimal without additional heating of the restr ictor . It i s pos­
s i b l e , however, that we are detecting only that small percentage 
of the carotenoid analyte actually i n the gas phase, the remainder 
forming particles to which the spectrometer i s insensitive. Smith 
et a l . (38) have studied restrictor performance i n detai l with 
respect to particle nucleation as a function of restrictor geome­
t r y , temperature, f l u i d flow rates and analyte v o l a t i l i t y . How­
ever, effects of restrictor heating on thermolabile compounds have 
not been extensively evaluated. Pinkston et a l . (13) have reported 
degradation of benzoyl peroxide used as a test compound when high 
restr ictor temperatures were used for SFC-MS. Our attempts to use 
elevated restrictor temperatures with carotenoids resulted i n 
reduced sensi t iv i ty , due to either analyte precipitation or to 
decomposition. Thus, although we generally operate our FID detec­
tor at 300-350°C, we are not convinced that this additional heat­
ing i s required or beneficial i n the case of MS detection, par­
t i c u l a r l y when dealing with thermolabile components. 

Carotenes, Keto-carotenoids and Carotenoid Diols . The CH4-CI 
mass spectra of beta-carotene (I) , echinenone (II) , canthaxanthin 
(III) and astacene (IV) are shown i n Figure 4. Under the soft 
ionization conditions used, these compounds exhibit extremely 
simple spectra consisting primarily of [M+l] +. The usual [M+29]+ 

and [M+41]+ adduct ions are present but are of very low inten­
s i t y . A small [M+H+(X>2]+ peak i s also observed for some of 
the compounds. The spectrum of the carotenoid d i o l , zeaxanthin 
(VIII. Figure 5), i s also very simple, exhibiting a base peak, 
[M+l]+, along with a prominent [M+l-H20]+ ion. The presence 
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F i g u r e 4 · Methane chemical i o n i z a t i o n mass s p e c t r a of s e v e r a l 
c a r o t e n o i d s . ( S t r u c t u r e s g i v e n i n F i g u r e 1.) 
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Z E A X A N T H I N CTH) 
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Figure 5. Methane chemical ionization mass spectra of the 
carotenoid d i o l , zeaxanthin and i t s acetylated derivative, 
zeaxanthin acetate. 
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of two hydroxy1 groups i s not apparent . The mass spectrum of the 
a c e t y l a t e d p r o d u c t , zeaxanthin d i a c e t a t e ( I X ) , however, e x h i b i t s 
an 84 d a l t o n s h i f t f o r the molecular i o n and s e q u e n t i a l l o s s e s of 
a c e t i c a c i d , c l e a r l y i n d i c a t i n g the s t r u c t u r e t o be a d i o l . 

The s i m p l i c i t y of the c a r o t e n o i d s p e c t r a under these c o n d i ­
t i o n s l i m i t s the s t r u c t u r a l i n f o r m a t i o n a v a i l a b l e t o the a n a l y s t . 
As noted e a r l i e r , s t r u c t u r a l i n f o r m a t i o n r e g a r d i n g the c a r o t e n o i d 
polyene c h a i n and end-groups provided by e l e c t r o n i o n i z a t i o n f r a g ­
mentat ion, may a r i s e l a r g e l y from thermal degradat ion processes 
(31 ) . Carnevale e t a l . (32 ) , have demonstrated t h a t s i m i l a r 
s t r u c t u r a l i n f o r m a t i o n can be obtained u s i n g chemical i o n i z a t i o n , 
a l though heated d i r e c t i n s e r t i o n probes were a l s o used i n t h e i r 
s t u d y . F u r t h e r r e s e a r c h i s needed t o determine the importance of 
thermal degradat ion processes (apparent ly minimized i n SFC-MS) i n 
p r o v i d i n g s t r u c t u r a l Information as opposed t o processes i n i t i a t e d 
by i o n i z a t i o n a l o n e . There are s e v e r a l p o s s i b i l i t i e s f o r c r e a t i n g 
more e n e r g e t i c i o n i z a t i o n c o n d i t i o n s , i n c l u d i n g h i g h e r source tem­
p e r a t u r e s , the use of hydrogen (lower p r o t o n a f f i n i t y ) as a r e ­
agent gas or the use of mixed chemical i o n i z a t i o n - c h a r g e exchange 
i o n i z a t i o n . I n recent work, we have noted i n c r e a s e d fragmentat ion 
of the polyene backbone f o r some c a r o t e n o i d s ( e . g . e l i m i n a t i o n of 
to luene) a t h i g h CO2 p r e s s u r e s , a p p a r e n t l y due t o charge ex ­
change. T h i s suggests charge-exchange i o n i z a t i o n as a means of 
producing s i g n i f i c a n t l y more fragmentat ion and we are a c t i v e l y 
e x p l o r i n g t h i s a r e a . I t should be pointed o u t , however, t h a t the 
l a c k of fragmentation can be used t o advantage i n the a n a l y s i s of 
complex mixtures t o o b t a i n molecular i o n abundances without the 
problem of i n t e r f e r i n g fragments. Minimal fragmentat ion would 
a l s o be advantageous f o r tandem mass spectrometry of complex 
c a r o t e n o i d m i x t u r e s , s i n c e s imple molecular ions c o u l d be c o l -
l i s i o n a l l y d i s s o c i a t e d p r i o r t o the second a n a l y z e r t o provide the 
necessary s t r u c t u r a l i n f o r m a t i o n . 

Fucoxanthin and Related Pigments. F o r some types of pigments, 
n o t a b l y the fucopigments, we observe c o n s i d e r a b l e fragmentat ion 
even under these m i l d i o n i z a t i o n c o n d i t i o n s . Fucoxanthin ( s t r u c ­
t u r e V ) , an abundant pigment i n marine diatoms, i s extremely f r a ­
g i l e and s u s c e p t i b l e t o r a p i d d e g r a d a t i o n i n the o c e a n i c water 
column by v a r i o u s pathways i n c l u d i n g h y d r o l y s i s , dehydrat ion and 
epoxide rearrangement. We have p r e v i o u s l y i d e n t i f i e d f u c o x a n t h i n 
and i t s degradation products u s i n g a combination of o f f - l i n e HPLC 
and in-beam d e s o r p t i o n chemical i o n i z a t i o n (39) . The q u a l i t y of 
the s p e c t r a and d e t e c t i o n l i m i t s obtained by t h i s method vary c o n ­
s i d e r a b l y and are s t r o n g l y dependent on f a c t o r s such as probe h e a t ­
i n g r a t e , c o n d i t i o n of the probe t i p and d i s t r i b u t i o n of sample on 
the t i p . Here we compare r e s u l t s of the d e s o r p t i o n CI probe method 
w i t h some of our SFC-MS r e s u l t s . The SFC-MS a n a l y s i s of a 100 ng 
sample of f u c o x a n t h i n i s shown i n F i g u r e 6. Fucoxanthin e l u t e s as 
a sharp chromatographic peak and produces a very h i g h q u a l i t y s p e c ­
trum e x h i b i t i n g an i n t e n s e protonated molecular i o n a t m/z 659 
( F i g u r e 6 ) . Other key d i a g n o s t i c fragments ( c f . F i g u r e 7) i n c l u d e 
[M+l-nl8]+ a t m/z 641 and 623, [M+l -60] + a t m/z 599, [M+l-60-nl8 ]+ 
a t m/z 581 and 563, [M+l-170]+ a t m/z 489, [M+l-170-60]+ a t m/z 429 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 1
7,

 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

36
6.

ch
01

2

In Supercritical Fluid Extraction and Chromatography; Charpentier, B., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



222 SUPERCRITICAL FLUID EXTRACTION AND CHROMATOGRAPHY 

1 0 0 

50 J 

0 
0 

200 
100 η 

50 

640 
230 

CH4-CI 

TOTAL ION CHROMATOGRAM 

1320 
260 

20=00 26=40 TIME (min) 
290 320 PRESSURE (bars) 

581 

659 

641 

489 

411 
429 

11 ι 

400 50 ( Γ 
563 

599 

I 623 687 

600 700 m/z 

Figure 6. SFC-MS t o t a l i o n current chromatogram and methane 
chemical i o n i z a t i o n spectrum of fucoxanthin. 
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Figure 7. Schematic fragmentation of fucoxanthin. 
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and [M+l-170-60-18]+ at m/z 411. The e f f e c t s of thermal degrada­
t i o n are absent and n o i s e due t o background i s n e g l i g i b l e . I n 
c o n t r a s t , F i g u r e 8 shows r e s u l t s which were obtained by in-beam 
d e s o r p t i o n CH4-CI from a s i m i l a r amount (100 ng) of f u c o x a n t h i n . 
The mass chromatograms f o r the [M+l] + i o n (m/z 659) and [M+l-18]+ 
i o n (m/z 641) i n d i c a t e the presence of both f u c o x a n t h i n and f u c o ­
x a n t h i n dehydrate , r a i s i n g the q u e s t i o n of whether the dehydrate 
i s present i n the o r i g i n a l sample o r i s produced by thermal 
dehydrat ion on the probe. Furthermore, the mass s p e c t r a taken 
over d i f f e r e n t i n t e r v a l s e x h i b i t s i g n i f i c a n t v a r i a t i o n s and d i s p l a y 
extraneous fragments due t o thermal degradat ion and reduced i n t e n ­
s i t i e s f o r molecular i o n s . Thus , SFC-MS appears t o be a more r e l i ­
a b l e means f o r i n t e r p r e t i n g fucopigment s t r u c t u r e s from r e l a t i v e 
i n t e n s i t y i n f o r m a t i o n . 

