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Foreword 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIE
papers are not typese  reproduce y
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub­
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

SCIENTISTS HAVE BEEN AWARE of the novel properties of supercritical 
fluids for more than a century  Early investigators were fascinated by the 
"schizophrenic" behavio
disconcerting but coincidental that research activities also split into two 
disparate areas. Fundamental interactions in simple systems were meticu­
lously investigated to correlate and predict phase behavior. At the other 
extreme, scientists applied supercritical fluids with Edisonian zeal, seeking 
miraculous solutions to complex problems in extraction and fractionation. 

The explosion of interest in supercritical fluids during the past decade 
has seen a bridging of these extremes, a movement toward balance. 
Investigators have sought to understand and develop applications on the 
basis of underlying physicochemical principles, and recent reports of semi-
empirical treatment of supercritical solvent properties have shifted these 
fluids squarely into the mainstream of chemical research. 

We have sought to maintain this balance by probing the principles 
underlying supercritical fluid behavior in the first three sections and 
examining applications from the perspective of these principles in the last 
three sections. Within each section, there is also a flow from fundamentals 
to applications; the initial chapter provides the basis and the focus for 
ensuing chapters. 

The first section features new approaches to investigating physico-
chemical properties. Its final two chapters facilitate the transition to the 
second section, on chemical reactions, a new topic of fundamental 
importance. Phase equilibria are described in the final section of principles. 
Here initial chapters are devoted to modeling, and the final chapters report 
solubility studies. The final three sections are devoted to important 
applications of supercritical fluids: chromatography, fractionation and 
separation, and fuel applications. The chapters in each of these sections are 
also arranged so that there is a transition to more applied topics in the later 
chapters. 

The contributions to this volume are representative of the exciting 
work under way in supercritical fluid research and attest that there is still 
much to be done. It is clear that there are abundant opportunities for 
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enhancing our understanding of supercritical fluid behavior and extending 
the useful application of their properties. 
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Chapter 1 

Effect of Critical Phenomena on Transport Properties 
in the Supercritical Region 

Es. Gulari, H. Saad, and Y. C. Bae 

Department of Chemical and Metallurgical Engineering, Wayne State University, 
Detroit, MI 48202 

The transport properties of supercritical fluid mixtures 
are strongly affecte
first step in testin
range of the existing theories of critical phenomena, we 
have used photon correlation spectroscopy to measure the 
decay rate of density fluctuations in dilute supercritical 
solutions of heptane, benzene, and decane in CO2. The 
results along critical isochores were analyzed in terms of 
the mode-coupling and the dynamic renormalization-group 
theories. The values of v, the temperature exponent of 
the size of the fluctuations, were in very good agreement 
with its ideal value. The relative magnitudes of the 
background contributions in different systems indicated 
the effects of molecular diffusion and solute-solvent 
interactions. 

Introduction and Background 
In s u p e r c r i t i c a l e x t r a c t i o n , the d i s s o l u t i o n step i s 
d i f f u s i o n - c o n t r o l l e d and the transport properties of the 
s u p e r c r i t i c a l phase govern the rate of ext r a c t i o n . Due to 
d i f f i c u l t i e s i n measuring time-dependent phenomena at high 
pressures, there are very few data and therefore there i s a need 
for experimental i n v e s t i g a t i o n s of transport properties of dense 
s u p e r c r i t i c a l f l u i d s which can be co r r e l a t e d for use i n p r a c t i c a l 
a p p l i c a t i o n s (1, 2). 

The s u p e r c r i t i c a l phase i s a s o l u t i o n of hi g h l y asymmetric 
components, e.g., CO and a hydrocarbon, at temperatures and 
pressures very close to the c r i t i c a l point of the s o l u t i o n . For 
example, f o r pure CO , Τ = 31°C and Ρ = 7.3 MPa, but f o r a 
mixture of CO with 2 mol \ benzene, Τ = (39.3°C and Ρ =8.1 MPa, 
and f o r a mixture of C0 2 with 2 mol % Secane, Τ = 46.8 0C Qand P c = 
8.9 MPa. Therefore, frequently a process operating at 40 C and at 
a c e r t a i n pressure i n order to a t t a i n a given s o l u b i l i t y i s close 
to a c r i t i c a l l i n e or surface. 

In the v i c i n i t y of a c r i t i c a l point, even at equilibr i u m , 
domains of d i f f e r e n t density or concentration e x i s t i n a f l u i d . 

0097-6156/87/0329-0002$06.00/0 
© 1987 American Chemical Society 
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1. G U L A R I E T A L . Critical Phenomena in the Supercritical Region 3 

These f l u c t u a t i o n s , which are r e f e r r e d to as order-parameter 
f l u c t u a t i o n s i n studies of c r i t i c a l phenomena (3), comprise the 
d r i v i n g forces f o r transport i n the system. For l i q u i d mixtures 
near a c r i t i c a l mixing point, the order parameter i s concentration, 
and f o r pure gases near the v a p o r - l i q u i d c r i t i c a l point, the order 
parameter i s density. For gas mixtures such as s u p e r c r i t i c a l 
s o l u t i o n s near the c r i t i c a l l i n e , the order parameter i s again 
density, which i s a fu n c t i o n of composition and temperature 
compared to a pure gas where density i s a function of only 
temperature at constant pressure. 

These f l u c t u a t i o n s manifest themselves as o p t i c a l 
inhomogeneities i n the f l u i d which can be most e a s i l y detected by 
l i g h t s c a t t e r i n g techniques (4). R e l a t i v e l y f a r away from a 
c r i t i c a l point, Τ - Τ ~ 10 C, the c h a r a c t e r i s t i c s i z e s of domains 
are ~ 1 nm and they grow to s 100 nm i n the immediate v i c i n i t y of a 
c r i t i c a l point, Τ - Τ < 1°C. I f the domains are comparable to or 
less than the v i s i b l e wavelengths and the r e f r a c t i v e index 
increment i s appreciable
i d e a l nonintrusive probes
s u p e r c r i t i c a l s o l u t i o n s two types of experiments can be performed, 
namely the time-averaged i n t e n s i t y measurements to determine the 
magnitude of the order-parameter f l u c t u a t i o n s and the Photon 
C o r r e l a t i o n Spectroscopy (PCS) to measure t h e i r decay rate. 

The order-parameter f l u c t u a t i o n s are temperature- and 
system-dependent and t h e i r decay rate i s r e l a t e d to the transport 
c o e f f i c i e n t s (5). Usually the magnitude of the f l u c t u a t i o n s are 
ch a r a c t e r i z e d by a c o r r e l a t i o n length ξ . Along a c r i t i c a l 
isochore or i s o p l e t h , the c o r r e l a t i o n length diverges as 

where ε = (Τ - Τ )/T , ξ 0 i s a system-dependent amplitude and V= 
0.63 i s a u n i v e r s a l exponent. 

The decay rate of the order-parameter f l u c t u a t i o n s i s 
p r o p o r t i o n a l to the thermal d i f f u s i v i t y i n case of pure gases near 
the v a p o r - l i q u i d c r i t i c a l point and i s p r o p o r t i o n a l to the binary 
d i f f u s i o n c o e f f i c i e n t i n case of l i q u i d mixtures near the c r i t i c a l 
mixing point _(6J_. Recently, we reported (7) s ingle-exponential 
decay rate of the order-parameter f l u c t u a t i o n s i n d i l u t e 
s u g e r c r i t i c a l s o l u t i o n s of l i q u i d hydrocarbons i n C0_ for Τ - T^ < 
10 C. This implied that the time scales a s s o c i a t e d with thermal 
d i f f u s i o n and mass d i f f u s i o n are s i m i l a r i n these systems. 

The mode-coupling theory £8^ and the dynamic 
renormalization-group theory (9) are the two t h e o r e t i c a l approaches 
for the i n t e r p r e t a t i o n of the decay rate of the order-parameter 
f l u c t u a t i o n s . The mode-coupling theory y i e l d s a r e l a t i o n among the 
decay rate or the transport c o e f f i c i e n t , the v i s c o s i t y , the 
c o r r e l a t i o n length, and the temperature of the system. The dynamic 
renormalization-group theory p r e d i c t s how transport c o e f f i c i e n t s 
w i l l diverge or converge on various paths of approach to the 
c r i t i c a l point. 

The transport properties of a n e a r - c r i t i c a l system contain an 
enhancement or a reduction due to c r i t i c a l f l u c t u a t i o n s i n a d d i t i o n 
to the cont r i b u t i o n s of molecular transport processes which are 
s t r i c t l y a function of the thermodynamic s t a t e . Therefore, the 
transport c o e f f i c i e n t s i n the c r i t i c a l region are u s u a l l y 

In Supercritical Fluids; Squires, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



4 S U P E R C R I T I C A L F L U I D S 

p a r t i t i o n e d i n t o a c r i t i c a l part and a background which corresponds 
to the value of the transport c o e f f i c i e n t extrapolated from a 
region f a r away from the c r i t i c a l point (10). The binary d i f f u s i o n 
c o e f f i c i e n t can be expressed as D = L/χ , where L i s mass 
co n d u c t i v i t y and χ = (δΰ/δμ)^, the chemical p o t e n t i a l d e r i v a t i v e 
of concentration. Then L can be w r i t t e n as 

= 1 A L D = t/y A D (2) 

where ÎI, t , and A L , A D denote the background and the c r i t i c a l 
c o n tributions r e s p e c t i v e l y . The p r e d i c t i o n of the mode-coupling 
theory f o r A D i s 

A D = k BT/(6ir ηζ )Ω(ςξ ) (3) 

where kg i s Boltzmann's constant, η i s v i s c o s i t y , q = 2q osin(9/2), 
with q and θ being the wave number of the incident l i g h t and the 
s c a t t e r i n g angle. In
u n i v e r s a l dynamic s c a l i n

The e f f e c t of the background contributions are quite 
s i g n i f i c a n t f o r gases and must be determined (3). Unfortunately, 
d i f f u s i v i t y data at higher temperatures and s u p e r c r i t i c a l pressures 
are not a v a i l a b l e for mixtures of hydrocarbons with CO^ and 
therefore there i s no easy way of estimating the background 
c o n t r i b u t i o n independently. Using the s c a l i n g p r e d i c t i o n for 
ε-dependence of (δϋ/δμ) , we introduced the temperature dependence 
of the background term i n the following form: 

Î)=ï/X = A / V (4) 

where A i s a system-dependent amplitude which can be treated as a 
constan? over the temperature range of our measurements. 

A f t e r s u b s t i t u t i n g the background and the c r i t i c a l terms from 
equations 3 and 4 i n t o equation 2, the d i f f u s i o n c o e f f i c i e n t i n the 
s u p e r c r i t i c a l region i s given by 

D = A ^ 2 ^ kgT/(6ττηξ ) (5) 

The above equation provides a basis for c o r r e l a t i n g the 
temperature dependence of a transport c o e f f i c i e n t such as mass 
d i f f u s i v i t y i n the s u p e r c r i t i c a l region. The e f f e c t s of 
composition, solute, and solvent c h a r a c t e r i s t i c s can a l s o be 
introduced i n t o the c o r r e l a t i o n s v i a ξ and A which are 
system-dependent amplitudes. However, a rigorous %est of the 
a p p l i c a b i l i t y of equation 5 requires independent measurements of 
the decay rate of the order-parameter f l u c t u a t i o n s , the c o r r e l a t i o n 
length, and the v i s c o s i t y . 

In t h i s study, we employed PCS to measure the decay rate of 
the order-parameter f l u c t u a t i o n s i n d i l u t e s u p e r c r i t i c a l s o l u t i o n s 
of heptane, benzene, and decane i n CO^. The r e f r a c t i v e index 
increment with concentration i s much larger than the r e f r a c t i v e 
index increment with temperature i n these systems. Therefore the 
order-parameter f l u c t u a t i o n s detected by l i g h t s c a t t e r i n g are 
mainly concentration f l u c t u a t i o n s and t h e i r decay rate^ r * s 

p r o p o r t i o n a l to the binary d i f f u s i o n c o e f f i c i e n t , D = Γ/q . The 
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1. G U L A R I E T A L . Critical Phenomena in the Supercritical Region 5 

r e s u l t s along c r i t i c a l isochores were analyzed i n terms of equation 
5. The values of the exponent ν and the s i g n i f i c a n c e of the 
background term are discussed. 

Experimental 
The l i g h t - s c a t t e r i n g spectrometer was s i m i l a r to the one described 
i n a previous paper (11). The design of the high-pressure c e l l 
allowed the range of the s c a t t e r i n g angles to be 6-11 degrees with 
homodyne detection. The sample c e l l was machined out of a s o l i d 
brass block, f i t t e d with flanged 1.25 cm t h i c k quartz windows, and 
tested up to 20 MPa. The o p t i c a l path length of the c e l l was 7 cm. 
The i n s i d e surfaces of the c e l l were blackened and a red glass tube 
was i n s e r t e d i n t o the c e l l to absorb the r e f l e c t e d l i g h t . The c e l l 
was f i t t e d i n t o a brass jacket. The temperature of the c i r c u l a t i n g 
water i n the jacket was c o n t r o l l e d w i t h i n 0.002 C i n two steps by 
using a Neslab RTE-8 c i r c u l a t i n g bath and Tronac PTC40 temperature 
c o n t r o l l e r i n s e r i e s . The temperature was measured by a thermistor 
embedded i n the c e l l block
Dynisco Model PT520-5M pressur
r e p r o d u c i b i l i t y of whic , 
r e s p e c t i v e l y . 

The amounts of the hydrocarbon and CO^ charged i n t o the c e l l 
were determined g r a v i m e t r i c a l l y . For a f i x e d amount of the 
hydrocarbon, the CO^ charge was adjusted c a r e f u l l y so that the 
r e l a t i v e amounts of the l i q u i d and gas phases were equal as the 
system crossed from the two-phase region to the dense gas region. 
Then the process was reversed to check whether the meniscus 
appeared at the center p o s i t i o n of the c e l l . Based on the v a l i d i t y 
of the law of r e c t i l i n e a r diameter, t h i s procedure ensured such a 
loading to be very close to the c r i t i c a l point of the mixture. 