Fragmentation pat terns obtained by SFC-MS f o r the r e l a t e d f u c o -
pigments, i s o f u c o x a n t h i n ( s t r u c t u r e VI) and f u c o x a n t h i n - 3 - a c e t a t e 
( s t r u c t u r e V I I ) , are i l l u s t r a t e d i n F i g u r e 9. The h i g h q u a l i t y of 
these s p e c t r a a g a i n r e f l e c t the g e n t l e i o n i z a t i o n c o n d i t i o n s 
achievable w i t h CO2 SFC/CH4-CI MS. As expected f o r i s o f u c o x a n t h i n , 
no i o n i s present a t m/z 489, showing c l e a r l y t h a t the 5,6-epoxy 
group i s absent . Loss of ketene ([M+I-CH2CO]+) i s a l s o apparent 
from the i o n a t m/z 617. Fragmentation of f u c o x a n t h i n - 3 - a c e t a t e 
produces r e l a t i v e i n t e n s i t i e s f o r the major ions (except f o r 
[M+1-2H20]*) which are very s i m i l a r t o those obtained f o r f u c o ­
x a n t h i n . 

Summary and Conclusions 

The c a r o t e n o i d s , l a b i l e pigments which c o n t a i n m u l t i p l e f u n c t i o n a l 
groups spanning a range of p o l a r i t i e s are normal ly cons idered t o 
f a l l w i t h i n the sphere of HPLC a n a l y s i s . The p r e l i m i n a r y r e s u l t s 
r e p o r t e d here show that separat ions of these compounds are a l s o 
p o s s i b l e u s i n g s u p e r c r i t i c a l f l u i d chromatography w i t h CO2 as 
the mobile phase and t h a t t h i s technique e v e n t u a l l y may be com­
p e t i t i v e w i t h HPLC. U s i n g n o n - p o l a r s t a t i o n a r y phases , even r e l a ­
t i v e l y p o l a r carotenoids can be e l u t e d w i t h pure s u p e r c r i t i c a l 
carbon d i o x i d e a l o n e . However, the p o t e n t i a l advantage of SFC i n 
terms of column e f f i c i e n c y has not yet been a t t a i n e d e x p e r i m e n t a l l y 
i n the case of the c a r o t e n o i d s . The p r a c t i c a l r e s o l u t i o n and 
s e l e c t i v i t i e s observed f o r these compounds on the s t a t i o n a r y 
phases s t u d i e d are as yet r a t h e r l i m i t e d compared w i t h those 
observed f o r HPLC us ing bonded o c t a d e c y l or η-propyl amino 
columns, and are not yet adequate f o r d e a l i n g w i t h complex 
c a r o t e n o i d mixtures i s o l a t e d from n a t u r a l sources . A l s o , SFC-FID 
d e t e c t i o n l i m i t s w i l l need t o be improved by a f a c t o r of 5-10 i n 
order t o match the low nanogram l e v e l c u r r e n t l y p o s s i b l e w i t h HPLC. 
Thus , from a chromatographic p e r s p e c t i v e , HPLC w i l l remain the 
method of c h o i c e u n t i l improvements i n SFC columns, as w e l l as i n 
SFC i n j e c t i o n methods and d e t e c t o r d e s i g n are a c h i e v e d . Present 
l i m i t a t i o n s on the use o f p o l a r f l u i d s and thus the p o l a r i t y l i m i t s 
amenable t o SFC-MS, imposed by the c u r r e n t l y a v a i l a b l e s e l e c t i o n 
and s t a b i l i t y o f p o l a r s t a t i o n a r y phases , w i l l undoubtedly be eased 
by f u r t h e r r e s e a r c h i n s t a t e - o f - t h e - a r t column technology . The 
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F i g u r e 8· T o t a l i o n chromatogram, mass chroma tog rams and 
s e l e c t e d scans obtained f o r in-beam d e s o r p t i o n CH4-CI of 
fucoxanthin* 
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F i g u r e 9· Methane chemical i o n i z a t i o n mass s p e c t r a of the 
fucopigments i s o f u c o x a n t h i n and f u c o x a n t h i n - 3 - a c e t a t e . 
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most promising s t a t i o n a r y phases f o r c a p i l l a r y SFC of complex 
n a t u r a l mixtures of carotenoids appear t o be cyanopropyl p o l y -
8 i l o x a n e and p o l y e t h y l e n e g l y c o l phases* 

A major advantage of SFC a n a l y s i s of carotenoids i s the com­
p a t i b i l i t y of SFC w i t h mass spectrometry . We have shown here that 
combined SFC-MS i s a u s e f u l technique f o r the i d e n t i f i c a t i o n of 
these compounds i n mixtures . I n comparison w i t h in-beam desorp­
t i o n chemical i o n i z a t i o n t e c h n i q u e s , the SFC-MS method produces 
s u p e r i o r q u a l i t y s p e c t r a a t s i m i l a r s e n s i t i v i t y l e v e l s , p a r t i c u ­
l a r l y f o r v e r y l a b i l e pigments such as f u c o x a n t h i n and i t s d e r i v a ­
t i v e s . The lower temperatures p r e v a l e n t i n the i o n source due t o 
the c o o l i n g e f f e c t of CO2 expansion from the r e s t r i c t o r appear 
to r e s u l t i n extremely m i l d i o n i z a t i o n c o n d i t i o n s . With the 
e x c e p t i o n of the fucopigments, C H 4 -CI fragmentation of the other 
c a r o t e n o i d s s t u d i e d i s minimal . The s i m p l i c i t y of these s p e c t r a 
may be advantageous i n determining low l e v e l d i s t r i b u t i o n s of these 
pigments us ing t h e i r molecular i o n abundances. F u r t h e r s t r u c t u r a l 
c h a r a c t e r i z a t i o n would r e q u i r e more e n e r g e t i c i o n i z a t i o n c o n d i t i o n s 
or tandem mass spectrometry i n combination w i t h c o l l i s i o n - i n d u c e d 
d i s s o c i a t i o n . F i n a l l y , d i r e c t s u p e r c r i t i c a l f l u i d i n j e c t i o n - m a s s 
spectrometry (40, 41) , i n v o l v i n g no chromatographic s e p a r a t i o n , 
and t h e r e f o r e , s h o r t a n a l y s i s t i m e s , o f f e r s a very a t t r a c t i v e 
a l t e r n a t i v e f o r the a n a l y s i s of pure c a r o t e n o i d f r a c t i o n s and 
simple c a r o t e n o i d m i x t u r e s . 
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Chapter 13 

Supercritical Fluid Chromatography 
with Fourier Transform 

Infrared Detection 

Richard C. Wieboldt 1 and James A. Smith 2 

1Spectroscopy Research Center, Nicolet Instrument Corporation, 
Madison, WI 53711 

2Winton Hill Technical Center, The Procter & Gamble Company, 
Cincinnati, OH 45224 

This paper describes the design of a packed column and 
a capillary column SFC/FT-IR system using a flow­
-through FT-IR analysis cell and their application to 
citrus oil and pyrethrin analyses. FT-IR detection 
with density programmed SFC separations is enhanced 
using a modified Gram-Schmidt algorithm. Infrared 
absorption bands due to the density changes in the 
supercritical carbon dioxide mobile phase are removed 
by spectral subtraction. FT-IR spectra collected 
across an unresolved chromatographic peak are used to 
resolve and quantitate the components of a peak in the 
citrus oil extract. Pyrethrin II is separated from a 
pyrethrin extract without thermal degradation using 
mild SFC conditions. FT-IR spectra have sufficient 
signal-to-noise ratio to clearly distinguish the 
cinerin and pyrethrin components. 

Infrared spectroscopy is probably the most widespread analytical 
spectroscopic technique for identif ication and characterization of 
organic compounds. Because of this identi f icat ion capability/ 
infrared spectroscopy is desirable as a detection technique for 
chromatographic separations. With the advent of Fourier transform 
infrared spectroscopy, the speed and sensit iv i ty of infrared 
detection is greatly enhanced making such applications feasible. 
FT-IR detection has been widely accepted as a detector for gas 
chromatography (GC/FT-IR) ( 1 ) and has been applied with limited 
success to l i q u i d chromatography (LC/FT-IR) ( 2 ) , and more recently 
to supercrit ical f l u i d chromatography (SFC/FT-IR) ( 3 ) . The recent 
review a r t i c l e s cited here provide excellent introduction and 
references to current state-of-the-art i n these areas. 

In addition to identi f icat ion, FT-IR is equally useful i n i t s 
a b i l i t y to function as a chemically specific detector for 
chromatographic effluents. The presence of absorption bands i n 
certain regions of the infrared spectrum are characteristic of 
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p a r t i c u l a r f u n c t i o n a l groups. For example, the C=0 bond s t r e t c h 
(carbonyl f u n c t i o n a l group) causes an absorption band between 
1825-1645 cm - 1 i n the mid-infrared spectrum. The exact 
p o s i t i o n , say 1760 cm - 1 versus 1720 cm - 1, serves to f u r t h e r 
d i s t i n g u i s h between a c a r b o x y l i c a c i d and a ketone. There are 
many such c h a r a c t e r i s t i c regions i n i n f r a r e d spectra, and i t i s 
the presence or absence of absorption bands i n these regions which 
makes i n f r a r e d so u s e f u l for s t r u c t u r a l e l u c i d a t i o n . 

The FT-IR spectrometer can be used to monitor any or several 
of these c h a r a c t e r i s t i c regions i n r e a l time. In t h i s mode the 
FT-IR i s not only c o l l e c t i n g f u l l i n f r a r e d spectra f o r l a t e r 
i d e n t i f i c a t i o n , but i t i s also a c t i n g as a f u n c t i o n a l group 
s p e c i f i c detector. This i s somewhat analogous to s i n g l e ion 
monitoring i n mass spectrometry with the advantage that an 
i n f r a r e d absorption band i s o f t e n more c h a r a c t e r i s t i c of a c l a s s 
of compounds than i s a s i n g l e mass ion. 

FT-IR i s often compared with mass spectroscopy as a 
chromatographic detector. Each technique provides unique 
information which i s often complementary. IR provides c l e a r 
chemical information while MS provides c l e a r molecular weight and 
s t r u c t u r a l information. Taken together, the information g r e a t l y 
s i m p l i f i e s the determination of unknowns and almost always 
provides s u f f i c i e n t information f o r p o s i t i v e i d e n t i f i c a t i o n . 

FT-IR Detection Methods. There are two methods f o r monitoring the 
i n f r a r e d absorption of a chromatographic e f f l u e n t : flow-through 
c e l l (4,5) and e f f l u e n t d e p o s i t i o n (6). Flow-through c e l l 
d e t e c t i o n requires that the background remain constant throughout 
the experiment. With GC/FT-IR t h i s i s not a problem because the 
c a r r i e r gas stream i s an i n e r t gas having no i n f r a r e d absorbance 
i n the mid-IR. This requirement i s a severe r e s t r i c t i o n f o r 
l i q u i d chromatography where the mobile phase solvent t y p i c a l l y has 
s i g n i f i c a n t i n f r a r e d absorption of i t s own. As a r e s u l t , the 
usefulness of f l o w - c e l l LC/FT-IR i s very l i m i t e d . 

The other method for obtaining IR spectra of chromatographic 
e f f l u e n t s i s to deposit the e l u t e d material on a surface, d r i v e 
o f f the mobile phase, and examine the r e s i d u a l sample by FT-IR. 
This approach circumvents the mobile phase absorption problem but 
i s cumbersome to c a r r y out i n p r a c t i c e . Techniques such as these 
have been employed f o r LC/FT-IR a n a l y s i s (7,8,9) and demonstrated 
with SFC/FT-IR (10). One of the o b j e c t i v e s of t h i s study i s to 
demonstrate the f e a s i b i l i t y of using flow-through c e l l d e t e c t i o n 
with SFC/FT-IR. 

The success or f a i l u r e of flow c e l l d e t e c t i o n depends on the 
a b i l i t y to cope with the absorption due to the s u p e r c r i t i c a l f l u i d 
mobile phase. Because carbon dioxide i s used as the s u p e r c r i t i c a l 
f l u i d i n the majority of a p p l i c a t i o n s , i t i s important to 
demonstrate i t s v i a b i l i t y with FT-IR d e t e c t i o n . 

The absorption spectrum of s u p e r c r i t i c a l carbon dioxide i n 
the mid-infrared i s compatible with the d e t e c t i o n of most chemical 
species. Figure 1 shows the absorption bands for s u p e r c r i t i c a l 
carbon dioxide i n the mid-IR. The regions from 3800-3500 cm - 1 

and 2500-2200 cm"1 are t o t a l l y blocked by the carbon dioxide and 
no u s e f u l information about sample absorption i s a v a i l a b l e . A 
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13. WIEBOLDT A N D S M I T H SFC with FTIR Detection 231 

p a i r of weak a b s o r p t i o n bands at 1381 and 1277 cm"*1 are a l s o 
p r e s e n t i n the spectrum. These are caused by a Fermi resonance 
i n t e r a c t i o n between the O-C-0 symmetric s t r e t c h , v^ , at 1330 
c m " 1 . The fundamental i s not IR a c t i v e which i s why there 
i s not a s t r o n g a b s o r p t i o n band i n t h i s r e g i o n . 

The Fermi resonance a b s o r p t i o n bands, which o b v i o u s l y are IR 
a c t i v e , i n c r e a s e i n i n t e n s i t y w i t h d e n s i t y of the s u p e r c r i t i c a l 
CO2 f l u i d (11) . T h i s a b s o r p t i o n becomes the l i m i t i n g f a c t o r i n 
s e l e c t i n g the p a t h l e n g t h for the f low-through a n a l y s i s c e l l . In 
order to use t h i s r e g i o n of the IR spectrum, there must be enough 
a n a l y t i c a l r a d i a t i o n remaining a f t e r the s u p e r c r i t i c a l f l u i d 
absorbance to o b t a i n adequate s e n s i t i v i t y f o r a p a r t i c u l a r 
a p p l i c a t i o n . 

The s u p e r c r i t i c a l CO2 a b s o r p t i o n bands change i n i n t e n s i t y 
as a f u n c t i o n of d e n s i t y but the band shape does not change - at 
l e a s t not at the 8 c m " 1 s p e c t r a l r e s o l u t i o n t y p i c a l l y used f o r 
t h i s a p p l i c a t i o n . As a r e s u l t , i t i s a simple matter to s u b t r a c t 
the s u p e r c r i t i c a l carbon d i o x i d e a b s o r p t i o n spectrum from an FT-IR 
data f i l e c o l l e c t e d d u r i n g an S F C / F T - I R experiment . The 
s u b t r a c t i o n f a c t o r i s adjusted to e x a c t l y compensate f o r the Fermi 
resonance a b s o r p t i o n . The r e s u l t i n g spectrum w i l l then c o n t a i n 
o n l y a b s o r p t i o n bands due to other components, i f any, e n t r a i n e d 
i n the s u p e r c r i t i c a l f l u i d . The regions from 3800-3500 c m " 1 and 
from 2500-2200 c m - 1 appear as gaps i n the spectrum because the 
s u p e r c r i t i c a l carbon d i o x i d e absorbs a l l the a v a i l a b l e i n f r a r e d 
r a d i a t i o n i n these r e g i o n s . 

Experimental 

Two d i f f e r e n t S F C / F T - I R systems were used f o r t h i s work. System 1 
was used for the packed column a n a l y s i s of v o l a t i l e c i t r u s o i l 
components. System 2 was used for the p e s t i c i d e and p y r e t h r i n 
e x t r a c t a n a l y s e s . 

System 1. T h i s system c o n s i s t s of an HP1082B l i q u i d chromatograph 
( H e w l e t t - P a c k a r d , Palo A l t o , CA) m o d i f i e d for s u p e r c r i t i c a l C 0 2 

o p e r a t i o n , and a 60SX FT-IR spectrometer ( N i c o l e t Instrument 
C o r p . , Madison, WI). The HP1082B system uses a manual 
backpressure r e g u l a t o r to m a i n t a i n pressure throughout the SFC 
system. As a r e s u l t , i t i s l i m i t e d to a p p l i c a t i o n s which do not 
r e q u i r e d e n s i t y or pressure programming. The h i g h pressure UV 
f low- through c e l l s u p p l i e d w i t h the chromatograph was used f o r 
FT-IR d e t e c t i o n a f t e r r e p l a c i n g the standard q u a r t z windows w i t h 
i n f r a r e d t r a n s p a r e n t z i n c s e l e n i d e windows. 

T h i s c e l l was p l a c e d i n the 60SX microbeam sample compartment 
which uses 6x beam condensing o p t i c s and a narrow band MCT 
d e t e c t o r . The system al lowed one i n f r a r e d spectrum to be 
c o l l e c t e d per second w i t h 8 inter ferograms averaged per spectrum. 
The i n j e c t o r (Rheodyne #7520, 0.5 u l sample loop) and column oven 
were mounted next to the FT-IR spectrometer to reduce post -co lumn 
dead volume. 