Results and Discussion 
C o r r e l a t i o n function measurements were made along four c r i t i c a l 
isochores f o r each of the three systems: CO^-n-heptane, 
C0 2-benzene, and CO^-n-decane. The c r i t i c a l d e n s i t i e s and the 
corresponding compositions are p l o t t e d i n Figure 1. The three 
hydrocarbons i n order of higher to lower s o l u b i l i t y i n CCL were 
heptane, benzene, and decane. The measured binary d i f f u s i o n 
c o e f f i c i e n t s or the decay rates of the order-parameter f l u c t u a t i o n s 
at various temperatures and pressures are l i s t e d i n Tables I, I I , 
and III f o r C0 2-heptane, C0 2-benzene, and C0 2-decane systems 
r e s p e c t i v e l y . In Figure 2, the c r i t i c a l l i n e s of the three binary 
systems i n the d i l u t e hydrocarbon range are shown i n the 
pressure-temperature space. dP/dT along the c r i t i c a l l i n e s of 
CO -heptane and CO -benzene systems are s i m i l a r and lower than 
dP/dT along the c r i t i c a l l i n e of C0 2-decane system, which i n d i c a t e s 
that C0 2 and decane form more asymmetric mixtures r e l a t i v e to C0 2 

with heptane or benzene. 
The measured decay rates were analyzed i n terms of equation 5, 

which becomes 

Γ/q 2 = A ^ ' + ( k B T / 6 ^ ) ε ν (6) 

when the temperature dependence of ξ i s s u b s t i t u t e d i n . η was 
taken to be the v i s c o s i t y of pure CO evaluated at the system 
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6 S U P E R C R I T I C A L F L U I D S 
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Figure 1: P l o t of the hydrocarbon content of various mixtures 
versus t h e i r c r i t i c a l d e n s i t i e s . T r i a n g l e s , c i r c l e s , 
and squares denote heptane-, benzene-, and decane-CO^ 
so l u t i o n s r e s p e c t i v e l y . The s o l i d c i r c l e marks the 
c r i t i c a l d ensity of pure CO . 
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Figure 2: The c r i t i c a l l i n e s of heptane-C0 2 ( t r i a n g l e s ) , benzene-
CO ( c i r c l e s ) , and decane-C0 2 (squares) systems. The 
s o l i d c i r c l e marks the c r i t i c a l temperature and pressure 
of pure CO . 

In Supercritical Fluids; Squires, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



1. G U L A R I E T A L . Critical Phenomena in the Supercritical Region 1 

2 
Table I: Measured Γ/q at Various Temperatures and Pressures: 

CO -Heptane System 

T(°C) P(MPa) Γ/q 2 · 10 5 (cm 2/s) 

94. 4 mol % C0 o, 
3 

p,= 0.561 g/cm 
Τ = (53. 31 +0.02) °c, Ρ = 9. 2411Pa 

53. 74 c 9. 29 c 1. 03 + 0.03 
54. 12 9. 35 1. 30 + 0.02 
54. 76 9. 45 1. 52 ± 0.02 
55. 58 9. 57 1. 92 + 0.02 
56. 69 9. 75 2. 49 + 0.03 
58. 15 9. 97 3. 39 + 0.04 
60. 76 10. 41 4. 71 + 0.04 
63, 39 10. 84 5. 96 + 0.05 

95. 
Τ 

8 mol 
(50. 

% CO 
14 +

P= 0.544 g/cm3 

50. 61 c 
50. 90 9. 07 1. 28 + 0.02 
51. 57 9. 18 1. 63 + 0.02 
52. 18 9. 27 2. 13 + 0.02 
52. 72 9. 37 2. 40 +0.02 
53. 65 9. 52 3. 02 + 0.02 
54. 38 9. ,64 3. ,52 + 0.03 
55. 45 9. ,83 4. , 16 + 0.03 
56. 52 10. ,01 4. ,83 + 0.05 
57. 98 10. ,26 5. ,62 + 0.05 
59. 98 10. ,61 6, ,74 + 0.07 

96, 
Τ 

.9 mol 
(44. 

% CO 
.24 + Z0.02) °c, Ρ = 8. 

Pc= 0.538 g/cm3 

,46 MPa 
44. ,49 c 8. .50 c 0. ,74 + 0.01 
44. ,94 8. .57 1. .16 + 0.01 
45. ,36 8. .64 1. .48 + 0.01 
46. ,37 8. .79 2. .25 + 0.01 
47. 70 8. .96 2. .97 + 0.02 
48. .47 9. .08 3. .61 + 0.02 
49. .52 9, .25 4, .41 + 0.02 
50. .95 9, .49 5, .33 + 0.03 
52. .48 9, .74 6, .36 + 0.06 
54. .31 10. .04 7, .51 + 0.05 

98 
Τ 

.1 mol 
(39 

% CO 
.13 +0.01) °c, Ρ = 8, 

3 
0^= 0.525 g/cm 

.00 MPa 
39. .43 c 8 .05 c 1 .13 + 0.02 
40, .15 8 .17 1 .83 + 0.02 
41, . 11 8 .32 2 .71 + 0.02 
42 .26 8 .51 3 .78 + 0.02 
43 .51 8 .74 4 .81 + 0.03 
45 . 14 9 .00 6 .17 + 0.05 
47 .64 9 .33 7 .71 + 0.05 
49 . 12 9 .57 8.82 + 0.05 
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Table I I : Measured Γ/q at Various Temperatures and Pressures: 
CO -Benzene System 

Τ (°C) P(MPa) Γ/q 2 · 10 5 (cm 2/s) 

95. 
Τ 

5 mol % CO , 
(48.48 +0.02) °C Ρ = 8. 

ffc= 0.579 g/cm3 

78 MPa 
48. 81 c 8.86 c 0. 88 + 0.04 
49. 37 8. 95 1. 32 + 0.03 
49. 98 9. 05 1. 87 + 0.03 
50. 64 9. ,16 2. 34 + 0.03 
51. 15 9. 22 2. 84 + 0.03 
52. 76 9. 51 4. 03 + 0.02 
54. 38 9. 82 5. 02 + 0.04 
56. 57 10. 19 6. 69 + 0.03 
58. 19 10. 48 7. 58 + 0.05 

46. 00 

96. 
Τ 
c 

8 mol 
(45. 

% C
,98

8. 62 c 1.12 + 0.03 
46. 72 8. 69 1. 24 + 0.03 
48. 56 8. 84 2. 39 + 0.03 
49. 29 8. 95 2. 87 + 0.03 
50.03 9. ,06 3. 38 + 0.02 
51. 25 9. 22 4. 30 + 0.02 
52. 29 9. 35 4. 98 + 0.02 
53. 36 9. ,50 5. 84 + 0.04 
54. ,41 9. ,64 6. 61 + 0.05 
55. ,97 9. ,85 7. 78 + 0.05 

97. 
Τ 

9 mol 
(39, 

% CO., 
.30 + 0. 02) °C Ρ = 8. 

Pc= 0.546 g/cm3 

,06 MPa 
39. ,40 c 8. .08 c 0. 99 + 0.03 
39. 51 8. .10 1. 19 + 0.02 
39. .79 8. .15 1. 34 + 0.02 
40. .08 8. .19 1. 65 + 0.03 
40. .48 8. .23 1. 95 + 0.03 
41. 25 8. .31 2. 51 + 0.02 
44. .00 8. .70 5. 40 + 0.02 
46. .96 9. .08 8. 18 + 0.02 
49. .34 9. .32 10. 0 + 0.10 
51. .74 9, .56 12. 3 + 0.10 

98. .6 mol % CO , 
.31 +Z0. 

Ρ = 0.533 g/cm3 

Τ = (36 
% CO , 
.31 +Z0. 02) °c, Ρ = 7, .78 MPa 

36. .56 c 7, .82 c 1. 05 + 0.02 
37, .12 7, .91 1. ,72 + 0.02 
37, .63 8, .00 2. ,28 + 0.02 
38, .48 8, .14 3. ,18 + 0.03 
39, .48 8 .28 4. ,20 + 0.02 
41, .14 8 .55 5. ,82 + 0.04 
43, .03 8 .84 7. 62 + 0.04 
46, .32 9 .35 10. .45 + 0.05 
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2 
Table I I I : Measured Γ/q at Various Temperatures and Pressures: 

CO^-Decane System 

Τ (°C) P(MPa) Γ/q 2 · 10 5 (cm 2/s) 

97.2 mol % CO., ρ = 0.607 g/cm3 Τ = (50.22 +0.03) C, Ρ = 9.61 
50.31 C 9.63 C 

50.77 9.70 
51.02 9.75 
51.42 9.84 
52.42 10.06 
53.56 10.26 
54.34 10.39 
55.15 10.56 
56.60 10.86 
57.88 11.12 
59.29 11.4
59.88 11.5

97.9 mol % CO , p„ 

MPa 

Τ = (45.95 ± 0 . 0 3 ) °C, Ρ = 8.ft MPa 
46.20 C 9.91 C 

46.65 9.27 
47.59 9.37 
48.28 9.52 
49.94 9.81 
51.42 10.10 
52.84 10.37 
55.50 10.88 

99.0 mol % CO , Pc= 0.̂  
Τ = (43.05 ± 0 . 0 2 ) °C, Ρ = 8.73 MPa 

43.38 C 8.77 C 

44.32 8.95 
45.30 9.09 
46.33 9.29 
48.35 9.55 
50.06 9.86 
51.44 10.12 
52.83 10.37 

99.6 mol % CO , Pc= 0.537 g/cm3 

Τ = (35.86 ± 0 . 0 2 ) °C, Ρ = 7.82 MPa 
35.99 C 7.84 C 1.01 ± 0.02 
36.35 7.91 1.35 ± 0.02 
36.85 8.00 1.80 ± 0.02 
37.71 8.14 2.61 ± 0.04 
38.75 8.32 3.64 ± 0.03 
39.81 8.51 4.52 ± 0.02 
40.99 8.71 5.66 ± 0.09 
42.31 8.95 6.73 ± 0.12 
45.60 9.28 9.00 + 0.10 

0. 80 ± 0. 06 
0. 99 ± 0. 04 
1. 15 ± 0. 02 
1. 37 ± 0. 02 
1. 76 ± 0. 02 
2. 14 ± 0. 03 
2. 50 ± 0. 02 
2. 80 ± 0. 02 
3. 32 ± 0. 03 
3. 83 ± 0. 04 

592 g/cm3 

0. 86 ± 0. ,04 
1. 10 ± 0. ,01 
1. 40 ± 0. ,01 
1. 62 ± 0. ,02 
2. 52 ± 0. 02 
3. 11 ± 0. ,06 
3. 78 ± 0. ,06 
4. 80 ± 0. , 10 

3 
564 g/cm 

1. 15 ± 0, .02 
1. 76 ± 0, .02 
2. 30 ± 0, .02 
2. 97 ± 0, .02 
3. 78 ± 0, .05 
4. 86 ± 0, .05 
5. 63 ± 0, .06 
6. 40 ± 0 .10 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



10 S U P E R C R I T I C A L F L U I D S 

density using η = 4 2 . 5 8 p + 6 6 1 . 7 p + 8 2 . 8 9 p + 152 + 125G from 
reference £ 3 ) . . In the f i r s t part of the a n a l y s i s , the background 
c o n t r i b u t i o n was neglected and a two-parameter f i t for V 1 and 
was performed. In the second part, v f was f i x e d at 0 . 6 7 and the 
background term was included. Again a two-parameter f i t for A and 
ξ 0 was performed. The r e s u l t s are summarized i n Table IV. 

When the background term was neglected, we obtained V 1 = 0 . 7 1 
+ 0 . 0 4 for heptane i n CO , V 1 = 0 . 7 6 + 0 . 0 5 for benzene i n CO , and 
v ' = 0 . 6 6 + 0 . 0 5 for decane i n C 0 2 - We have denoted the 
temperature exponent of the c o r r e l a t i o n length V 1 i n equation 6 
instead of v , and v f values should be compared to a u n i v e r s a l value 
of 0 . 6 7 instead of 0 . 6 3 because i n our analysis v' includes the 
ξ-dependence of the v i s c o s i t y . When we used the background 

v i s c o s i t y 9f for pure C O ^ , we d i d not take i n t o account the weak 
divergence of v i s c o s i t y which i s η α ξ 2, where z i s a u n i v e r s a l 
exponent. In f a c t , there i s a postulate that the v i s c o s i t y r a t i o 
η / η e x h i b i t s a power-law behavior as 

η =îf (Q ξ )

and Q, which i s a system-dependent amplitude, i s r e l a t e d to the 
background c o n t r i b u t i o n of the c o n d u c t i v i t y t ( 1 2 ). I f the 
divergence of t^he . v i s c o s i t y ^is .taken i n t o account, Δϋ should go to 
zero as ξ or ε ^ . The t h e o r e t i c a l p r e d i c t i o n f o r z 
is 0 . 0 5 and the experimentally determined value f o r CO i s 0 . 0 5 6 + 
0 . 0 0 5 ( 1 3 ) . Therefore, ν ' = v ( 1 . 0 6 ) = 0 . 6 7 . 

S t i l l s l i g h t l y higher ν' values can be a t t r i b u t e d to the 
e f f e c t s of impurities on the c r i t i c a l exponents which were analyzed 
on general grounds by Fi s h e r ( 1 4 ). When the perturbed c r i t i c a l 
point of a pure species i s studied at a constant impurity 
concentration x, the renormalization of the c r i t i c a l exponents i s 
expected. For example, ν governing the temperature v a r i a t i o n of ζ 
when χ = 0 becomes normalized to ν == v / ( l - a). a i s the 
temperature exponent of the s p e c i f i c heat and the t h e o r e t i c a l and 
experimental p r e d i c t i o n s for α give ~ 0 . 1 . I f the d i l u t e 
hydrocarbon content i n our systems were treated as an impurity 
perturbing the c r i t i c a l point of pure CO , ν ' would have to be 
normalized to ν' =v' / ( l - a) or ν' = 0 . b 7 / 0 . 9 = 0 . 7 4 . The new 
value of ν ' shoufd become evident only for Τ - Τ < ΔΤ where the 

c χ 
crossover temperature ΔΤ becomes smaller with x'and vanishes as χ 
tends to zero. Although îhere i s n ' t an easy way for c a l c u l a t i n g 

ΔΤ , i t i s expected to vary as a high power, such as 1/α ~ 10 , of 
the concentration x. P r i m a r i l y for CO^-benzene systems and also 
for CO -heptane systems we observed ν 1 values which were larger 
than the ideal ν' value. This was i n q u a l i t a t i v e agreement with 
the renormalization of the c r i t i c a l exponents at constant x, 
p a r t i c u l a r l y i f the hydrocarbon content i n various systems was 
taken i n t o account. The maximum benzene and heptane content 
d i s s o l v e d i n CO was 5 mol %, whereas the maximum decane content i n 
CO was 2 . 8 moi %. However, the accuracy of our measurements i s 
not s u f f i c i e n t and the temperature and composition ranges are not 
wide enough to determine the changeover from the i d e a l power-law 
behavior to the renormalized power-law behavior q u a n t i t a t i v e l y . 