C i t r u s O i l Sample. A s y n t h e t i c t e s t mixture o f 10 v o l a t i l e c i t r u s 
o i l components was p r e p a r e d . The h i g h e s t molecular weight 
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232 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 A N D C H R O M A T O G R A P H Y 

compound was d-l imonene (136.24 g/mole) and the lowest molecular 
weight compound present was water . Limonene was 85% of the sample 
weight and the 0.5 u l sample was i n j e c t e d neat onto a 5 micron 
p a r t i c l e s i z e PRP-1 column (Hamilton, 4 mm i . d . χ 15 cm l e n g t h ) . 
S u p e r c r i t i c a l carbon d i o x i d e was pumped at a r a t e o f 1 ml /min at a 
constant system temperature of 50°C. The column head pressure 
was 1750 p s i w h i l e the system backpressure was maintained at 1400 
p s i . 

System 2. T h i s system c o n s i s t s o f a Model 501 s u p e r c r i t i c a l f l u i d 
chromatograph (Lee S c i e n t i f i c , S a l t Lake C i t y , UT) and a N i c o l e t 
20 SXC FT-IR spectrometer . The S F C / F T - I R i n t e r f a c e i s a prototype 
d e s i g n c o n t a i n i n g a 600 urn I . D . by 5mm p a t h l e n g t h S F C / F T - I R 
f l o w - t h r o u g h c e l l , narrow band MCT d e t e c t o r , and o p t i c s designed 
to match the c o l l i m a t e d beam from the main bench to the flow c e l l 
and d e t e c t o r . 

The S F C / F T - I R flow c e l l i s connected i n - l i n e at the end of 
the c a p i l l a r y SFC s e p a r a t i o n column and before the end-of -co lumn 
r e s t r i c t o r . The column and r e s t r i c t o r are l o c a t e d i n the 
chromatograph oven compartment. The flow c e l l i s housed i n an 
i n t e r f a c e module between the spectrometer and chromatograph. I t 
i s connected by two lengths of 100 urn I . D . d e a c t i v a t e d fused 
s i l i c a t u b i n g u s i n g a set of zero dead volume f i t t i n g s ( S c i e n t i f i c 
Glass E n g i n e e r i n g , A u s t i n , T X ) . The t r a n s f e r l i n e s and c e l l body 
were not heated f o r these experiments . 

The 20SX FT-IR spectrometer was set up to c o l l e c t 8 c m " 1 

r e s o l u t i o n s p e c t r a w i t h 8 scans coadded per f i l e . Data f i l e s were 
s t o r e d on magnetic d i s k w i t h a time r e s o l u t i o n between f i l e s of 
2.27 seconds. 

P e s t i c i d e Sample. The p e s t i c i d e mixture c o n s i s t s of a l d i c a r b (5.6 
mg/ml) , methomyl (5.3 mg/ml) , captan (5.0 mg/ml) , and phenmedipham 
(5.1 mg/ml) prepared i n dichloromethane. Samples were p r o v i d e d 
c o u r t e s y o f Lee S c i e n t i f i c . T h i s sample was separated u s i n g an 
SB-Methyl-100 10 meter 100 micron I . D . column w i t h a 0.5 micron 
f i l m (Lee S c i e n t i f i c ) . The chromatograph was programmed from an 
i n i t i a l d e n s i t y o f 0.180 g /ml to 0.360 g /ml at 0.010 g / m l / m i n 
a f t e r a 6.0 minute i n i t i a l h o l d . The program r a t e was then 
immediately i n c r e a s e d to 0.040 g / m l / m i n to a f i n a l d e n s i t y of 
0.600 g /ml and h e l d f o r 10 minutes . The oven temperature was 
maintained at 100°C throughout the experiment . The sample was 
d e l i v e r e d to the column u s i n g a 200 nL i n j e c t i o n loop and a 22:1 
s p l i t r a t i o . 

P y r e t h r i n sample. The p y r e t h r i n sample c o n s i s t s o f 54 mg of a 
commercial ly a v a i l a b l e 20% p y r e t h r i n e x t r a c t , p r o v i d e d courtesy of 
Adams V e t e r i n a r y L a b o r a t o r y , prepared i n 1.0 ml methanol . T h i s 
sample was separated u s i n g the same column d e s c r i b e d above. The 
chromatograph was programmed from an i n i t i a l d e n s i t y of 0.180 g /ml 
to 0.700 g /ml at 0.020 g / m l / m i n a f t e r a 6.0 minute i n i t i a l h o l d . 
The f i n a l d e n s i t y was h e l d for 5.0 minutes . The oven temperature 
was maintained at 100°C throughout the experiment . The sample 
was d e l i v e r e d to the column u s i n g a 200 nL i n j e c t i o n loop and a 
25:1 s p l i t r a t i o . 
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13. WIEBOLDT A N D S M I T H SFC with FTIR Detection 233 

R e s u l t s and D i s c u s s i o n 

Comparison of FID and FT-IR D e t e c t i o n . F i g u r e 2a shows the flame 
i o n i z a t i o n d e t e c t o r (FID) chromatogram from the c a p i l l a r y SFC 
s e p a r a t i o n of the p e s t i c i d e m i x t u r e . T h i s t r a c e was obta ined 
without the S F C / F T - I R flow c e l l by connect ing the c a p i l l a r y 
s e p a r a t i o n column d i r e c t l y to the end-of -column r e s t r i c t o r mounted 
i n the FID. T h i s serves as a re ference to show the 
chromatographic s e p a r a t i o n obtained before connect ion to the 
S F C / F T - I R i n t e r f a c e . 

F i g u r e 2b i s the Gram-Schmidt r e c o n s t r u c t e d chromatogram 
(GSR) generated from the s t o r e d FT-IR data c o l l e c t e d d u r i n g the 
s e p a r a t i o n . Gram-Schmidt r e c o n s t r u c t i o n i s a technique used i n 
G C / F T - I R a p p l i c a t i o n s to produce a chromatogram by comparing 
i n f r a r e d data c o l l e c t e d d u r i n g a GC/FT- IR run w i t h background data 
c o l l e c t e d at the beginning of the run (12) . The Gram-Schmidt 
response i s complete ly n o n - s p e c i f i c ; t h a t i s , i t produces a 
response whenever there i s any change i n the i n f r a r e d s i g n a l which 
i s d i f f e r e n t from the background scans . In t h i s case , the GSR 
responds p r i m a r i l y to the changing d e n s i t y of the s u p e r c r i t i c a l 
carbon d i o x i d e . The two programmed d e n s i t y ramps and the i n i t i a l 
and f i n a l h o l d p e r i o d s are c l e a r l y d i s p l a y e d . I t i s easy to 
d e t e c t the s o l v e n t peak at 13.23 minutes but d i f f i c u l t to d e t e c t 
the presence of the four p e s t i c i d e peaks . C l e a r l y some other 
approach i s r e q u i r e d to enhance d e t e c t i o n . 

F i g u r e 3 shows the GSR (a) w i t h a m o d i f i e d Gram-Schmidt 
r e c o n s t r u c t e d chromatogram (b) a f t e r compensating f o r the changing 
CO2 d e n s i t y . The m o d i f i c a t i o n c o n s i s t s of i n c l u d i n g i n f r a r e d 
data c o l l e c t e d at the higher d e n s i t y i n the set o f background 
c o n d i t i o n s used f o r the Gram-Schmidt c a l c u l a t i o n (13) . Because 
h i g h d e n s i t y s u p e r c r i t i c a l CO2 i s now d e f i n e d as p a r t o f the 
background c o n d i t i o n s , the Gram-Schmidt a l g o r i t h m ignores the 
changing s u p e r c r i t i c a l f l u i d d e n s i t y . The r e s u l t i s a 
chromatogram which enhances the other chromatographic peaks and 
c l e a r l y r e v e a l s the e l u t i o n of the four p e s t i c i d e s . For l a c k of 
any b e t t e r term, t h i s chromatogram i s r e f e r r e d to as the 
Gram-Schmidt P lus r e c o n s t r u c t i o n (GSP). 

The primary f u n c t i o n of the GSP chromatogram i s to determine 
which of the hundreds of S F C / F T - I R data f i l e s c o n t a i n FT-IR 
s p e c t r a c o l l e c t e d d u r i n g e l u t i o n of chromatographic peaks . The 
r e c o n s t r u c t i o n i n F i g u r e 3b, f o r example, i n d i c a t e s t h a t FT-IR 
s p e c t r a f o r the peak at 24.09 minutes are contained i n f i l e s 
653-665. With t h i s i n f o r m a t i o n one can q u i c k l y r e t r i e v e the FT-IR 
spectrum of t h i s component. 

F i g u r e 4b shows the %T IR spectrum for the peak at 24.09 
minutes . Because o f the d e n s i t y programming, t h i s spectrum was 
c o l l e c t e d at a h igher CO2 d e n s i t y than t h a t of the background 
scans obta ined at the beginning of the r u n . As a r e s u l t , the 
dominant s p e c t r a l features are those of the carbon d i o x i d e . 
F i g u r e 4a i s the spectrum of s u p e r c r i t i c a l CO2 (same as F i g u r e 1) 
p l o t t e d to v i s u a l l y compare the two s p e c t r a . I t i s important to 
r e a l i z e t h a t the Gram-Schmidt P lus a l g o r i t h m removes the CO2 
i n t e r f e r e n c e from the r e c o n s t r u c t e d chromatograms o n l y . I t does 
not a f f e c t the a c t u a l FT-IR s p e c t r a i n any way. 
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2 3 4 SUPERCRITICAL FLUID EXTRACTION AND CHROMATOGRAPHY 

LO 

WRVENUMBER 

F i g u r e 1. I n f r a r e d spectrum of s u p e r c r i t i c a l carbon d i o x i d e 
showing l o c a t i o n of major a b s o r p t i o n bands. 

F i g u r e 2. a) FID chromatogram from c a p i l l a r y SFC s e p a r a t i o n of 
p e s t i c i d e m i x t u r e , b) Gram-Schmidt r e c o n s t r u c t e d chromatogram 
of the same s e p a r a t i o n . 
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13. WIEBOLDT A N D S M I T H SFC with FTIR Detection 235 

(ΓΟΟ δ! 0 0 Ϊ Ο . ' ό ο ' " ' 'Ϊδ'.Όο' ' ' 20.00' "25. 00' " io. 0Ô" 35.00 
RETENTION TIME (MIN) 

134t 2Ï7 360 Ï73 587 700 5Ti 926 ÎO^O 
DATA POINTS 

Figure 3. a) Gram-Schmidt re c o n s t r u c t i o n from Figure 3b. 
b) Gram-Schmidt Plus reconstructed chromatogram of the same 
separation. 

in 

•iOÔO 3è00 3^00 2000 2^00 2000 1600 1200 800 
NAVENUMBER 

Figure 4. a) Infrared spectrum of s u p e r c r i t i c a l carbon 
dioxide, b) FT-IR spectrum from peak at 24.09 minutes i n 
p e s t i c i d e SFC/FT-IR separation. 
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Because the s p e c t r a l f ea tures of s u p e r c r i t i c a l carbon d i o x i d e 
are w e l l d e f i n e d , i t i s a s imple matter to remove them, e i t h e r 
manual ly or a u t o m a t i c a l l y , by s p e c t r a l s u b t r a c t i o n . F i g u r e 5 i s 
the spectrum from F i g u r e 4b w i t h the CO2 absorbance removed. 
There i s c l e a r l y s u f f i c i e n t s p e c t r a l i n f o r m a t i o n to r e v e a l the 
c h a r a c t e r i s t i c a b s o r p t i o n bands which i d e n t i f y t h i s component as 
a l d i c a r b . I t i s important to p o i n t out t h a t the upper b lanked 
r e g i o n of CO2 does not b l o ck d e t e c t i o n of the N-H s t r e t c h 
absorbance. 

A n a l y s i s o f V o l a t i l e C i t r u s O i l Components 

F i g u r e 6 i s a Gram-Schmidt r e c o n s t r u c t e d chromatogram of a c i t r u s 
o i l components t e s t m i x t u r e . The major peak i n the chromatogram 
i s due to limonene which i s e s s e n t i a l l y a s o l v e n t . Note t h a t the 
a n a l y s i s t ime i s extremely s h o r t , l e s s than 5 minutes / and i s 
accompl ished under m i l d temperature c o n d i t i o n s , 50°C. The 
r e s o l u t i o n i s not superb on a l l the compounds p r e s e n t . However, 
i n f r a r e d d e t e c t i o n can be used to r e s o l v e o v e r l a p p i n g 
chromatographic bands. For example, the peak p r i o r t o limonene i n 
the chromatogram (denoted w i t h an *) appears to be pure w i t h no 
shoulders e v i d e n t . C lose examinat ion of the i n f r a r e d s p e c t r a of 
the peak shows t h a t the peak a c t u a l l y c o n s i s t s o f two compounds. 
An i n f r a r e d spectrum a b s t r a c t e d from the f r o n t s i d e o f the peak, 
F i l e #452, matches the re ference l i b r a r y spectrum of myrcene as i s 
shown i n F i g u r e 7. Whi le the i n f r a r e d spectrum of F i l e #464 from 
the backs ide of the peak, i s a v e r y good match w i t h * - p i n e n e 
( F i g u r e 8 ) . Thus, a t l e a s t two compounds are present i n the peak. 

P y r e t h r i n E x t r a c t A n a l y s i s . P y r e t h r i n s are a group of n a t u r a l l y 
o c c u r r i n g p e s t i c i d e s e x t r a c t e d from "Chrysanthemum 
c i n e r a n i a e f o l i u m . " As w i t h any p e s t i c i d e , r e g u l a t i o n s r e q u i r e 
q u a n t i t a t i v e measurements and p o s i t i v e i d e n t i f i c a t i o n o f the 
a c t i v e i n g r e d i e n t s . C u r r e n t l y , gas chromatography i s used f o r the 
a n a l y s i s . P y r e t h r i n I and I I must be separated from the o ther 
components i n the e x t r a c t under m i l d temperature c o n d i t i o n s . 
P y r e t h r i n I I , which d i f f e r s by o n l y the presence of a t e r m i n a l 
methyl e s t e r group, r a p i d l y decomposes a t temperatures r e q u i r e d to 
a f f e c t the s e p a r a t i o n . T h i s makes q u a n t i t a t i o n exceed ing ly 
d i f f i c u l t . SFC i s a l o g i c a l a l t e r n a t i v e f o r t h i s a p p l i c a t i o n 
because i t uses much m i l d e r temperature c o n d i t i o n s than GC. T h i s 
e l i m i n a t e s the p o s s i b i l i t y o f the sample degradat i on caused by 
temperature . 

F i g u r e 9 i s the FID chromatogram of a c a p i l l a r y SFC 
s e p a r a t i o n of a commerc ia l ly a v a i l a b l e p y r e t h r i n e x t r a c t . The 
a c t i v e components are P y r e t h r i n I a t 22.54 min and P y r e t h r i n I I a t 
23.91 m i n . Both show good peak shape w i t h no evidence o f thermal 
decompos i t i on . The group of peaks e l u t i n g before r e t e n t i o n time 
19 minutes are from the petroleum based e x t r a c t m a t r i x . The 
s o l v e n t peak a t 8.79 min i s methanol . The s m a l l peaks a t 21.98 
and 23.45 minutes are C i n e r i n I and I I r e s p e c t i v e l y . These are 
r e l a t e d components i n the e x t r a c t hav ing the same s t r u c t u r e as 
p y r e t h r i n except f o r t h a t the t e r m i n a l methylene i n the p y r e t h r i n s 
i s r e p l a c e d by a methyl group. 

F i g u r e 10 shows the SFC/FT- IR s p e c t r a f o r a) C i n e r i n I I and 
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cnifOOO 3600 3200 2έθΟ 2 * 0 0 2 0 0 0 1600 1200 800 
WRVENUMBER 

F i g u r e 5. FT-IR spectrum from same peak as F i g u r e 4b 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 absorbance removed. 

5U PRP-1 COLUMN 
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F i g u r e 6. Gram-Schmidt r e c o n s t r u c t e d chromatogram of c i t r u s o i l 
t e s t m i x t u r e . 
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F I L E *«*52 

SFC/ETIR LIBRARY 

MYRCENE, 

«iÙOO 3500 3000 2500 2000 1500 1000 500 
WAVENUMBER 

Figure 7. Spe c t r a l search l i b r a r y reference spectra r e s u l t s 
compared to F i l e #452. 
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, , { ^ , τ ^ , / v^ 1— . 
fOOO 35G0 3000 2500 2000 1500 1000 500 NAVENUMBER 

Figure 8. S p e c t r a l search l i b r a r y reference s p e c t r a r e s u l t s 
compared to F i l e #464. 
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SFC Density Program 

Init Density: 
Init Time: 
Ramp Rate: 
Final Density: 
Final Time: 

0.180 g/ml 
6.00 min 
0.020 g/ml/min 
0.700 g/ml 
5.00 min 

I 1 1 1 ' 1 1 •' 1 I 1 1 1 1 1 1 1 1 1 I 
0.00 5.00 10.00 To! 00 15.00 20.00 

RETENTION TIME (MIN) 
25. 00 

F i g u r e 9. FID chromatogram from c a p i l l a r y SFC s e p a r a t i o n o f 
p y r e t h r i n e x t r a c t . 

ÔOOC 

H3C CH3 

Η X C004 

r \ h 

Η 

CHaCH—CHCH-CH, 

^δοο 3èoo 3έοο 2800 iïôô 20οο îèoo ιέοο èoo 
WAVENUMBER 

F i g u r e 10. a) FT-IR spectrum for c i n e r i n II peak at 23.45 
minutes i n p y r e t h r i n S F C / F T - I R s e p a r a t i o n , b) FT-IR spectrum 
f o r p y r e t h r i n II peak at 23.19 minutes . 
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13. WIEBOLDT A N D S M I T H SFC with FTIR Detection 241 

b) P y r e t h r i n II and t h e i r s t r u c t u r e s . The II s e r i e s are d i e s t e r s 
having both a t e r m i n a l methyl e s t e r group and the e s t e r l i n k a g e 
between the two r i n g s . T h i s g i v e s r i s e to the complex C-0 s t r e t c h 
absorbance bands between 1300-1100 cm*" 1 . The o n l y f e a t u r e which 
can be used to d i s t i n g u i s h p y r e t h r i n from c i n e r i n i s the C-H 
o u t - o f - p l a n bending absorbance for the t e r m i n a l methylene group 
i n p y r e t h r i n which occurs at 912 c m " 1 . The presence o f t h i s 
a b s o r p t i o n band i s c l e a r evidence o f the t e r m i n a l =CH2 group. 