The r e l a t i v e magnitudes of the background contributions f o r 
the three systems were evaluated by f i x i n g ν ' a t 0 . 6 7 and 
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Table IV: Values of Parameters Obtained 
from Theory of C r i t i c a l F l u c t u a t i o n s 

Without Background y 1 f i x e d at 0.67 
ξ' χ 10 cm v f ξ' χ 10° cm Α χ 10 (cm /s) ο ο 

System: CO^-n-Heptane 

98.1 mol% CO 0.68 + 0.06 0.69 _+ 0.02 0.76 + 0.04 0.51 + 0.15 
p c = 0.525 g/cm 

96.9 mol% CO 0.60 + 0.07 0.76 + 0.03 1.09 + 0.08 1.80 + 0.25 
p c = 0.538 g/cm 

95.8 mol% CO 30.79 + 0.07 0.71 + 0.02 1.06 + 0.06 1.09 + 0.20 
p c

 = 0.544 g/cm 

94.4 mol% CO 30.98 + 0.17 0.68 + 0.04 1.10 + 0.13 0.48 + 0.20 
p c = 0.561 g/cm 

System: CO^-Benzene 

98.6 mol% CO 0.53 + 0.04 0.72 + 0.02 0.74 + 0.02 2.07 + 0.14 
p c = 0.533 g7cm 

97.9 mol% CO 3
0 · 4 4 ± 0-07 0.75 + 0.04 0.76 + 0.09 2.23 + 0.54 

p c = 0.546 g7cm 

96.8 mol% CO 0.42 + 0.11 0.85 + 0.07 1.21 + 0.03 2.95 + 0.07 
P c = 0.559 g/cm 

95.5 mol% CO 0.58 + 0.05 0.74 + 0.02 0.92 + 0.01 1.17 + 0.05 
P c = 0.579 g/cm" 

System: CO^-n-Decane 

99.6 mol% CO 0.62 + 0.08 0.69 + 0.03 0.73 + 0.02 0.82 + 0.11 
Ρ =0.537 g7cm c & 

99.0 mol% CO 0.91 + 0.19 0.67 + 0.04 0.95 + 0.12 0.23 + 0.55 
Ρ =0.564 g7cm c & / 

97.9 mol% C0 o 01.16 ± 0.28 0.67 + 0.05 1.23 + 0.18 0.50 + 0.52 
ρ c = 0.592 g/cm 1 3 

97.2 mol% CO 1.60 + 0.17 0.59 + 0.02 1.02 + 0.02 -0.82 + 0.05 
Ρ =0.607 g/cm 

In Supercritical Fluids; Squires, T., et al.; 
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determining the corresponding values of A and ξ which are als o 
l i s t e d i n Table IV. The background c o n t r i b u t i o n was more 
s i g n i f i c a n t f o r benzene i n CO^ than heptane and decane i n CO^. The 
r e l a t i v e c o ntributions to the background and the c r i t i c a l part of 
the decay rate are shown i n Figures 3 and 4 a^ong two isochores, a 
benzene-CO isochore with p c = 0.546 g/cm and a decane-C0 2 

isochore with ρ = 0.592 g/cm5 r e s p e c t i v e l y , which were at the same 
o v e r a l l composition. Along any c r i t i c a l isochore the background 
c o n t r i b u t i o n i s l a r g e s t f o r data points f a r t h e s t away from the 
c r i t i c a l point. For the benzene-CO mixture shown i n Figure 3, the 
background amounts to about 25% ot the t o t a l decay rate at about 
10 C away from the c r i t i c a l point and diminishes as the c r i t i c a l 
point i s approached. However, for the decane-CO mixture shown i n 
Figure 4, the background c o n t r i b u t i o n i s smaller at the same 
temperature distance to the c r i t i c a l point and amounts to about 10% 
of the t o t a l decay rate. The d i f f e r e n t background contributions 
for the three solutes can be explained as follows: Since benzene 
i s the most compact solut
would expect the d i f f u s i o
f a s t e r , r e s u l t i n g i n the higher value f o r the background term. On 
the same ba s i s , the d i f f u s i o n of heptane should be f a s t e r than 
decane and hence y i e l d a higher A f o r heptane than decane. 

In our a n a l y s i s ξο i s a f i 8 t e d parameter. I t i s r e l a t e d to 
ξ i n ecgiation 1 by = ^ QQ · Values of ξ ο i n t n e range 

1.8 χ 10 to 1.2 χ 10 cm were°obtgined from the f i t s and are i n 
f a i r agreement with ξ = 1.5 χ 10 cm reported f o r pure CO^ i n 
the l i t e r a t u r e (3) and i n d i c a t e s that Q i s an amplitude of order 
one. In the l i m i t e d composition range of t h i s study, ζ 1 appeared 
to increase with the hydrocarbon content i n the mixture. ξ can 
be independently determined from t u r b i d i t y measurements ( 15^ and 
these measurements are i n progress and w i l l enable us to determine 
the composition dependence of ξ and the r e l a t i o n between Q and A 
q u a n t i t a t i v e l y . ° 

Independent measurements of the v i s c o s i t y , the decay rate, and 
the c o r r e l a t i o n length f o r the same f l u i d are necessary i n order to 
t e s t the theory of c r i t i c a l f l u c t u a t i o n s and determine i t s range of 
v a l i d i t y i n s u p e r c r i t i c a l f l u i d mixtures. As a f i r s t step, we have 
measured the decay rate of d i l u t e mixtures of three hydrocarbons 
with C0 ?. The r e s u l t s showed that the c r i t i c a l f l u c t u a t i o n s 
dominatea the o v e r a l l transport processes w i t h i n a 10 C distance to 
the c r i t i c a l point of a mixture. The s i z e of the c r i t i c a l 
f l u c t u a t i o n s described by the c o r r e l a t i o n length ξ decayed with 
increased temperature distance from the c r i t i c a l point. The values 
of the temperature exponent V 1 were i n very good agreement with the 
i d e a l value of 0.67. I f the d i l u t e amounts of hydrocarbon were 
considered as i m p u r i t i e s , s l i g h t l y higher values of V 1 could be 
explained by the renormal i z a t ion of V F due to impurities. The 
r e s u l t s also i n d i c a t e d that the r e l a t i v e magnitudes of the 
background contributions could be used to c o r r e l a t e the e f f e c t s of 
molecular d i f f u s i o n and solute-solvent i n t e r a c t i o n s . 
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Figure 3: Plot of the measured decay rates and the c a l c u l a t e d 
c r i t i c a l and background contr i b u t i o n s along a c r i t i c a l 
isochore of the 3benzene-C0 2 system at 97.9 mol % C0 2 and 
p = 0.546 g/cm . 

ΙΟ"4, 
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1 10 

Figure 4: Plot of the measured decay rates and the c a l c u l a t e d 
c r i t i c a l and background contributions along a c r i t i c a l 
isochore of the decane-C0 2 system at 97.9 mol % CO^ 
Pc = 0.592 g/cm . 
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Chapter 2 

Transport and Intermolecular Interactions 
in Compressed Supercritical Fluids 

J. Jonas and D. M. Lamb 

Department of Chemistry, School of Chemical Sciences, University of Illinois, Urbana, 
IL 61801 

General overview of several studies of transport 
and intermolecular interactions in compressed 
supercritical fluids is presented  The unique 
aspects of the
studies are emphasized
studies of self-diffusion in supercritical ethyl­
ene and toluene are discussed. These experiments 
used the fixed field gradient NMR spin-echo 
technique. Second, the novel NMR technique for 
the determination of solubility of solids in 
supercritical fluids is described. 

R e s e a r c h on t h e p r o p e r 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 and s u p e r ­
c r i t i c a l f l u i d m i x t u r e s h a s become v e r y i m p o r t a n t i n r e c e n t 
y e a r s due t o t h e g r e a t p r o m i s e 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 
t e c h n i q u e s . T h e s e t e c h n i q u e s and t h e i r a p p l i c a t i o n s h a v e b e e n 
r e v i e w e d by s e v e r a l a u t h o r s ( 1 - 4 ) . T h e r e a r e many a d v a n t a g e s o f 
u s 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 o v e r c o n v e n t i o n a l e x t r a c ­
t i o n t e c h n i q u e s . Many l o w v o l a t i l i t y m o l e c u l a r s o l i d s show 
g r e a t l y e n h a n c e d 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 d e n s e f l u i d s . 
S o l v e n t r e c o v e r y i s e a s i l y a c c o m p l i s h e d by m a n i p u l a t i n g t h e 
d e n s i t y , and t h e r e f o r e t h e s o l v a t i n g p o w e r , o f t h e s u p e r c r i t i c a l 
f l u i d t o p r e c i p i t a t e t h e s o l i d . I n a d d i t i o n , a l t h o u g h t h e d e n s i ­
t i e s o f t h e s u p e r c r i t i c a l f l u i d s a r e c o m p a r a b l e t o l i q u i d d e n s i ­
t i e s , t h e v i s c o s i t i e s a r e g e n e r a l l y an o r d e r o f m a g n i t u d e 
s m a l l e r , and d i f f u s i v i t i e s an o r d e r o f m a g n i t u d e l a r g e r t h a n 
l i q u i d s . A more e f f i c i e n t s e p a r a t i o n c a n t h e r e f o r e be a c h i e v e d . 

U n f o r t u n a t e l y , t h e r e i s a l a c k o f f u n d a m e n t a l d a t a on 
t r a n s p o r t and r e l a x a t i o n i n m o d e l f l u i d s a t s u p e r c r i t i c a l c o n d i ­
t i o n s . N o t s u r p r i s i n g l y , t h e r e i s a c o r r e s p o n d i n g l a c k o f t h e o ­
r e t i c a l m o d e l s t o e x p l a i n t h e d y n a m i c s o f s u p e r c r i t i c a l f l u i d s 
on a m o l e c u l a r l e v e l , p a r t i c u l a r l y a t t h e i n t e r m e d i a t e d e n s i ­
t i e s . 

0097-6156/87/0329-0015$06.00/0 
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The main p u r p o s e o f o u r work i s t h e improvemen t o f m o l e c u ­
l a r l e v e l u n d e r s t a n d i n g o f 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 u n d e r 
s u p e r c r i t i c a l c o n d i t i o n s . Unique nuclear magnetic resonance (5) 
techniques are employed to obtain new information about dynamics 
of molecules i n s u p e r c r i t i c a l f l u i d s at high pressures. 

The m a i n r e s u l t s o f s e v e r a l o f o u r s t u d i e s w i l l be 
d i s c u s s e d . F i r s t , t h e r e s u l t s o f NMR s t u d i e s o f s e l f - d i f f u s i o n 
i n s u p e r c r i t i c a l e t h y l e n e (_6) and t o l u e n e (7) w i l l be d i s c u s s e d . 
These e x p e r i m e n t s used the f i x e d f i e l d gradient NMR spin - e c h o 
technique. Second, the movel NMR technique (8) f o r the deter­
mination of 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 e s w i l l be 
described. 

E x p e r i m e n t a l 

The 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 i n s u p e r c r i t i c a l e t h y l e n e were 
measu red u s i n g t h e p u l s e d NMR s p e c t r o m e t e r d e s c r i b e d e l s e w h e r e 
( 9 , 1 0 ) , a u t o m a t e d f o r
by t h e Hahn s p i n e c h o
a t t h e p r o t o n r e s o n a n c e f r e q u e n c y o f 60 MHz u s i n g a 1 4 . 2 kG 
e l e c t r o m a g n e t . 

The p r e s s u r e was g e n e r a t e d u s i n g t h e g a s c o m p r e s s i o n s y s t e m 
d e s c r i b e d p r e v i o u s l y ( 1 2 ) . A H e i s e - B o u r d o n p r e s s u r e gauge was 
i n s t a l l e d b e t w e e n t h e c o m p r e s s i o n s y s t e m and t h e h i g h p r e s s u r e 
v e s s e l t o s u p p l e m e n t t h e 3 0 , 0 0 0 p s i p r e s s u r e t r a n s d u c e r . The 
o x y g e n s c a v e n g e r s y s t e m was b y p a s s e d a s t h e amount o f o x y g e n i n 
t h e e t h y l e n e was b e l o w t h e minimum d e t e c t i o n l e v e l (10 ppm) o f 
t h e o x y g e n a n a l y z e r (Beckman I n s t r u m e n t s , I n c . ) . I n o r d e r t o 
d e p r e s s t h e e x t r e m e l y l o n g T-j v a l u e s o f p u r e e t h y l e n e ( 1 3 ) a t 
t h e e x p e r i m e n t a l c o n d i t i o n s s t u d i e d , s m a l l q u a n t i t i e s (< 1000 
ppm) o f o x y g e n were m i x e d w i t h t h e e t h y l e n e b e f o r e measurement 
o f t h e d i f f u s i o n c o e f f i c i e n t . The a d d i t i o n o f o x y g e n b r o u g h t 
t h e T-j v a l u e s down t o 2 - 3 s e c , b u t s h o u l d n o t a f f e c t t h e v a l u e 
o f t h e d i f f u s i o n c o e f f i c i e n t . The s h o r t e r T 1 v a l u e s a l l o w e d a 
much s h o r t e r measurement t i m e . 