Conc lus ions 

These r e s u l t s demonstrate the f e a s i b i l i t y o f u s i n g a f low- through 
c e l l f o r FT-IR d e t e c t i o n of carbon d i o x i d e SFC e f f l u e n t . The c e l l 
d e s i g n i s d i c t a t e d by the r e s t r i c t i o n s imposed by the Fermi 
resonance absorbance of C O 2 , not the chromatographic 
s e p a r a t i o n . As a r e s u l t / the d e s i g n works e q u a l l y w e l l f o r e i t h e r 
packed-column or c a p i l l a r y SFC s e p a r a t i o n s . 

With packed column SFC s e p a r a t i o n s , FT-IR d e t e c t i o n can be 
u s e f u l i n s p e c t r a l l y r e s o l v i n g components which may not be 
r e s o l v e d by the chromatographic column. FT-IR a l s o shows good 
s e n s i t i v i t y f o r the smal ler q u a n t i t i e s of m a t e r i a l s encountered 
w i t h c a p i l l a r y SFC a p p l i c a t i o n s . S p e c t r a l q u a l i t y i s s u f f i c i e n t 
f o r i d e n t i f i c a t i o n and f o r d i s t i n g u i s h i n g s u b t l e d i f f e r e n c e s 
between r e l a t e d compounds. 
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246 SUPERCRITICAL FLUID EXTRACTION AND CHROMATOGRAPHY 

Adsorbent(s) 
determination of breakthrough 

volume, 84,85/ 
properties, 67/ 

Adsorption 
applications with S F E , 63-64 
cold-pressed oils, drawbacks, 113 
design of high-pressure system, 64 

Alcohols in orange oil, 
concentration, 110-111 

Aldehydes in citrus peel oil, 
concentration, 110 

Benzoyl peroxide, analysis by S F C - M S , 198 
Binary diffusion coefficients, in 

supercritical fluids, 21/ 
Binary supercritical fluid solution 

π* vs. pressure, 172,174/, 175 
retention behavior, 169-175 

Binary systems, phase behavior, 11,12/ 
Botanical chemistry 

gas chromatogram of chemical 
components, 132,133/ 

importance, 132 
Botanical structure 

effect of flaking thickness on oil yield 
and recovery rate, 132,133/ 

importance, 132 
Breakthrough volume(s) 

calculation, 68-69 
determination 

on activated carbon, 83-84 
on resinous adsorbent, 84,85/ 

for sorbates on X A D - 2 resin, 74 
influencing factors, 70,73 
measurement, 64 
method of presentation, 82-83 
values for adsorbent resins, 83/,84 
vs. pressure, 69-73 
vs. time, 74 

C 

Capillary supercritical fluid 
chromatography 

analysis of celery seed oil, 181,185/ 
analysis of cold-pressed grapefruit 

oil, 186,187-188/ 
analysis of food components, 179 
analysis of liquid C O extract of 

hops, 181,184/ 
analysis of soybean oil 

sample, 180-181,182-183/ 
applications, 179-180 

Capillary supercritical fluid 
chromatography—Continued 

characteristics, 144 
experimental procedure, 180 

Carbamate pesticides in parsley, analysis by 
capillary S F C , 186,189/ 

Carbon dioxide 
advantages in extraction, 92-93 
Clausius-Mossotti function, 5 
dielectric constant 

measurement, 5 
vs. pressure, 128,130/ 

effect on breakthrough volumes, 73 
phase equilibria, theory, 127-131 
solubility 

vs. density, 128,129/ 
vs. temperature, 128,130/ 

solvent power, 3,4/ 
ternary phase diagram, 28,29/ 
See also Supercritical carbon 

dioxide 
Carotenes, mass spectrum, 218,219/,221 
Carotenoid diols, mass 

spectra, 218,220/221 
Carotenoids 

analytical methods, 211 
mass spectra, 218,219/221 
S F C - F I D 

chromatograms, 212,213-215/216 
S F C - M S chromatograms, 216,217/218 
structural information, 221 
structures, 209,210/ 

Celery seed oil, analysis by capillary 
S F C , 181,185/ 

Chemical process, scientific 
development, 2,4/ 

Chemical processing techniques, 
advantages, 2 

Cholesterol 
S F C - M S response vs. pressure, 196,198 
structure, 196 

Cholesterol extraction, application 
of S F E , 31 

Chromatographic efficiency, 
of S F C - M S , 199 

Chromatographic retention behavior, 
role of supercritical 
fluids, 78,81-82 

Chromatographic void volume 
measurements, assessment 
of solvent-induced polymer 
swelling, 73 

Chrysene extraction, rate in supercritical 
carbon dioxide, 52,53/ 

Citrus oil(s) 
analysis by S F C - F T - I R , 231-232 
applications, 109 
potential applications of S F E , 115,117 
synthesis, 109-110 
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I N D E X 247 

Citrus peel oils 
composition, 110 
folding processes, 111-113 

Clausius-Mossotti function 
equation, 5 
for carbon dioxide, 5 

C o d liver oil, fraction composition, 93,96/ 
Codfish oil esters, fatty acid 

profiles, 32,33/ 
Coffee decaffeination, application of 

S F E , 30-31 
Cold-pressed grapefruit oil , analysis by 

capillary S F C , 186,187-188/ 
Cold-pressed oil(s) 

extraction, 111 
properties of components, 111,112/ 

Cold-pressed orange oil 
solubility isotherm, 115,116/ 
vapor pressure vs. temperature of 

components, 113,114/, 11'5 
Commercial plant 

design 
mechanical design, construction, and 

start-up, 140,142-143 
process design and economic 

evaluations, 137-141 
factors influencing performance and 

economic efficiency, 131-132 
key processing conditions, 134-136 

Complex mixture extraction, S F C 
comparison of hazardous waste 
samples, 49/,50,51/ 

Complex mixtures of natural products 
characterization methods, 208 
components, 236,237/ 

Continuous countercurrent extraction 
process, flow diagram, 34,36/,37 

Corn sweeteners, silylated, characterization 
by S F C - M S , 202,204,205/ 

Critical phenomena, history, 1 
Critical point, definition, 128 
Critical pressure, definition, 128 
Critical temperature, 128 
Cybotactic region, definition, 172 

Density 
dependence of interaction energy, 5 
dependence of refractive index, 6 
dependence of solute retention, 163 
dependence of solvent power, 5-6 

Dielectric constant 
fluid, 5 
measurements for carbon dioxide, 5 
vs. pressure, 128,130/ 

Differential heats of adsorption 
calculation for sorbates, 81-82 
effect of supercritical fluids on 

retention behavior, 78,81-82 
Diffusion coefficients, for supercritical 

fluids, 21/,22/ 
Disodium p-nitrophenyl phosphate 

hexahydrate, hydrolysis, 37-41 
Drug-related problem, 199,202,203/ 
Dynamic mode of S F E system 

description, 119,121 
efficiency, 199 

Effluent deposition, description, 230 
Eicosapentanoic acid concentration 

by extraction profile, 34,36/ 
by S F E , 31-37 

Enhancement factor 
effect of solid-phase properties, 10 
linear behavior, 9-10,12/ 
Poynting enhancement effect, 10-11,12/ 

Enthalpy of solute phase transfer 
definition, 166 
of binary fluid solvent, 169 
vs. density, 169,170/ 

Enzyme-catalyzed reactions in supercritical 
fluid 

flow reactor configuration, 37-38,39/ 
gel permeation chromatogram, 38,40/ 
reaction sequence, 38,39/ 
transesterification reactions with 

lipases, 38 
Enzymes, effects of supercritical fluids on 

stability, 38,41 
Equilibrium reaction of urea, 98,99/, 100 
Equipment for supercritical fluid 

chromatography-mass spectrometry, 194 
Ethyl caproate, breakthrough volumes vs. 

pressure, 70,72/ 
Extraction of cold-pressed oils, 

drawbacks, 111 
Extraction of eicosapentanoic acid, 

profile, 34,36/ 
Extraction pressures, determination, 117 
Extractions, number, 84 

Factor of the reaction field, calculation, 3 
Fatty acid profiles 

codfish oil esters, 32,33/ 
menhaden oi 

American Chemical Society. 
Library 

1155 16th St., N.W. 
Washington, O.C. 20036 

enhad,en oil esters, 32,33/ 
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248 SUPERCRITICAL FLUID EXTRACTION AND CHROMATOGRAPHY 

Fatty acids 
composition in refiuxing system, 96,97/ 
factors affecting stability, 100 

Fish oil(s) 
applications, 89 
concentration by S F E , 31-37 
current methods of fractionation, 92 
factors influencing use in foods, 89-90 
omega-3 fatty acid composition, 90,91/ 
S F E , 92 
source of polyunsaturated fatty acids, 90 

Flame ionization detector (FID) 
chromatogram, S F C separation of 
pesticide, 236,237/ 

Flow-through cell detection, 
description, 230 

Fluid dynamics, importance, 131 
Fluid enhancement factor 

behavior, 10-11,12/ 
definition, 10 

Folding processes in citrus oil 
advantage, 111 
description, 111 
influencing factors, 111,112/ 

Food component analysis, by capillary 
S F C , 179-189 

Food-related problems, 202,204,205/ 
Fourier transform infrared spectroscopy 

( F T - I R ) 
applications, 229 
detection methods, 230-231,234/ 
spectrum for pesticide, 236,237/ 

Fractionation, methods for fish oil, 92 
Fractionation and standardization 

techniques 
multiple-stage fractional 

extraction, 140,141/ 
two-stage fractional extraction, 137,140 

Fragmentation 
of fucopigments, 223,225/ 
of fucoxanthin, 221,222/,223 

Free energy of solution of solute in the 
mobile phase, 145 

Fucopigments 
fragmentation patterns, 223,225/ 
structures, 210 / 223 

Fucoxanthin 
in-beam desorption, 223,224/ 
properties, 221 
schematic of fragmentation, 221,222/223 
S F C - M S chromatogram, 221,222/ 
structure, 210/221 

Fucoxanthin-3-acetate 
fragmentation patterns, 223,225/ 
structure, 210/223 

Gas chromatography, advantages and 
disadvantages, 149 

Gram-Schmidt Plus reconstruction 
chromatogram for C 0 2 , 233,235/ 
description, 233 

Gram-Schmidt reconstructed chromatogram 
description, 233,234/ 
effect of C 0 2 density, 233,234/ 

H 

Hazardous waste samples 
gas chromatographic profiles, 50,51 / 
S F E , 49/,50,51/ 

Heats of adsorption, differential—See 
Differential heats of adsorption 

High-mass ions, detection by S F C - M S , 204 
History of supercritical fluids, 26-41 
Hops extraction, application of S F E , 30 
Hot finger, definition, 32 

In-beam desorption, of 
fucoxanthin, 223,224/ 

Infrared spectroscopy, advantages, 229 
Interaction energy 

calculation, 6 
density dependence, 5,7/ 
spherical nonpolarizable 

point dipole, calculation, 3,5 
Interface probe, schematic, 192,193/ 
Interface tip temperature, effect on S F C - M S 

response, 196,197/198 
Ion source pressure, effect on S F C - M S 

response, 198-199,200/ 
Isofucoxanthin 

fragmentation patterns, 223,225/ 
structure, 210/,223 

Jet-type restrictors, construction, 216 

Κ 

Kamlet -Taft solvatochromic scale, 
description, 164 

Ketones in orange oil, concentration, 111 

L 

Labile compounds, 198 
i/-Limonene, applications, 109 
Lipases, transesterification reactions, 38 
Liquid carbon dioxide, properties, 128 
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INDEX 

Liquid carbon dioxide extract of hops, 
analysis by capillary S F C , 181,184/ 

L i q u i d solubility in supercritical fluids 
binary phase behavior, 16-19 
ternary phase behavior, 18,20/ 

M 

Mass spectrometer tuning, effect on 
S F C - M S , 195-196 

Mass spectrometry (MS) 
carotenes, 218,219/,221 
carotenoid diols, 218,220/,221 
carotenoids, 218,219/,221 
combination with capillary S F C , 191-205 
equipment, 194 

Mechanical design construction 
and start-up of commercial plant 

cleaning between runs and 
products, 140,142 

construction schedule and 
start-up, 142-143 

maintenance and reliability, 140 
materials of construction, 142 
piping and valves, 142 
pretreatment and posttreatment, 142 
quick-opening closures, 142 
seals and gaskets, 142 

Melting of solids 
phase behavior of solid-f luid 

system, 11,12/ 
phase behavior of supercritical 

fluids, 11,13 
Menhaden oil , fractionation with different 

mole ratios of urea, 100/, 101,103/ 
Menhaden oil ethyl esters, fatty acid 

profiles, 34,35/ 
Methanol, use as cosolvent, 14 
Methyl arachidate, preparation, 195 
Microextraction cells, design, 55,57/ 
Mixture parameters, calculations, 163 
Mobile-phase density 

effect on retention behavior, 146 
vs. height equivalent, 146,148/ 

Mobile-phase velocity 
vs. column efficiencies, 149,150/ 
vs. height equivalent, 146,148/ 

Multicomponent systems, solid 
solubilities, 14,16 

Myrcene, reference library IR 
spectrum, 236,238/ 

Myrosinase, effect of supercritical fluid on 
stability, 38,41 

249 

Ν 

Naphthalene 
retention behavior, 166,167-168/ 
solubility in supercritical fluid, 3,4/ 

Natural products, characterization by 
S F C - M S , 208-225 

Ο 

Off-line supercritical fluid extraction 
apparatus, 45,46/,48 
collection of effluents, 48 
complex mixture extraction, 49/,50 
high-pressure extraction vessel, 45,47/,48 
trace level extraction, 48/,49 

Omega-3 fatty acids 
composition 

in refluxing system, 96,97/ 
offish oil, 90,91/ 

yield 
from supercritical fatty 

acids, 97,98/ 
with and without 

pretreatment, 101,103/ 
On-line supercritical fluid extraction-

gas chromatography 
advantages, 53,55,61 
apparatus, 55,56-57/,58 
experimental procedures, 55,58 
qualitative extraction analyses, 58,59/ 
quantitative extraction 

analyses, 58,60/,61/ 
Orange peel, qualitative extraction 

analyses, 58,59/ 
Organic solvent extraction, comparison to 

S F E , 134 
Orifice size, 195 

π* Polarizability/polarity values 
vs. density, 172,173/ 
vs. pressure, 172,174/, 175 

Partial molar volume of the solute, 
determination, 162 

Pesticide, analysis by S F C - F T - I R , 232 
Phase behavior 

solid-f luid systems, 11,12/ 
ternary systems, 11,13/, 14,15/ 

Pilot plant testing 
parameter verification, 135 
primary goal, 135 
schematic, 135,138/ 
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250 SUPERCRITICAL FLUID EXTRACTION AND CHROMATOGRAPHY 

α-Pinene, reference library IR 
spectrum, 236,239/ 

Polycyclic aromatic hydrocarbons, recovery 
from X A D - 2 resin, 61/ 

Poly(dimethylsiloxane), characterization 
by S F C - M S , 202,205/ 

Polyethylene glycol derivatives, 
preparation, 195 

Polyethylene glycol oligomers, S F C - M S 
separations, 198-199,200/ 

Polyunsaturated fatty acids, source, 90 
Poynting correction, description, 10 
Poynting enhancement factor 

behavior, 10-11,12/ 
definition, 10 

Pressure 
breakthrough volumes, 69-73 
discussion, 198-199,200/ 
effect on solubility in supercritical 

fluids, 115,116/ 
vs. temperature and physical 

state, 128,129/ 
Process development data 

analysis, 137,138-139/ 
effect of temperature on two 

parameters, 137,138/ 
extraction efficiency vs. time 

on-stream, 137,139/ 
Process development unit testing 

process parameters, 135 
schematic unit, 135,136/ 

Pulse chromatographic method, 
advantage, 66 

Pyrethrin, analysis by S F C - F T - I R , 232 
Pyrethrin extract analysis 

F I D chromatogram of capillary S F C 
separation, 236,241/ 

S F C - F T - I R spectrum, 236,240/ 

Q 

Qualitative extraction analyses, of orange 
peel, 58,59/ 

Quantitative extraction analyses, of X A D - 2 
resin, 58,60/61/ 

R 

Rcfluxing systems with variable temperature 
and pressure 

composition of fractions from cod liver 
oil, 94,96/ 

fatty acid composition, 96,97/ 
omega-3 free fatty acid 

concentration, 96,97/ 
schematic, 93,95/96,99/ 

Refractive index, density dependence, 6 
Restrictor orifice size, effect on 

S F C - M S , 195 
Retention behavior in gas chromatography, 

vs. mobile-phase density, 145-146,147/ 
Retention factor of solute 

vs. density, 166,168/ 
vs. pressure, 166,167/ 

Retention mechanism in supercritical fluid 
chromatography 

effect of density, 169,172 
effect of polar modifier, 172,175 
effect of solvent strength, 175,176/ 
polarizability/polarity 

values, 172,173-174/175 
Retention processes in supercritical fluid 

chromatography 
experimental procedure, 165 
retention factor vs. density, 166,168/ 
thermodynamic theory, 162-164 