The 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 i n s u p e r c r i t i c a l t o l u e n e - d g 
were measu red a t t h e d e u t e r i u m r e s o n a n c e f r e q u e n c y o f 9.21 MHz , 
u s i n g a 14 .1 kG e l e c t r o m a g n e t w i t h a w i d e gap ( 3 - 8 " ) t o accommo­
d a t e t h e h i g h p r e s s u r e v e s s e l . The p u l s e d NMR s p e c t r o m e t e r a n d 
r e c e i v e r s y s t e m were d e s c r i b e d i n d e t a i l e l s e w h e r e ( 1 0 ) . The 
a r g o n p r e s s u r i z e d h i g h p r e s s u r e , h i g h t e m p e r a t u r e NMR p r o b e ( 1 4 ) 
was u s e d p r e v i o u s l y f o r s t u d i e s o f r e l a x a t i o n ( 1 5 ) and d i f f u s i o n 
( 1 6 ) i n c o m p r e s s e d s u p e r c r i t i c a l w a t e r . I t c o n s i s t s o f two h i g h 
p r e s s u r e v e s s e l s : t h e p r i m a r y v e s s e l , c o n t a i n i n g a n i n t e r n a l 
f u r n a c e , two t h e r m o c o u p l e s a n d t h e RF c o i l and s a m p l e , and t h e 
s e c o n d a r y v e s s e l , c o n t a i n i n g t h e s t a i n l e s s s t e e l s a m p l e b e l l o w s . 
Q u a r t z sample c e l l s were u s e d r a t h e r t h a n c e r a m i c c e l l s , a s 
c o r r o s i o n i s n o t a p r o b l e m . The RF c o i l was c o n s t r u c t e d by 
w i n d i n g 14 1/2 t u r n s o f 22 gauge n i c h r o m e ( C h r o m e l A) w i r e . The 
c o i l was s i l v e r s o l d e r e d t o n i c h r o m e c o n d u c t o r c o a x i a l h i g h 
p r e s s u r e l e a d s . The t u n i n g c i r c u i t c o n s i s t e d o f a s i x f o o t 
impedance t r a n s f o r m i n g c o a x i a l c a b l e t e r m i n a t e d w i t h a 
t a p p e d - p a r a l l e l c a p a c i t o r box w i t h b o t h f i x e d a n d v a r i a b l e 
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c a p a c i t o r s t o t a l l i n g 70 pF i n s e r i e s and 10 pF i n p a r a l l e l . The 
o b s e r v e d s i g n a l peak t o rms n o i s e r a t i o i n l i q u i d t o l u e n e - d g 
( 3 0 ° C ) was 60 :1 a f t e r one s c a n . 

The s o l u b i l i t i e s f o r n a p h t h a l e n e i n s u p e r c r i t i c a l c a r b o n 
d i o x i d e (_8) were m e a s u r e d a t 60 MHz u s i n g t h e NMR s p e c t r o m e t e r 
d e s c r i b e d e l s e w h e r e ( 1 0 ) . The h i g h p r e s s u r e , h i g h t e m p e r a t u r e 
NMR p r o b e a n d g a s c o m p r e s s i o n s y s t e m were t h e same a s t h a t u s e d 
i n t h e s u p e r c r i t i c a l e t h y l e n e e x p e r i m e n t (6). The s o l u b i l i t y 
s a m p l e c e l l a s shown i n Figure 1 was of c y l i n d r i c a l design w i t h 
0 . 2 5 0 i n . i n n e r d i a m e t e r and was m a c h i n e d f r o m a h i g h t e m p e r a ­
t u r e p o l y i m i d e p l a s t i c ( V e s p e l , D u P o n t C o . ) . An e x c e s s o f s o l i d 
n a p h t h a l e n e was l o a d e d i n t o t h e c e l l b e f o r e a s o l u b i l i t y d e t e r ­
m i n a t i o n and t h e c e l l was c l o s e d w i t h a c l o s e - f i t t i n g p i s t o n . 
P r e s s u r i z e d C 0 2 e n t e r e d t h e sample r e g i o n t h r o u g h two s m a l l 
h o l e s ( 0 . 0 1 6 i n . ) d r i l l e d t h r o u g h t h e s a m p l e c e l l w a l l s . To 
a s s u r e t h a t e q u i l i b r u m s o l u b i l i t i e s were o b t a i n e d , enough s o l i d 
n a p h t h a l e n e was i n i t i a l l y p l a c e d i n t h e s a m p l e c e l l so t h a t a n 
e x c e s s w o u l d be p r e s e n
s a r y t o s e p a r a t e t h e c o n t r i b u t i o
d i s s o l v e d n a p h t h a l e n e and t h e r e m a i n i n g s o l i d . T h i s s e p a r a t i o n 
i s e a s i l y a c c o m p l i s h e d due t o t h e r a d i c a l l y d i f f e r e n t s p i n - s p i n 
r e l a x a t i o n r a t e s o f d i s s o l v e d and s o l i d m a t e r i a l ( T 2 , s o l i d << 
T 2 , d i s s o l v e d ) . We u s e d t h e 9 0 ° - τ - ΐ 8 0 ° s p i n - e c h o s e q u e n c e w i t h 
a p u l s e s e p a r a t i o n o f τ - . 0 0 7 s ; t h i s e n s u r e d t h a t no c o n t r i b u ­
t i o n t o t h e NMR e c h o s i g n a l c o u l d r e s u l t f r o m t h e q u i c k l y r e l a x ­
i n g p r o t o n s o f s o l i d n a p h t h a l e n e . I n t h i s way we w e r e a b l e t o 
m o n i t o r t h e NMR s i g n a l f r o m t h e n a p h t h a l e n e d i s s o l v e d i n t h e 
s u p e r c r i t i c a l s o l u t i o n e x c l u s i v e l y . T h i s e x p e r i m e n t a l a p p r o a c h 
f o r s e p a r a t i n g t h e s i g n a l f r o m m o b i l e a n d i m m o b i l e n u c l e i h a s 
b e e n u s e d p r e v i o u s l y i n o u r l a b o r a t o r y ( 1 7 ) . 

The u s e o f NMR s p e c t r o s c o p y a s a n a n a l y t i c a l t e c h n i q u e i s 
w e l l e s t a b l i s h e d ( 1 8 ) . I n o r d e r t o q u a n t i t a t e o u r s p i n - e c h o 
h e i g h t t o t h e number o f p r o t o n s p r e s e n t , we p e r f o r m e d a n i n d e ­
p e n d e n t c a l i b r a t i o n u s i n g s t a n d a r d s o l u t i o n s o f n a p h t h a l e n e i n 
c a r b o n t e t r a c h l o r i d e . C o n c e n t r a t i o n s f o r t h e s t a n d a r d s were 
c h o s e n t o c o r r e s p o n d t o t h e a n t i c i p a t e d s u p e r c r i t i c a l C 0 2 

s o l u b i l i t i e s , a n d a l l c a l i b r a t i o n measuremen t s we re p e r f o r m e d 
u s i n g a s ample c e l l o f t h e same d i m e n s i o n s a s t h e s o l u b i l i t y 
s a m p l e c e l l p r e v i o u s l y d e s c r i b e d . The r e s p o n s e o f o u r s p e c ­
t r o m e t e r t o t h e s t a n d a r d s o l u t i o n s was l i n e a r o v e r t h e c o n c e n ­
t r a t i o n r a n g e . The r e p r o d u c i b i l i t y f o r i n d e p e n d e n t measuremen t s 
o f t h e c a l i b r a t i o n c u r v e was ± 3/6. T h r o u g h o u t t h e e x p e r i m e n t , 
a l l s p e c t r o m e t e r c o n d i t i o n s ( p u l s e l e n g t h s , p h a s e s , r e c e i v e r 
a m p l i f i e r g a i n , e t c . ) were c l o s e l y m o n i t o r e d , and frequent 
c h e c k s on t h e c a l i b r a t i o n o f t h e s p e c t r o m e t e r were p e r f o r m e d . I n 
t h i s way we w e r e a b l e t o o b t a i n t h e m o l a r s o l u b i l i t y o f s o l i d 
n a p h t h a l e n e i n s u p e r c r i t i c a l c a r b o n d i o x i d e t o a n e s t i m a t e d 
e x p e r i m e n t a l a c c u r a c y o f ± 6%. 

Our NMR t e c h n i q u e f o r t h e d e t e r m i n a t i o n o f t h e s o l i d - l i q ­
u i d - g a s p h a s e l i n e t h a t e n d s a t t h e UCEP a g a i n makes u s e o f t h e 
f a c t t h a t t h e NMR s i g n a l f r o m n u c l e i w i t h d i f f e r e n t r e l a x a t i o n 
r a t e s c a n be e a s i l y s e p a r a t e d . I n t h i s c a s e we a r e d i s t i n g u i s h ­
i n g b e t w e e n t h e s i g n a l f r o m t h e n a p h t h a l e n e - r i c h l i q u i d p h a s e 
fo rmed when t h e S-L-G l i n e i s c r o s s e d a n d s o l i d n a p h t h a l e n e . 

In Supercritical Fluids; Squires, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



SUPERCRITICAL FLUIDS 

S i n c e t h e s p i n - s p i n r e l a x a t i o n o f t h e l i q u i d p h a s e n a p h t h a l e n e 
p r o t o n s i s much l o n g e r t h a n t h a t o f t h e s o l i d n a p h t h a l e n e p r o ­
t o n s , by o n c e more u s i n g t h e s p i n - e c h o s e q u e n c e w i t h τ = . 0 0 7 s 
we a r e a b l e t o m o n i t o r t h e NMR s i g n a l f rom t h e l i q u i d phase 
o n l y . 

The t e c h n i q u e was i m p l e m e n t e d a s f o l l o w s . W i t h s o l i d 
n a p h t h a l e n e i n o u r s o l u b i l i t y c e l l we b r o u g h t t h e s y s t e m t o a 
d e s i r e d t e m p e r a t u r e and C 0 2 p r e s s u r e s u c h t h a t s o l i d - s u p e r ­
c r i t i c a l g a s e q u i l i b r i u m e x i s t e d . The t e m p e r a t u r e was t h e n 
s l o w l y i n c r e a s e d ( h e a t i n g r a t e a p p r o x i m a t e l y 1 ° C / h o u r ) a t c o n ­
s t a n t p r e s s u r e , w h i l e t h e NMR s i g n a l was m o n i t o r e d . When t h e 
S - L - G l i n e was i n t e r s e c t e d , t h e s o l i d n a p h t h a l e n e i n t h e c e l l 
w o u l d m e l t w i t h t h e f o r m a t i o n o f t h e n a p h t h a l e n e - r i c h l i q u i d 
p h a s e , and t h i s r e s u l t e d i n a l a r g e and r a p i d i n c r e a s e i n o u r 
NMR s i g n a l . The t e m p e r a t u r e a t w h i c h we saw t h i s d i s c o n t i n u o u s 
jump i n o u r NMR s i g n a l g a v e t h e l o c a t i o n o f t h e p h a s e l i n e a t 
t h a t p r e s s u r e . 

The m a i n s o u r c e
f i n i t e r a t e o f h e a t i n g
t i o n o f t h e S - L - G l i n e t o be ± 0 . 4 ° C and ± 2 b a r . 

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

S e l f - D i f f u s i o n i n C o m p r e s s e d S u p e r c r i t i c a l E t h y l e n e . The m a i n 
p u r p o s e o f o u r work (_6) was t o p r o v i d e t r a n s p o r t d a t a on d e n s e 
s u p e r c r i t i c a l e t h y l e n e and t o a n a l y z e t h e d a t a i n t e r m s o f c u r ­
r e n t l y a v a i l a b l e t h e o r i e s . E t h y l e n e was c h o s e n f o r t h e s t u d y 
f o r a number o f r e a s o n s . F i r s t , i t i s one o f t h e most w i d e l y 
u s e d s o l v e n t s i n i n d u s t r y due t o i t s e a s i l y a c c e s s i b l e c r i t i c a l 
t e m p e r a t u r e , i t s r e l a t i v e l y l o w c o s t and w i d e a v a i l a b i l i t y . 
H i g h l y a c c u r a t e c o m p r e s s i b i l i t y d a t a a r e a v a i l a b l e ( 1 9 - 2 1 ) i n 
t h e l i t e r a t u r e o v e r a w i d e r a n g e o f t e m p e r a t u r e and p r e s s u r e s . 
These d a t a a r e n e c e s s a r y f o r a c o m p l e t e a n a l y s i s o f t h e t r a n s ­
p o r t d a t a . 

Some m e a s u r e m e n t s h a v e b e e n made o f s e l f d i f f u s i o n i n p u r e 
e t h y l e n e a n d i n e t h y l e n e - s u l f u r h e x a f l u o r i d e m i x t u r e s ( 2 2 ) , b u t 
t h e s e measu remen t s were made v e r y c l o s e t o t h e c r i t i c a l t e m p e r a ­
t u r e and up t o p r e s s u r e s o f o n l y a b o u t 100 b a r . P r o t o n s p i n -
l a t t i c e r e l a x a t i o n t i m e s (T-. ) o f e t h y l e n e h a v e been m e a s u r e d a t 
t e m p e r a t u r e s f r o m 0 ° C t o 5 0 ° C and p r e s s u r e s up t o a b o u t 2300 b a r 
(1 j3 ) . The r e l a x a t i o n t i m e v a l u e s were 4 0 - 5 0 s e c f o r much o f t h e 
r e g i o n s t u d i e d . S e v e r a l r e l a x a t i o n mechan i sms c o n t r i b u t e t o 
t h i s l o n g r e l a x a t i o n t i m e a n d make b o t h t h e measurement and 
a n a l y s i s o f t h e r e l a x a t i o n t i m e s v e r y d i f f i c u l t . F o r t h e s e 
r e a s o n s , we d e c i d e d t o l i m i t o u r s t u d y t o t h e measurement o f t h e 
s e l f - d i f f u s i o n c o e f f i c i e n t i n s u p e r c r i t i c a l e t h y l e n e (60. 

The measu remen t s we re made a s a f u n c t i o n o f d e n s i t y f o r 
p r e s s u r e s f r o m 1 - 2000 b a r and a t 5 0 ° , 7 5 ° , 1 0 0 ° and 1 2 5 ° C . 
The t e m p e r a t u r e s c h o s e n c o r r e s p o n d t o t h o s e f o r w h i c h d e n s i t y 
d a t a ( 1 9 - 2 1 ) f o r e t h y l e n e a n d e t h y l e n e - C 0 2 a r e a v a i l a b l e . The 
e x p e r i m e n t a l 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 o f e t h y l e n e a s a f u n c ­
t i o n o f t e m p e r a t u r e and d e n s i t y a r e p r e s e n t e d i n F i g u r e 2 . The 
p r e s s u r e s c o r r e s p o n d i n g t o t h e c h o s e n d e n s i t i e s were d e t e r m i n e d 
f r o m t h e c o m p r e s s i b i l i t y d a t a o f M i c h e l s and G e l d e r m a n s ( 2 0 ) . 
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F igure 1. Schematic drawing of NMR sample c e l l f o r super­
c r i t i c a l s o l u b i l i t y measurements. 
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F igure 2 . Densi ty and temperature dependence of the experimen 
t a l 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 of compressed super 
c r i t i c a l e t h y l e n e . 
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The v a r i a t i o n i n t h e s e l f - d i f f u s i o n c o e f f i c i e n t i s p r i m a r i l y 
d e t e r m i n e d by t h e c h a n g e i n d e n s i t y v a r i e d o v e r a w i d e r a n g e . 
T h e r e i s no s i g n i f i c a n t t e m p e r a t u r e dependence w i t h i n t h e e r r o r 
o f t h e m e a s u r e m e n t s . The d a t a c o v e r a r a n g e o f d e n s i t i e s 0 . 3 4 <_ 
p / p c <_ 2 . 5 , and t e m p e r a t u r e 1 .14 < T / T c £ 1 . 4 1 . 