Retention thermodynamics in supercritical 
fluid chromatography, theory, 162-164 

Retention volumes, measurement, 68 
Retrograde region, definition, 128 

Scanning electron microscopy 
of Tenax resin, 74,76-77/78 
of X A D - 2 resin, 78,79-80/ 
schematic, 192,193/ 

Screening unit testing 
primary goal, 134 
process parameters, 134-135 
screening unit, 134,136/ 

Selectivity of fractionation, effect of 
temperature, 93,95/ 

Sensitivity, of S F C - M S , 199,204,218 
Silylated oligosaccharides, characterization 

by S F C - M S , 202,204,205/ 
Single-pass system for fractionation of 

fish oil , solubility of fish oil in 
supercritical carbon 
dioxide, 93,94/ 

Solid-f luid system, phase behavior, 11,12/ 
Solids in supercritical fluids, 

solubility, 3-9 
Solids melting—See Melting of solids 
Solid solubilities in multicomponent 

systems, solute-solute-solvent 
systems, 16 

Solubility 
of liquids in supercritical fluids, 16 
of solids in multicomponent systems, 

solute-cosolvent systems, 14,16 
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I N D E X 251 

Solubility—Continued 
of solids in supercritical fluids, 3-9 
of solutes 

vs. solvent density, 128,129/ 
vs. temperature, 128,130/ 

problems in prediction, 6,9 
Solubility behavior 

in solvents, 6,7/ 
in supercritical fluids, 6,8/ 

Solubility enchancement—See Enhancement 
factor 

Solute-cosolvent-solvent systems, solid 
solubilities, 14 

Solute distribution coefficient 
vs. solute retention factor, 163 
vs. temperature, 163 

Solute physical properties, effect on 
solubility in supercritical 
fluids, 113,114/,115 

Solute retention 
vs. density, 163 
vs. pressure, 162 

Solute-solute-solvent systems, solid 
solubilities, 16 

Solvatochromic measurement of supercritical 
fluid solvation environments 

description, 164 
vs. susceptibility of solute, 164-165 

Solvatochromic method, application, 175 
Solvent extraction, mass transport 

steps, 131 
Solvent power 

characterization by enhancement 
factor, 9-11,12/ 

density dependence, 6 
solubility dependence, 6 ,7-8/ 

Sorbates 
breakthrough volumes, 73-74,75/,84,85/ 
calculation of differential heats of 

adsorption, 81-82 
characteristics, 68 
role of supercritical fluids in retention 

behavior, 78,81-82 
van't Hoffplot , 78,81 

Soybean oil , analysis by capillary 
S F C , 180-181,182-183/ 

Static mode of supercritical fluid 
extraction system 

complicating factors, 119 
schematic, 119,120/ 

Supercritical, definition, 1 
Supercritical carbon dioxide 

absorption spectrum, 230-231,234/ 
G S P chromatogram, 233,235/ 
See also Carbon dioxide 

Supercritical carbon dioxide extraction 
results of continuous-flow 

experiments, 121,123/, 124 

Supercritical carbon dioxide 
extraction—Continued 

system 
dynamic mode, 119,121 
schematic, 117,118/,119 
static mode, 119,120/ 

Supercritical fluid-adsorbate-adsorbent 
systems 

adsorbent properties, 67/ 
calculation of breakthrough volume, 68-69 
experimental procedures, 66-69 

Supercritical fluid chromatograph, 
description, 66 

Supercritical fluid chromatography 
advantages, 149,208-209 
applications, 161,209 
chewing gum analysis, 155,157/ 
elution of silylated 

oligosaccharides, 155,156/ 
experimental methods, 211 
honeycomb extract analysis, 155,158/ 
instrumentation, 149,151,211 
oligomer analysis, 151,152/ 
poly(dimethylsiloxane) 

analysis, 151,153-154/ 
prediction of retention, 165-175 
red and black pepper analysis, 155,159/ 
retention thermodynamics, 162-164 
solvatochromic measurement of solvation 

environments, 164-165 
Supercritical fluid chromatography-

Fourier transform infrared 
( S F C - F T - I R ) spectroscopy 

citrus oil sample, 231-232 
pesticide sample, 232 
pyrethrin sample, 232 
system 

for citrus oil analysis, 231 
for pesticide and pyrethrin extract 

analysis, 232 
Supercritical fluid chromatography-mass 

spectrometry ( S F C - M S ) 
advantages, 209 
applications, 192 
chromatograms, 193/, 194 
development, 191-192 
effect 

of interface tip, 195-196 
of ion source, 211-212 
of M S tuning, 212 
of restrictor, 212 

experimental methods, 233 
fragmentation, 233,234/ 
instrumentation, 236,237/ 
interface probe, 240/ 
M S equipment, 194 
sample preparation, 194-195 
sensitivity, 199,218 
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252 SUPERCRITICAL FLUID EXTRACTION AND CHROMATOGRAPHY 

Supercritical fluid extraction (SFE) 
advantages, 44-45,113 
applications, 30/,31,l 13 
combination with capillary gas 

chromatography, 53,55-61 
comparison to conventional organic solvent 

extraction, 134 
design protocol 

pilot plant testing, 135,138/ 
process development unit testing, 135,136; 

enzyme-catalyzed reactions, 37-41 
fish oil concentration, 31-37 
flow diagram of continuous countercurrent 

extraction process, 34,36/,37 
misapplication, 27-28 
monotonie recovery, 28,30 
of botanical feedstocks, 132,133/, 134 
of fish oil, refluxing systems, 93,95-97,99 
of urea preconcentrated samples, 98-103 
off-line analysis, 45-51 
potential citrus oil applications, 115,117 
promises of capabilities and 

applications, 27/ 
system, 64,65/ 
ultrasound analysis, 50,52-53 
use in fish oil fractionation, 90-107 
with a clathrate vessel 

effluent composition, 105-107 
schematic, 101,104/, 105 

with temperature gradient column, 101,102/ 
yields of omcga-3 fatty acids, 97,98/ 
See also Supercritical carbon dioxide 

extraction 
Supercritical fluid mobile phases, 

characteristics, 191 
Supercritical fluid processing, food 

applications, 127 
Supercritical fluids 

characterization of solvent 
power, 9-11,12/ 

effects on enzyme stability, 38,41 
factors affecting solubility, 113,114/115 
history, 26-41 
liquid solubility, 16-20 
melting of solids, 11-15 
solubility prediction, 6,9 
use as mobile phases in 

chromatography, 179-180 
Supercritical processes 

development, 2 
factors influencing application, 2-3 

Susceptibility of solute vs. solvents 
solvatochromic behavior, 164-165 
temperature, 196,197/, 198 

Τ 

Temperature 
effect on solubility in supercritical 

fluids, 115,116/ 

Temperature—Continued 
vs. pressure and physical state, 128,129/ 
vs. solubility, 128,130/ 

Tenax resin, scanning electron microscopic 
photographs, 74,76-77/78 

Tenax-TA resin, breakthrough volumes vs. 
pressures, 69 

Tergitol nonionic surfactant-9 
SFC-FID chromatogram, 199,201/202 
structure, 199 

Ternary systems, phase 
behavior, 11,13/, 14,15/ 

Terpene fraction of citrus peel oils, 
properties, 110 

Terpene hydrocarbons, extraction from 
cold-pressed citrus oils, 117 

Thermally labile compounds, SFC-MS 
separation, 198 

Thermodynamics of solute retention in SFC 
mechanism, 169 
theory, 162-164 
vs. temperature, 166 

Trace level extraction, extraction 
comparison of activated carbon by 
Soxhlet and SFE, 48/,49 

Transport properties of supercritical fluids 
diffusion coefficients, 21/,22/ 
viscosity, 18,20/,21 

Triton X-100 
SFC-MS response vs. tip 

temperature, 196,197/ 
structure, 196 

U 

Ultrasonic supercritical fluid extraction 
advantages, 53 
apparatus, 50,52,54/ 
of roasted coffee beans, 53,54/ 
rates for various adsorbents, 52,53/ 

Unsaturated fatty acids, families, 90,91/ 
Urea, effect of pretreatment on yield of 

omega-3 fatty acids, 101,103/ 
Urea complexes, composition, 100/ 
Urea preconcentrated samples 

equilibrium reaction, 98,99/, 100 
supercritical fluid extraction, 98-103 

V 

van't HofT equation 
effect of mobile-phase solvation, 145 
G C retention vs. temperature, 145 

van't HofT plot, for sorbates, 78,81 
Vapor-liquid behavior 

example 
of type I behavior, 18,19/ 
of type III behavior, 16,18,19/ 

types, 16-17/ 
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INDEX 253 

Vegetable oils, supercritical fluid 
extraction, 63-85 

Χ 

X A D - 2 resin 
breakthrough volumes of 

sorbates, 73-74,75/ 

X A D - 2 resin—Continued 
quantitative extraction 

analyses, 58,60/,61/ 
scanning electron microscopic 

photographs, 78,79-80/ 
X A D - 7 resin, breakthrough volumes for 

sorbates, 84,85/ 
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