The d e n s i t y d e p e n d e n c e o f t h e e t h y l e n e 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 was a n a l y z e d u s i n g t h e E n s k o g t h e o r y ( 2 3 ) o f d i f f u s i o n 
o f h a r d s p h e r e s c o r r e c t e d f o r t h e e f f e c t s o f c o r r e l a t e d m o t i o n 
( 2 4 ) . The c o r r e c t e d E n s k o g t h e o r y c o n s i d e r s o n l y r e p u l s i v e 
f o r c e s b e t w e e n m o l e c u l e s , b u t i t h a s p r o v e d t o be i n e x c e l l e n t 
a g r e e m e n t w i t h e x p e r i m e n t f o r t h e t r a n s p o r t c o e f f i c i e n t s o f 
s u p e r c r i t i c a l d e n s e g a s e s s u c h a s a r g o n , k r y p t o n , methane and 
c a r b o n t e t r a f l u o r i d e ( 2 5 ) . A t d e n s i t i e s l e s s t h a n t h e c r i t i c a l 
d e n s i t y ( p c ) , t h e a t t r a c t i v e f o r c e s b e t w e e n t h e m o l e c u l e s become 
i m p o r t a n t and d e v i a t i o n s f rom t h e t h e o r y a r e o b s e r v e d . We 
c a l c u l a t e d t h e h a r d s p h e r e d i a m e t e r f r o m t h e c o m p r e s s i b i l i t y 
d a t a b a s e d o n t h e c o n c e p t t h a t a t h i g h d e n s i t y a n d h i g h t e m p e r a ­
t u r e , t h e v a n d e r W a a l '
l e n t t o t h e h a r d s p h e r
d e n s i t y a r e p l o t t e d a g a i n s t r e c i p r o c a l t e m p e r a t u r e . The h i g h 
t e m p e r a t u r e i n t e r c e p t o f t h e t a n g e n t t o t h i s c u r v e a t a g i v e n 
t e m p e r a t u r e i s e q u a t e d t o t h e h a r d s p h e r e v a l u e o f P V / N k T . From 
t h i s v a l u e and t h e known h a r d s p h e r e e q u a t i o n o f s t a t e , t h e h a r d 
s p h e r e d i a m e t e r i s c a l c u l a t e d . 

The h a r d s p h e r e d i a m e t e r s were t h e n u s e d t o c a l c u l a t e t h e 
t h e o r e t i c a l E n s k o g c o e f f i c i e n t s a t e a c h d e n s i t y a n d t e m p e r a t u r e . 
The r e s u l t s a r e shown i n F i g u r e 3 a s p l o t s o f t h e r a t i o o f t h e 
e x p e r i m e n t a l t o c a l c u l a t e d c o e f f i c i e n t s v s . t h e p a c k i n g f r a c ­
t i o n , a l o n g w i t h t h e m o l e c u l a r d y n a m i c s r e s u l t s ( 2 4 ) f o r c o m ­
p a r i s o n . The a g r e e m e n t b e t w e e n t h e c a l c u l a t e d r a t i o s and t h e 
m o l e c u l a r d y n a m i c s r e s u l t s i s e x c e l l e n t a t t h e i n t e r m e d i a t e 
d e n s i t i e s , e s p e c i a l l y f o r t h o s e r a t i o s c a l c u l a t e d w i t h d i a m e t e r s 
d e t e r m i n e d f r o m PVT d a t a . D i s c r e p a n c i e s a t t h e i n t e r m e d i a t e 
d e n s i t i e s c a n be e a s i l y a c c o u n t e d f o r by e r r o r s i n measured 
d i f f u s i o n c o e f f i c i e n t s and c a l c u l a t e d d i a m e t e r s . The c o r r e c t e d 
E n s k o g t h e o r y o f h a r d s p h e r e s g i v e s a n a c c u r a t e d e s c r i p t i o n o f 
t h e s e l f - d i f f u s i o n i n d e n s e s u p e r c r i t i c a l e t h y l e n e . 

The b i g g e s t d i f f e r e n c e s a r e o b t a i n e d f o r t h e l o w e r (p _< p c ) 
d e n s i t y p o i n t s a t e a c h t e m p e r a t u r e , where t h e c a l c u l a t e d r a t i o s 
a r e up t o a p p r o x i m a t e l y 20? s m a l l e r t h a n t h e m o l e c u l a r d y n a m i c s 
r e s u l t s . T h i s r e s u l t i s n o t s u r p r i s i n g ; a t t h e l o w e r d e n s i t i e s , 
t h e e f f e c t s o f a t t r a c t i v e f o r c e s become i m p o r t a n t and c a u s e 
d i f f u s i o n i n a r e a l g a s t o be s l o w e r . Dymond ( 2 5 ) h a s f o u n d 
t h a t t h e t h e o r y p r e d i c t e d t h e e x p e r i m e n t a l 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 d e n s i t i e s down t o a b o u t 0 . 7 P c f o r Τ > TQ. 

The more o b v i o u s and c o n s i s t e n t d e v i a t i o n s f rom t h e h a r d 
s p h e r e t h e o r y o c c u r , a t t h e l o w d e n s i t y v a l u e s , due t o t h e 
e f f e c t s o f a t t r a c t i v e f o r c e s i n t h e r e a l s y s t e m . We c a n a t t e m p t 
t o c o r r e c t f o r t h e s e e f f e c t s u s i n g a method d e s c r i b e d p r e v i o u s l y 
( 2 7 - 3 0 ) f o r t h e a n a l y s i s o f a n g u l a r momentum c o r r e l a t i o n t i m e s 
i n s u p e r c r i t i c a l C F ^ and C F ^ m i x t u r e s w i t h a r g o n and n e o n . We 
r e p l a c e t h e h a r d s p h e r e r a d i a l d i s t r i b u t i o n f u n c t i o n a t c o n t a c t 
g h s w i t n a f u n c t i o n g ( σ ) w h i c h u s e s t h e more r e a l i s t i c 
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L e n n a r d - J o n e s p o t e n t i a l . The new r a d i a l d i s t r i b u t i o n f u n c t i o n 
i s e s t i m a t e d u s i n g t h e e x p o n e n t i a l a p p r o x i m a t i o n t o t h e 
o p t i m i z e d c l u s t e r t h e o r y : ( 3 1 ) 

C. ( σ ) 
g p ( o ) = g n s ( o ) e ( 1 ) 

where C L ( σ ) i s t h e r e n o r m a l i z e d i n t e r m o l e c u l a r p o t e n t i a l a s d e ­
s c r i b e d and g i v e n i n R e f e r e n c e ( 3 2 ) . T h i s c o r r e c t i o n was s u c ­
c e s s f u l l y u s e d t o e x t e n d t h e r o u g h h a r d s p h e r e m o d e l ( 2 9 ) t o t h e 
i n t e r m e d i a t e a n d l o w d e n s i t y r e g i o n s f o r t h e i n t e r p r e t a t i o n o f 
a n g u l a r momentum c o r r e l a t i o n t i m e s . 

I f one c o r r e c t s f o r t h e e f f e c t s o f a t t r a c t i v e f o r c e s , t h e 
c o r r e c t e d v a l u e s a r e much s m a l l e r t h a n t h e o b s e r v e d v a l u e s ; t h e 
c o r r e c t i o n o v e r e s t i m a t e s t h e i m p o r t a n c e o f a t t r a c t i v e f o r c e s on 
t h e v a l u e o f t h e d i f f u s i o n c o e f f i c i e n t . A l t h o u g h a t t r a c t i v e 
f o r c e s h a v e a n e f f e c t on t h e d i f f u s i o n c o e f f i c i e n t a t l o w d e n ­
s i t y , t h e y a r e n o t n e a r l y a s i m p o r t a n t a s t h e y a r e i n d e t e r m i n ­
i n g t h e v a l u e o f t h e a n g u l a
s i o n i s p r i m a r i l y d e t e r m i n e
m o l e c u l e s , e v e n a t t h e l o w e s t d e n s i t i e s . 

S e l f - D i f f u s i o n i n C o m p r e s s e d S u p e r c r i t i c a l T o l u e n e - d g . Our 
i n v e s t i g a t i o n was m o t i v a t e d by t h e i n t e r e s t i n s u p e r c r i t i c a l 
t o l u e n e a s a s o l v e n t i n t h e e x t r a c t i o n o f t h e r m a l l y g e n e r a t e d 
c o a l l i q u i d s ( 3 3 , 3 4 ) . T y p i c a l l y , c o a l i s h e a t e d t o t e m p e r a t u r e s 
b e t w e e n 3 5 0 ° and 4 5 0 ° C i n t h e p r e s e n c e o f a s u p e r c r i t i c a l f l u i d 
a t a p r e s s u r e o f 1 0 0 - 2 0 0 a t m . As t h e l a r g e m o l e c u l a r w e i g h t 
c o m p o n e n t s d e p o l y m e r i z e t h e r m a l l y , t h e r e s u l t i n g h y d r o g e n r i c h 
m a t e r i a l d i s s o l v e s i n t h e s u p e r c r i t i c a l s o l v e n t and i s r e m o v e d . 
T o l u e n e i s a c o n v e n i e n t s o l v e n t t o u s e f o r t h e e x t r a c t i o n , a s 
i t s c r i t i c a l t e m p e r a t u r e i s 3 1 9 ° C , and c r i t i c a l p r e s s u r e i s 41 
a t m . R e c e n t e x p e r i m e n t a l 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 e x t r a c ­
t i o n i n t h e p r o c e s s o f c o a l l i q u e f i c a t i o n i n v e s t i g a t e t h e b a s i c 
s t e p s i n v o l v e d by v a r y i n g s o l v e n t s , p r e s s u r e and t e m p e r a t u r e s 
( 3 5 ) . The g o a l o f o u r e x p e r i m e n t was t o p r o v i d e f u n d a m e n t a l 
d a t a on t r a n s p o r t i n s u p e r c r i t i c a l t o l u e n e - d g . T h e s e d a t a 
s h o u l d h e l p i n t h e d e s i g n and i n t e r p r e t a t i o n o f e x t r a c t i o n 
p r o c e s s e s u s i n g s u p e r c r i t i c a l t o l u e n e . 

We h a v e measu red t h e s e l f - d i f f u s i o n c o e f f i c i e n t i n s u p e r ­
c r i t i c a l t o l u e n e - d 8 f o r t e m p e r a t u r e s f r o m 3 0 0 ° C t o 4 5 0 ° C ( 0 . 9 7 £ 
T r < 1 .22 ) f o r p r e s s u r e s o f 1 0 0 , 500 and 1000 b a r . 

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 o f d e u t e r a t e d t o l u e n e were 
m e a s u r e d , r a t h e r t h a n p r o t o n a t e d t o l u e n e i n o r d e r t o m i n i m i z e 
t h e e x p e r i m e n t a l d i f f i c u l t i e s a s s o c i a t e d w i t h v e r y l o n g p r o t o n 
s p i n l a t t i c e r e l a x a t i o n t i m e s ( T ^ . S i n c e t h e v a l u e o f t h e T-j 
d e t e r m i n e s t h e l e n g t h o f t i m e b e t w e e n p u l s e s e q u e n c e s , a l o n g 
r e l a x a t i o n t i m e l e a d s t o p r o h i b i t i v e l y l o n g measurement t i m e s . 
P r e v i o u s m e a s u r e m e n t s ( 3 6 - 3 8 ) o f p r o t o n and d e u t e r i u m r e l a x a t i o n 
t i m e s i n l i q u i d t o l u e n e h a v e b e e n made a s a f u n c t i o n o f t e m p e r a ­
t u r e a n d p r e s s u r e . The r e l a x a t i o n i s due t o d i p o l a r i n t e r a c t i o n s 
i n p r o t o n a t e d t o l u e n e a n d q u a d r u p o l a r i n t e r a c t i o n s i n t o l u ­
e n e - d g . T h e r e f o r e , t h e r e l a x a t i o n t i m e s c a n be e x p e c t e d t o 
i n c r e a s e w i t h i n c r e a s i n g t e m p e r a t u r e . H o w e v e r , t h e q u a d r u p o l a r 
r e l a x e d d e u t e r i u m T^ v a l u e s a r e s m a l l e r t h a n t h e p r o t o n T-j 
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values, r e s u l t i n g i n a comparatively shorter measurement time. 
The 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 of deuterated toluene should not 
be s i g n i f i c a n t l y d i f f e r e n t from those of protonated toluene at 
the temperatures of the measurement and w i l l provide an e x c e l ­
l e n t estimate. 

Our previous study (16) of s e l f d i f f u s i o n i n compressed 
s u p e r c r i t i c a l water compared the experimental r e s u l t s to the 
p r e d i c t i o n s of the d i l u t e polar gas model of Monchick and Mason 
(39). The model, using a Stockmayer p o t e n t i a l f o r the evalua­
t i o n of the c o l l i s i o n i n t e g r a l s and a temperature dependent hard 
sphere diameters, gave a good d e s c r i p t i o n of the temperature and 
pressure dependence of the d i f f u s i o n . Unfortunately, a s i m i l a r 
d e t a i l e d a n a l y s i s of the s e l f d i f f u s i o n of s u p e r c r i t i c a l toluene 
i s prevented by the lack of density data at s u p e r c r i t i c a l condi­
t i o n s . V i s c o s i t i e s of toluene from 320°C to 470°C at constant 
volumes corresponding to d e n s i t i e s from p/p c = 0.5 to 1.8 have 
been reported (*\0). However, without PVT data, we cannot c a l c u ­
l a t e the correspondin

The d i f f u s i o n dat
values obtained using various estimation schemes for the s e l f 
d i f f u s i o n c o e f f i c i e n t of toluene. No attempt was made to e s t i ­
mate c o e f f i c i e n t s at 500 and 1000 bar, as these correspond to 
reduced pressures (P = 11.9 and 24.7) well beyond the range of 
the approximative methods. The r e s u l t s obtained using the gener­
a l i z e d charts of S l a t t e r y and B i r d (4]_) and of Takahashi (42) do 
not give a very good agreement with the experimental r e s u l t s . 
The predicted values are c o n s i s t e n t l y lower than the measured 
values, and the temperature dependence i s not strong enough. 
The experimental temperature dependence i s much more c l o s e l y 
reproduced by the e m p i r i c a l c o r r e l a t i o n s of Dawson et a l . (43) 
and of Mathur and Thodos (44). The exact experimental values 
are not reproduced by any of the methods. However, considering 
the d i f f e r e n c e in molecular weight between toluene and t o l u -
ene-dg,the approximations involved,and the e r r o r i n the e x p e r i ­
mental values (which gets higher as the density decreases), the 
c o r r e l a t i o n of Mathur and Thodos gives a very good estimation of 
the s e l f d i f f u s i o n c o e f f i c i e n t in s u p e r c r i t i c a l toluene. 

NMR Measurements of Naphthalene 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 
Carbon Dioxide. The p a r t i c u l a r phase behavior of the 
naphthalene-C0 2 system makes i t a v i a b l e choice for studies of 
s o l i d 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 . The system i s known 
as a c l a s s III mixture (45) Î i t s pressure-temperature diagram i s 
depicted in Figure 5. This type of phase behavior occurs for 
highly asymmetric binary mixtures where the melting point of the 
heavy component i s greater than the c r i t i c a l temperature of the 
v o l a t i l e component. Here the three phase s o l i d - l i q u i d - g a s 
(S-L-G) fr e e z i n g point depression curve i n t e r s e c t s the mixture 
c r i t i c a l l i n e at two l o c a t i o n s : the lower c r i t i c a l end point 
(LCEP) and the upper c r i t i c a l end point (UCEP). The LCEP i s 
t y p i c a l l y very near the c r i t i c a l point of the pure l i g h t compo­
nent; the l o c a t i o n of the UCEP must be experimentally deter­
mined. The existence of the end points i s of great importance: 
between these two c r i t i c a l end points and the associated 
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Figure 3. The r a t i o D/D
s u p e r c r i t i c a l ethylene. Δ i n d i c a t e s r a t i o s c a l c u ­
l a t e d using hard sphere diameters determined from 
d i f f u s i o n data. 0 i n d i c a t e s r a t i o s c a l c u l a t e d using 
hard sphere diameters determined from c o m p r e s s i b i l i t y 
data. The s o l i d l i n e s are the molecular dynamics 
r e s u l t s , extrapolated to i n f i n i t e systems, of Alder, 
Gass and Wainwright (Ref. 24). 

Figure 4. Comparison of experimental d i f f u s i o n c o e f f i c i e n t s (o) 
f o r toluene-dg at 100 bar with p r e d i c t i o n s of t o l u ­
ene d i f f u s i o n : ( - - - - ) , method of S l a t t e r y and 
B i r d ; ( ), method of Takahashi; 
(- ), method of Dawson et a l . ; ( ), 
method of Mathur and Thodos. The e r r o r bars repre­
sent d i f f e r e n c e s of plus or minus one standard devia­
t i o n . See the text f o r d e t a i l s . 
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branches of the S-L-G l i n e s o l i d - s u p e r c r i t i c a l gas e q u i l i b r i u m 
e x i s t s at a l l pressures. Consequently the c r i t i c a l end points 
define the region where s o l i 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 
would take place. Also, s o l i d s o l u b i l i t i e s are enhanced and 
very s e n s i t i v e to changes in temperature and pressure near the 
end points (£6), making them t e c h n o l o g i c a l l y i n t e r e s t i n g . 

The naphthalene-C0 2 system has been previously i n v e s t i ­
gated. Tsekhanskaya et a l . (47) have measured s o l u b i l i t i e s of 
naphthalene in s u p e r c r i t i c a l C0 2 at temperatures of 35, 45, and 
55°C and pressures up to 324 bar, and McHugh and Paula i t i s (48) 
have reported s o l u b i l i t i e s at 35, 55°C, and two higher tempera­
tures to pressures of about 290 bar. However, neither study has 
c l e a r l y defined the s o l i d naphthalene s o l u b i l i t i e s near the 
UCEP. In a l a t e r paper by McHugh and Yogan (j49) in which the 
S-L-G phase l i n e s were determined for various systems, i t was 
pointed out that the higher temperature s o l u b i l i t y data reported 
by McHugh and Paula i t i s (48) was in f a c t for l i q u i d naphthalene-
s u p e r c r i t i c a l f l u i d e q u i l i b r i a
the f a c t that the previou
external sampling to determine the s o l u b i l i t i e s — i m p o r t a n t phase 
information can therefore be obscured. 

The NMR method we have developed gives a d i r e c t , i n s i t u 
determination of the s o l u b i l i t y and a l s o allows us to obtain 
phase data on the system. In t h i s study we have measured the 
s o l u b i l i t i e s of s o l i d naphthalene in s u p e r c r i t i c a l carbon diox­
ide along three isotherms (50.0, 55.0, and 58.5°C) near the UCEP 
temperature over a pressure range of 120-500 bar. We have a l s o 
determined the pressure-temperature trace of the S-L-G phase 
l i n e that terminates with the UCEP for the binary mixture. 
F i n a l l y , we have performed an a n a l y s i s of our data using a 
q u a n t i t a t i v e theory of 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 to 
help e s t a b l i s h the l o c a t i o n of the UCEP. 

The experimental s o l u b i l i t y data for s o l i d naphthalene in 
s u p e r c r i t i c a l carbon dioxide, given as moles naphthalene d i s ­
solved per l i t e r , are shown in Figure 6. Q u a l i t a t i v e l y the three 
pressure-composition isotherms show c h a r a c t e r i s t i c behavior f o r 
a s o l i d - s u p e r c r i t i c a l f l u i d system. Each isotherm i n i t i a l l y 
shows a large increase i n s o l u b i l i t y with increasing pressure, 
and then a l i m i t i n g value i s reached at higher pressures. 

Diepen and Scheffer (_46) were the f i r s t to show that near 
e i t h e r the lower or upper c r i t i c a l end point the s o l u b i l i t y of a 
s o l i d in a s u p e r c r i t i c a l f l u i d i s enhanced and a l s o very s e n s i ­
t i v e to changes in temperature and pressure; our s o l u b i l i t y 
isotherms show t h i s e f f e c t f o r both end points. F i r s t , the 
isotherms cross at about 140 bar so that the s o l u b i l i t y at the 
lowest temperature (50.0°C) i s l a r g e s t at 120 bar. This i s a 
r e s u l t of approaching the lower c r i t i c a l end point region (which 
should be c l o s e to the c r i t i c a l point of pure C0 2 as pre v i o u s l y 
mentioned). At temperatures and pressures near t h i s LCEP the 
s o l u b i l i t y enhancement r e s u l t s in lower temperature isotherms 
having the greater s o l u b i l i t i e s . The e f f e c t of the upper c r i t i ­
c a l end point i s a l s o well shown by our data. The 58.5°C i s o ­
therm shows a large increase i n s o l u b i l i t y at about 235 bar; the 
slope of the isotherm i s near zero. As Van Welie and Diepen 
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TEMPERATURE 

Figure 5. Pressure-temperatur
system. and are the c r i t i c a l points of pure 
carbon dioxide and naphthalene, r e s p e c t i v e l y . The 
c r i t i c a l mixture l i n e ( ) i s i n t e r s e c t e d at the 
lower (LCEP) and upper (UCEP) c r i t i c a l end points by 
the s o l i d - l i q u i d - g a s (S-L-G) f r e e z i n g point depres­
sion curve. Point M i s the t r i p l e point of pure 
naphthalene, and. the l i n e S = L i s the melting cure 
of the pure s o l i d . 

Figure 6. Experimental s o l u b i l i t i e s f o r s o l i d naphthalene i n 
s u p e r c r i t i c a l carbon dioxide expressed i n moles 
naphthalene d i s s o l v e d per l i t e r s o l u t i o n . 
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Figure 7. Experimental pressure-temperature trace of the 
three-phase s o l i d - l i q u i d gas l i n e that terminates at 
the UCEP f o
S-L-G l i n e
80.3°C (Δ). 

demonstrated i n the n a p h t h a l e n e - s u p e r c r i t i c a l ethylene system 
(50), e x a c t l y at the UCEP temperature a s o l u b i l i t y isotherm 
should show a h o r i z o n t a l p o i n t of i n f l e c t i o n at the UCEP pres­
sure. Our 58.5°C isotherm i n f l e c t i o n p o i nt t h e r e f o r e shows that 
we are operating i n c l o s e p r o x i m i t y to the UCEP. 

The l o c a t i o n of the UCEP i s q u i t e important i n these mix­
t u r e s : t h i s c r i t i c a l p o i n t g i v e s the maximum temperature at 
which s o l i d - g a s e q u i l i b r i u m e x i s t s at a l l pressures. In order 
to o b t a i n i t s l o c a t i o n , we f i r s t used our NMR method to d e t e r ­
mine the S-L-G l i n e . The r e s u l t s of our experimental determina­
t i o n of the pressure-temperature t r a c e f o r the s o l i d - l i q u i d - g a s 
e q u i l i b r i u m l i n e that terminates at the UCEP f o r the naphtha­
lene-carbon d i o x i d e system i s shown i n Figure 7. 

This phase l i n e and the l o c a t i o n of the UCEP have been 
p r e v i o u s l y determined by McHugh (51_) and McHugh and Yogan (49). 
However, our data d i f f e r from the r e s u l t s of those s t u d i e s . The 
previous s t u d i e s have found a s u b s t a n t i a l temperature minimum i n 
the phase l i n e at about 57.5°C and 117 bar ( i . e . , as pressure 
increases, the S-L-G l i n e begins with a negative slope (dP/dT), 
reaches the temperature minimum, and then proceeds with a p o s i ­
t i v e slope to the UCEP). This would suggest, f o r example, that 
as pressure was increased along a 58.5°C isotherm the S-L-G l i n e 
would be crossed and a l i q u i d phase would be present. On the 
c o n t r a r y , our s o l u b i l i t y measurements along t h i s isotherm showed 
no l i q u i d phase formation. As can be seen i n Figure 6, we 
obtained only a s l i g h t temperature minimum f o r the S-L-G l i n e , 
and a 58.5°C isotherm does not i n t e r s e c t our S-L-G phase bound­
ary. We thus b e l i e v e our S-L-G l i n e r e s u l t s to be more accurate 
since they b e t t e r c o r r e l a t e with our s o l u b i l i t y data. 

The high pressure t e r m i n a t i o n of the S-L-G l i n e g i v e s the 
pressure-temperature l o c a t i o n of the upper c r i t i c a l end p o i n t . 
The value f o r the UCEP temperature shown by the high pressure 
p o r t i o n of our S-L-G l i n e i s 60.1°C. This agrees w i t h the value 
f o r the UCEP temperature reported by McHugh and Yogan (49). 
Next, i n order to determine the UCEP pressure, we have used the 
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t h e o r y o f G i t t e r m a n and P r o c a c c i a ( 5 2 ) . T h i s a n a l y s i s g a v e t h e 
UCEP p r e s s u r e a s P Q =* 227 b a r . I n t h i s way we h a v e b e e n a b l e 
f o r t h e f i r s t t i m e t o d e t e r m i n e t h e l o c a t i o n o f t h e UCEP f o r t h e 
n a p h t h a l e n e c a r b o n d i o x i d e s y s t e m . T h e s e r e s u l t s show t h a t o u r 
n o v e l NMR method c a n y i e l d b o t h s o l u b i l i t y d a t a a n d p h a s e i n f o r ­
m a t i o n when s t u d y i n g e q u i l i b r i a i n s u p e r c r i t i c a l f l u i d m i x t u r e s . 
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Chapter 3 

Application of Solvatochromic Probes to Supercritical 
and Mixed Fluid Solvents 

S. L. Frye, C. R. Yonker, D. R. Kalkwarf, and R. D. Smith 

Chemical Methods and Separations Group, Chemical Technology Department, Pacific 
Northwest Laboratory, Battelle Memorial Institute, Richland, WA 99352 

Changes of the polarity/polarizability of supercritical 
CO2, N20, Freon-13, NH3, and CO2/methanol mixtures, were 
measured by observing the shift of the UV absorption of 
2-nitroanisole as a function of temperature and pres­
sure. The polaritie
are compared to those of liquid solvents through use of 
the Kamlet-Taft π* polarity scale. In pure supercritical 
solvents the polarity was found to correlate primarily 
with density. The data for CO2 indicate that a change in 
the cybotatic region occurs at a fluid density of 
~0.3 g/cm3. Adding methanol as a modifer to supercritical 
CO2 gradually increases the polarity of the solvent and in 
solutions with over 10% methanol the composition of the 
cybotatic region appears to be enriched in methanol (com­
pared to the bulk composition). 

Supercritical fluids are increasingly being used as solvents in both 
analytical and process applications. The increasing interest in the 
use of supercritical fluid solvents is partially due to the depend­
ence of fluid solvent properties on temperature and pressure. One 
is able to change to a "different" solvent simply by changing the 
fluid temperature or pressure. This variability in solvent proper­
ties adds an extra degree of freedom in solvent use. However, there 
are a variety of complex interactions between the solvent and solute 
which complicate understanding the behavior of supercritical sol­
vents. Some of the interactions are nonspecific, occurring between 
any solvent-solute pair, while other interactions (such as hydrogen 
bonding) are dependent upon the specific solvent and solute. 
Because the strength of such interactions depends on intermolecular 
distances, the relative importance of each contribution is density 
dependent. A large body of work exists that studies the various 
solvent-solute interactions using liquid solvents; however, very few 
results have been reported for supercritical fluid solvents. 

This study was aimed at investigating solvent-solute interac­
tions in the supercritical fluid (dense gas) regime, particularly 
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the dependence of s p e c i f i c so lvent i n t e r a c t i o n s on temperature and 
pres sure . A spect roscop ic technique has been used to obtain i n f o r ­
mation about the solvent environment in the v i c i n i t y of a so lu te 
molecule and to monitor changes in that region as the f l u i d tempera­
ture and pressure are v a r i e d . The re su l t s show that the region su r ­
rounding a so lu te molecule can change more d r a s t i c a l l y than the bulk 
so lvent dens i ty and provide a means f o r comparison of l i q u i d and 
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 . This method should be p a r t i c u l a r l y 
usefu l i n exp lo r ing mixed f l u i d systems. 

Approach 

The wide va r i e t y of pos s ib le s o l ven t - s o l u te i n t e r a c t i o n s requires 
that any sca le used to quant i fy so lvent p roper t ie s w i l l be com­
p l e x . Unfor tunate ly , no u n i v e r s a l l y accepted sca le of s o l va t i ng 
power has been dev i sed . It does not seem reasonable to develop an 
e n t i r e l y new sca le f o r s u p e r c r i t i c a l f l u i d s o l ven t s , e s p e c i a l l y 
s ince i t i s d e s i r a b l e t
cal f l u i d s with that o

Of the e x i s t i n g so lvent s c a l e s , the Kami et and Taf t π* s ca l e 
(JL) appears appropr iate f o r use with s u p e r c r i t i c a l f l u i d s o l ven t s . 
The bas is of the Kami et and Ta f t sca le i s the e f f e c t of so lvent 
p o l a r i t y and p o l a r i z a b i l i t y on the energy of the % + π* e l e c t r o n i c 
t r a n s i t i o n of a so lu te probe molecule. Solvent molecules in prox­
imi ty to a so lu te (the cybo ta t i c region) d i f f e r e n t i a l l y a f f e c t the 
e l e c t r o n i c energy l e ve l s of so lutes (the solvatochromic e f f e c t ) 
(_2_). In t h i s manner, the e l e c t r o n i c t r a n s i t i o n s of some molecules 
are s e n s i t i v e probes of the so lute environment. Since the probe 
molecules se lec ted by Kamlet and Taf t have π* e l e c t r o n i c s tates 
which are more po la r than the ground s t a t e , a change in the p o l a r -
i t y / p o l a r i z a b i l i t y of the so lvent medium changes the e l e c t r o n i c 
energy gap, and thus the p o s i t i o n of the absorpt ion band. Kamlet 
and Taf t have developed an empir ica l r e l a t i o n s h i p between measured 
so lu te absorpt ion maxima in a solvent and the p o l a r i t y / p o l a r -
i z a b i l i t y of that so l ven t : 

ν = v Q + sic* 

ν = absorpt ion maximum in tes t so lvent 
v Q = absorpt ion maximum in reference so lvent 
s = so lu te dependent parameter 

π* = measured so lvent p o l a r i t y / p o l a r i z a b i l i t y parameter 

In subsequent work Kamlet and Taft added add i t i ona l terms to t h i s 
r e l a t i o n s h i p to account f o r hydrogen bonding and other types of 
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 (3>_4). 

S ince i t s i n t roduc t i on the Kamlet-Taft π* sca le has been 
app l ied to a l a rge number of d iverse l i q u i d so lvents (_5). Several 
s tud ies have shown that the π* so lvent sca le i s cons i s tent with 
other popular measures of so lvent strength (6J. It has a lso been 
shown that there are good c o r r e l a t i o n s between the empir ica l meas­
urements of the Kamlet and Taf t sca le and several t h e o r e t i c a l models 
of so lvent behavior (7_). Use of the so lutes chosen by Kamlet and 
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Taf t permits d i r e c t comparison between the re su l t s f o r s u p e r c r i t i c a l 
f l u i d so lvents and the known behavior of l i q u i d so l ven t s . 

Experimental 

The solvatochromic probe molecule chosen fo r t h i s work was 
2 - n i t r o a n i s o l e (A ld r i ch Chemical Co . ) . The s value reported in the 
l i t e r a t u r e f o r 2 - n i t r o a n i s o l e i s -2.428 + 0.195 (J_). A known s 
value fo r the so lu te allows one to c a l c u l a t e the change in 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 s ' π* value as temperature or pressure 
changes. The reference absorpt ion maxima for 2 -n i t r oan i s o l e i s 
32.56 χ 10^ c m " 1 ( v Q ) in cyclohexane (1). 

Absorpt ion spectra of 2 -n i t r oan i so l e in s u p e r c r i t i c a l C 0 2 , N 2 0, 
Freon-13, ammonia and C0 2-methanol mixtures were obtained on a Cary 
model 1605 spectrophotometer operated in the dual beam mode. The 
gases used as s u p e r c r i t i c a l so lvents were of the highest pu r i t y 
a v a i l a b l e from the supp l i e r (Matheson) and were f u r the r f i l t e r e d 
p r i o r to use. The mixe
from Scott S p e c i a l i t y Gase
were made in the l abo ra to ry . Spectra of 2 -n i t r oan i s o l e in 
n-pentane, methanol, te t rahydrofuran and a c e t o n i t r i l e (Burdick & 
Jackson) were obtained using quartz c e l l s with a 1-cm l i g h t path and 
with a pure so lvent blank in the reference beam. Vapor phase and 
s u p e r c r i t i c a l f l u i d spect ra were obtained us ing an a i r re fe rence . 

The c y l i n d r i c a l h igh-pressure c e l l was constructed from s t a i n ­
less s tee l (SS 304) and had dimensions of 1 i n . diameter by 2 i n . 
length , with a 3 /16- in . -d iameter hole d r i l l e d along the a x i s . High-
pressure 1/16- in. O.D. s t a i n l e s s s tee l i n l e t and ou t l e t connections 
were s i l v e r so ldered in to the c e l l , which allowed fo r s u p e r c r i t i c a l 
f l u i d to flow through and purge the c e l l . Each end of the c e l l had 
a seat f o r a 1/4- in . O.D., 1 /4 - i n . - th i ck quartz window, and was 
threaded to accept a brass compression nut. A 1/4- in . O.D. Te f lon 
o - r i n g was placed on each s ide of each window to provide cushioning 
and make a gas - t i gh t s e a l . The o p t i c a l path length of the assembled 
c e l l was approximately 1.5 cm with a t o t a l volume of 350 μλ. The 
absorpt ion c e l l was e l e c t r i c a l l y heated and the temperature moni­
tored with a thermocouple. For the mixed f l u i d so lvent systems a 
s i m i l a r , l a r ger volume h igh-pressure c e l l was used. E i t h e r assembly 
could be placed in the sample compartment of the spectrophotometer, 
and a s i n g l e mode temperature c o n t r o l l e r (West) provided temperature 
regu la t ion to with in ± 0 . 5 ° C . The s u p e r c r i t i c a l so lvent was d e l i v ­
ered to the c e l l by a h igh-pressure syr inge pump (High Pressure 
Equipment) and was connected to the c e l l v ia a h igh-pressure l i q u i d 
chromatographic sampling valve (Rheodyne Inc . ) . The sampling valve 
contained a 10 μ£ sample loop; t h i s allowed fo r easy i n t roduc t i on of 
2 - n i t r o a n i s o l e i n to the absorpt ion c e l l . A pressure transducer 
(Model 204, Setra Systems) provided pressure measurement (±10 p s i ) . 

The experiments were conducted as f o l l ows : the sample was 
loaded in to the sample loop of the i n j e c t i o n valve and a valve at 
the c e l l ou t l e t was opened to al low f l u i d from the pump to f low 
through the c e l l . The sample loop was then switched in l i n e and the 
absorbance monitored to detect the appearance of the sample in the 
c e l l . The so lute (probe) concentrat ion was d i l u t e d by i n t roduc t i on 
of add i t i ona l so lvent to obta in the des i red concentrat ion (and 
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absorbance). The ou t l e t valve was then c losed and the absorpt ion 
spectrum of the 2 - n i t r o a n i s o l e was recorded. Subsequent scans at 
d i f f e r e n t pressures or temperatures were made a f t e r appropr iate 
e q u i l i b r a t i o n p e r i o d s . In a l l cases the pure f l u i d spectra were 
recorded to ensure that there were no i n t e r f e r e n c e s . 

Results and Discuss ion 

Pure F l u i d s . Table I gives the c r i t i c a l p roper t i e s f o r the four 
pure f l u i d s s t u d i e d . Table II l i s t s the absorpt ion maxima fo r the 
probe molecule ( 2 - n i t r o a n i s o l e ) in a va r i e ty of l i q u i d and super­
c r i t i c a l f l u i d s o l v e n t s . Comparing the re su l t s f o r the l i q u i d s , i t 
i s obvious that i nc rea s ing the p o l a r i t y of the solvent causes the 
absorpt ion to be s h i f t e d to longer wavelengths ( i . e . , red 
s h i f t e d ) . As expected, the vapor phase corresponds to the leas t 
po la r or p o l a r i z a b l e " s o l v e n t " . The re su l t s f o r the s u p e r c r i t i c a l 
f l u i d so lvents at the reduced dens i t  of 1.5  given in Table II
show them to be comparabl
not as po lar as the s u b c r i t i c a
the s u p e r c r i t i c a l so lvents i s understandable when the much lower 
dens i ty of these f l u i d s (at these experimental cond i t i ons ) i s taken 
i n to account. In f a c t , at a reduced dens i ty of 0.8 a l l the f l u i d s 
give so lvatochromic s h i f t s less than that observed f o r pentane. 

At more " l i q u i d - l i k e " d e n s i t i e s , the solvatochromic s h i f t s in 
s u p e r c r i t i c a l f l u i d s approach those observed in the corresponding 
l i q u i d s . F igures 1 and 2 dep ic t the pressure dependence of the 
wavelength of the absorpt ion maximum of 2 -n i t r oan i s o l e in s u p e r c r i t ­
i c a l C0 2, N 20, CCIF3 (Freon-13), and NH3. These measurements 
r e f l e c t the e f f e c t of pressure ( f l u i d dens i ty ) on the cybota t i c 
region of these s o l v e n t s . It i s c l ea r that the f l u i d dens i ty 
a f f e c t s the c y b o t a t i c reg ion , as evidenced by the s h i f t in the 
absorpt ion maximum with pressure; and i t i s a l so evident that the 
magnitude of the s h i f t i s f l u i d dependent. 

A more d i r e c t comparison of the re su l t s from the d i f f e r e n t f l u ­
ids i s obtained by p l o t t i n g the peak p o s i t i o n vs reduced dens i t y , as 
shown in F igure 3. With Freon-13 as the solvent the peak maximum i s 
at greater wave numbers, which i s c h a r a c t e r i s t i c of a l e s s - p o l a r 
s o l v e n t . There i s only a small s h i f t in the peak po s i t i on as the 
dens i ty i s changed. C0 2 and N20 exh ib i t qu i te s i m i l a r peak p o s i ­
t ions and s h i f t s at approximately equal reduced d e n s i t i e s , which i s 
cons i s tent with t h e i r s i m i l a r physicochemical behavior and c r i t i c a l 
p o i n t s . F i n a l l y , the re su l t s for NH 3 i n d i c a t e that i t i s the most 

TABLE I. C r i t i c a l p r o p e r t i e s f o r four pure f l u i d s 

S u p e r c r i t i c a l 
F l u i d P c(atm) p c (g /cm 3 ) 

C 0 2 304.2 72.8 0.46 
N 20 309.6 71.7 0.45 
C&IF3 302.0 38.1 0.58 
NH 3 405.6 111.3 0.24 
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Figure 1. Wavelength of maximum absorbance (^ m a x ) versus pres­
sure (ps i ) for 2 - n i t r o a n i s o l e with C0 2 and Freon-13. 
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Figure 2. Wavelength of maximum absorbance ( λ ^ χ ) versus pres­
sure (ps i ) f o r 2 - n i t r o a n i s o l e with N20 and NH3. 
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3. FRYE ET AL. Application of Solvatochromic Probes 35 

po lar so lvent examined, d i s p l a y i n g the l a rges t v a r i a t i o n in the 
cybo tac t i c reg ion as the f l u i d dens i ty i s changed. 

From the po s i t i on of the absorbance maximum in d i f f e r e n t f l u ­
i d s , the corresponding π* parameter values are r e a d i l y c a l c u l a t e d , 
a l lowing comparison of s u p e r c r i t i c a l f l u i d s at var ious experimental 
cond i t ions with conventional l i q u i d s o l v e n t s . In F igure 4 the c a l ­
cu la ted π * values are p l o t t ed vs the reduced dens i ty f o r the various 
f l u i d s . Two sets of points have been p lo t ted fo r C 0 2 ; one set of 
measurements were made by vary ing the pressure at constant tempera­
t u r e , the other i s for var ious temperatures at constant pres sure . 
The two data sets f a l l on a s i n g l e curve (within experimental 
e r r o r ) , i n d i c a t i n g that the f l u i d dens i ty i s the prime f a c to r in 
determining the value of π * . The data f o r the other f l u i d s was 
obtained under isothermal c o n d i t i o n s . 

The data i n d i c a t e that as the reduced dens i ty of a f l u i d i s 
increased the cybo ta t i c region becomes more p o l a r / p o l a r i z a b l e , with 
an e s p e c i a l l y l a rge e f f e c t f o r s u p e r c r i t i c a l NH3  The lo * values 
f o r Freon-13 at these d e n s i t i e
per f luoro -a l kanes (_5). Th
range between those of the per f luoro -a lkanes to that of the 
n-alkanes ( η - h e p t a n e , e t c . ) (5). Ammonia gives π* values which 
range from approximately that of η-heptane to that of ethyl acetate 
or te t rahydrofuran (_5) over the dens i ty range s t u d i e d . 

Comparison of %* values with s o l u b i l i t y parameters f o r the va r ­
ious l i q u i d s and f l u i d s , c a l c u l a t e d as descr ibed by Giddings and 
coworkers (10), shows a general c o r r e l a t i o n fo r the less po lar s o l ­
vents . Ammonia and the po la r l i q u i d so lvents d iverge from t h i s c o r ­
r e l a t i o n , suggesting the operat ion of s p e c i f i c i n t e r a c t i o n s which 
con t r i bu te to the greater magnitude of the s h i f t s observed f o r 
ammonia. 

It i s po s s i b l e to compare these re su l t s with those reported in 
the l i t e r a t u r e f o r s u p e r c r i t i c a l C 0 2 . Hyatt (8) reports π* values 
f o r C 0 2 from -0.52 to -0 .0 which compares very favorab ly with the 
present value of -0.55 at a reduced dens i ty of 0.43. Sigman et a l . 
(9_) used a number of so lutes to determine π* values f o r C0 2 at f l u i d 
d e n s i t i e s of 0.86, 0.68, and 0.46 g/cm 3 of -0 .12, -0 .22, and -0 .45 , 
r e s p e c t i v e l y . The present values at s i m i l a r d e n s i t i e s are -0 .05 , 
-0 .10 , and -0 .25 . The source of t h i s d iscrepancy i s unknown, 
although Sigman et a l . a t t r i b u t e the v a r i a t i o n in π* values among 
t h e i r var ious i n d i c a t o r s to s p e c i f i c so lute e f f e c t s . 

The Kamlet-Taft π * p o l a r i t y / p o l a r i z a b i l i t y sca le i s based on a 
l i n e a r so l va t i on energy r e l a t i o n s h i p between the π π* t r a n s i t i o n 
energy of the so lu te and the so lvent p o l a r i t y (1) . The Onsager 
reac t ion f i e l d theory (11) i s app l i cab le to t h i s type of r e l a t i o n ­
ship f o r nonpolar s o l ven t s , and success fu l c o r r e l a t i o n s have p r e v i ­
ously been demonstrated using conventional l i q u i d so lvents (_7). The 
Onsager theory attempts to descr ibe the i n t e r a c t i o n s between a po la r 
so lu te molecule and the p o l a r i z a b l e so lvent in the cybota t i c 
r e g i on . The theory p red i c t s that the s t a b i l i z a t i o n of the so lu te 
should be propor t iona l to the p o l a r i z a b i l i t y of the so l vent , which 
can be est imated from the index of r e f r a c t i o n . Since carbon d iox ide 
i s a nonpolar f l u i d i t would be expected that a l i n e a r r e l a t i o n s h i p 
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would be obtained between the measured π* values at d i f f e r e n t d e n s i ­
t i e s and the Onsager react ion f i e l d funct ion L(n ): 

L ( n 2 ) = ( η 2 - 1) / (2n 2 + 1) 

The Onsager func t ion i s dependent on the r e f r a c t i v e index of 
the so lvent (n). For s u p e r c r i t i c a l C0 2 the r e f r a c t i v e index i s 
dependent on the f l u i d dens i ty and can be ca l cu l a ted from the 
Lorentz-Lorenz r e f r a c t i o n equat ion: 

(V^) Φ = A R + V T ) P + — 
η + 2 p K K 

where A R and BR(T) are the f i r s t and second re f r ac tomet r i c v i r a l 
c o e f f i c i e n t s (12,13). Kholodov, Timoshenko, and Yaminov (12) and 
Bose and S t . Arnaud (13) have reported values f o r these c o e f f i c i e n t s 
f o r s u p e r c r i t i c a l C 0 2 , enab l in
at var ious temperatures

A p lot of the Onsager funct ion vs the measured π  values f o r 
C0 2 i s given in F igure 5. A change in the s lope of the p lo t occurs 
at a dens i ty of ~0.3 g/cm (reduced dens i ty of ~0 .7 ) . The non l i ne -
a r i t y of the p lo t suggests that a change in the character of the 
cybo ta t i c region occurs as the dens i ty of CO? i n c rea se s . At low 
f l u i d dens i t i e s the so l va t i n g power of the solvent should be low, 
approaching the vapor phase l i m i t as the dens i ty i s decreased. A 
l i n e a r leas t squares f i t to these data y i e l d an i n te rcep t value of 
-1.02 fo r π * , which compares favorab ly with the vapor phase l i m i t of 
-1.06 + 0.10 reported by E s s f a r , Guihenuef, and Abboud (JL4). At 
higher f l u i d d e n s i t i e s i t acts more l i k e a l i q u i d so lvent as more 
complex mu l t i p l e s o l v e n t - s o l u t e i n te r ac t i on s become important. In 
f a c t , data fo r the s u b c r i t i c a l l i q u i d shows the π* value fo r the 
f l u i d and l i q u i d , at equal d e n s i t i e s , to be i d e n t i c a l wi th in e x p e r i ­
mental l i m i t s . At some intermediate f l u i d dens i ty a t r a n s i t i o n 
occurs from the low pressure region to so lvent behavior more charac­
t e r i s t i c of l i q u i d s , lead ing to the change in s lope observed in t h i s 
p l o t . It i s not c l e a r why the t r a n s i t i o n takes p lace at t h i s den­
s i t y , however i t i s i n t e r e s t i n g to note that in t h i s dens i ty region 
v i r i a l c o e f f i c i e n t s beyond the second ( i n d i c a t i n g mul t i -molecu le 
i n t e r a c t i o n s in the so lvent ) become s i g n i f i c a n t and s i g n i f i c a n t 
enhancements in s o l u b i l i t y are t y p i c a l l y observed. Further work i s 
ongoing to e l u c i d a t e t h i s behavior. 

Mixed F l u i d s . Adding add i t i ona l components to s u p e r c r i t i c a l f l u i d 
so l ven t s , ent ra iner s in s u p e r c r i t i c a l f l u i d ex t r ac t i on systems and 
modi f ier s in s u p e r c r i t i c a l f l u i d chromatography, can extend or s i g ­
n i f i c a n t l y a l t e r the f l u i d so l va t i ng p roper t ie s (15,16). By varying 
the composit ion of the f l u i d mixture i t i s pos s ib le to extend the 
range of f l u i d so lvent p roper t i e s whi le r e t a i n i n g the advantages of 
supercr i t i c a l sol vents . 

The nature of mixed f l u i d so lvent systems and t h e i r ro le in 
var ious s u p e r c r i t i c a l f l u i d app l i c a t i on s is complicated by the 
increased complexity of the phase behavior. Several d i f f e r e n t types 
of mixed f l u i d phase behavior have been i d e n t i f i e d (17,18), some of 
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them i n v o l v i n g mu l t i p l e l i q u i d and vapor phases. Without knowledge 
of the s p e c i f i c phase behavior of a given mixed f l u i d i t i s not pos­
s i b l e to i n t e r p r e t c o r r e c t l y so lvent behavior over the range of tem­
peratures and pressures of i n t e r e s t . 

Mixtures of C0 2 and methanol were se lec ted f o r the i n i t i a l 
i n v e s t i g a t i o n of the solvatochromic behavior in s u p e r c r i t i c a l f l u i d 
systems. This combination i s of i n t e r e s t as i t combines the low 
c r i t i c a l temperature and pressure of carbon d iox ide with a p o l a r , 
le s s v o l a t i l e m o d i f i e r . This system e x h i b i t s r e l a t i v e l y simple 
Type I phase behavior and several groups have publ i shed measurements 
of mixture c r i t i c a l po ints (19-21). At intermediate compositions 
the c r i t i c a l pressure f o r t h i s f l u i d i s much higher than that of 
e i t h e r pure C 0 2 or pure methanol, reaching a maximum of approx i ­
mately 2400 psi (20). 

F igure 6 i l l u s t r a t e s the e f f e c t of pressure on the po s i t i on of 
the 2 - n i t r o a n i s o l e absorpt ion maximum fo r several d i f f e r e n t so lvent 
compos i t ions. It i s apparent that adding methanol causes the 
absorpt ion to be r e d - s h i f t e d
vent p o l a r i t y , as expected
s h i f t the absorpt ion maximum to the value measured in pure methanol 
(see Table I I ) . It i s i n t e r e s t i n g to note that the 5.6%-methanol 
mixture appears to be a f f ec ted by i nc reas ing pressure ( s i m i l a r l y to 
pure carbon d i o x i d e ) , but above 9.5%-methanol pressure no longer 
e f f e c t s the peak p o s i t i o n . It can be speculated that at the higher 
methanol concentrat ion the cybo ta t i c region i s enr iched in methanol 
r e l a t i v e to the bulk concentrat ion and that t h i s methanol r i c h e n v i ­
ronment i s not h igh ly s e n s i t i v e to pressure e f f e c t s , as would be the 
case f o r pure methanol s o l ven t . S im i l a r behavior i s shown in F i g ­
ure 7 i n which peak p o s i t i o n i s p l o t t ed vs pressure at d i f f e r e n t 
temperatures f o r a so lvent which i s 15% methanol. Again, the pres ­
sure change re su l t s in no s i g n i f i c a n t e f f e c t s over the range s tud ­
i e d , but peak p o s i t i o n j_s_ dependent upon temperature. These 
thermochromic s h i f t s are s i m i l a r in magnitude to those reported by 
Suppan and Tsiamis (22). 

It i s po s s i b l e to compare these spect roscop ic measurements of a 
methanol mod i f ie r in s u p e r c r i t i c a l carbon d iox ide to re su l t s 
obtained v ia chromatographic separat ions with s i m i l a r f l u i d sys ­
tems. The spect roscop ic re su l t s i nd i c a te that adding methanol does 
increase the f l u i d p o l a r i t y , but small add i t ions of methanol do not 
d r a s t i c a l l y a l t e r the so lvent behav ior . A s i m i l a r re su l t has been 
found in t h i s l aboratory by measuring the re tent ion times of a po la r 
t e s t mixture with c a p i l l a r y columns (23). In con t ra s t , previous 
reports with packed columns found a large e f f e c t with very small 
( less than 1%) add i t ions of methanol to C 0 2 (16,24). A reasonable 
conc lus ion i s that the methanol mod i f ie r has a measurable e f f e c t on 
the s u p e r c r i t i c a l f l u i d mobile phase, but a much more s i g n i f i c a n t 
e f f e c t in modifying the packed column s ta t i onary phase. These d i f ­
ferences can be a t t r i b u t e d to the t y p i c a l l y large numbers of a c t i v e 
s i t e s on t y p i c a l chromatographic packings compared to the h igh ly 
i n e r t and deact iva ted polymeric s ta t ionary phases used in our 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 s tud ies (25,26). 
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Conclus ions 

This study demonstrates the f e a s i b i l i t y of exp lor ing the so l va t i ng 
p roper t ie s of pure s u p e r c r i t i c a l f l u i d so lvents and solvent mixtures 
us ing solvatochromic measurements. The technique of measuring 
solvatochromic s h i f t s i s va luable for probing the s p e c i f i c i n t e r a c ­
t i ons between solvent and so lu te molecules under varying cond i t ions 
of temperature and pres sure . By using the Kamlet and Taf t π* s ca le 
i t i s pos s ib le to d i r e c t l y compare the so l va t i on regions fo r super­
c r i t i c a l f l u i d and l i q u i d s o l ven t s . It was demonstrated that the 
p o l a r i t y / p o l a r i z a b i l i t y of the cybota t i c region i s dependent on both 
the f l u i d and the f l u i d dens i ty and that at equiva lent den s i t i e s 
s i m i l a r s h i f t s are observed f o r the s u p e r c r i t i c a l f l u i d and the l i q ­
u i d . Using the Onsager react ion f i e l d funct ion i t i s poss ib le to 
a l so demonstrate that a q u a l i t a t i v e change in the nature of the 
so l va t i on region occurs as the f l u i d dens i ty increases from ga s - l i ke 
to l i q u i d - l i k e d e n s i t i e s  By studying a mixed s u p e r c r i t i c a l f l u i d 
so lvent i t was pos s ib le
f i e r increased the p o l a r i t
study a l so suggests that at higher bulk methanol concentrat ions the 
cybo ta t i c region may have a d i f f e r e n t composition than the bulk 
s o l u t i o n . Extension of these s tudies i s a n t i c i p a t e d to increase our 
understanding of the s o l v e n t - s o l u t e i n te r ac t i on s which occur in 
s u p e r c r i t i c a l f l u i d s . 
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Chapter 4 

Effects of Supercritical Solvents on the Rates 
of Homogeneous Chemical Reactions 

Sunwook Kim and K. P. Johnston 

Department of Chemical Engineering, University of Texas, Austin, TX 78712 

Solvatochromic shift data have been obtained for 
phenol blue in supercritical fluid carbon dioxide 
both with and without a co-solvent over a wide range 
in temperature and pressure. At 45°C, SF CO2 must be 
compressed to a pressure of over 2 kbar in order to 
obtain a transitio
polarizability per unit volume which is comparable to 
that of liquid n-hexane. The ET, data can be used to 
predict that the solvent effect on rate constants of 
certain reactions is extremely pronounced in the near 
critical region where the magnitude of the activation 
volume approaches several liters/mole. 

It is ironic that the large growth in SF extraction at the Max 
Planck Institute in Germany in the 1960f s was the result of a 
serendipitous discovery of the solvent power of supercritical 
ethylene during the "Aufbau" reaction of triethylaluminum with 
ethylene (1). A number of recent articles review supercritical 
fluid (SF) extraction (2_, .3,4) ; however, the literature contains 
relatively few examples where supercritical fluid solvents have 
been used to modify or control reaction rate constants Ç5,6̂ ,7). 
Liquid phase reactions have been studied over wide pressure ranges, 
e.g. 1-10 kbar, to determine activation volumes, i.e. the pressure 
derivative of the rate constant. These studies essentially ignore 
the highly compressible near supercritical region where activation 
volumes can become infinite, either positively or negatively. 
Simmons and Mason (7) observed an abrupt decrease in the activation 
volume near the critical conditions for the cyclic dimerization of 
C2F3CI. Paulaitis et al. (6) measured activation volumes as low as 
-500 cc/mol for the Diels-Alder cycloaddition of isoprene and 
maleic anhydride in CO2. These examples provide an indication of 
the effects of supercritical solvents on the rate constants of 
homogeneous chemical reactions although a much larger data base is 
needed. 

Supercritical fluid solvents offer some potential advantages 
compared with liquids as an environment for chemical reactions. It 

0097-6156/87/0329-0042$06.00/0 
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w i l l be d e m o n s t r a t e d t h a t r e a c t i o n r a t e c o n s t a n t s o f c e r t a i n r e a c ­
t i o n s may be a l t e r e d m a r k e d l y by s m a l l m o d i f i c a t i o n s i n t h e 
p r e s s u r e o f a SF s o l v e n t . R e a c t i o n p r o d u c t s c o u l d be s e p a r a t e d 
e f f i c i e n t l y u s 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 . I n d u s t r i a l 
a p p l i c a t i o n s o f r e a c t i o n s i n SF s o l v e n t s i n c l u d e : t h e 
d e t o x i f i c a t i o n o f w a s t e w a t e r , e t h y l e n e p o l y m e r i z a t i o n , 
i s o m e r i z a t i o n o f η - p a r a f f i n s , s y n f u e l s p r o c e s s i n g , and t h e r e a c t i o n 
o f e t h y l e n e w i t h t r i e t h y 1 a l u m i n u m ( 5 ) . 

S o l v e n t s t r e n g t h s c a l e s b a s e d on s o l v a t o c h r o m i s m , i . e . , s h i f t s 
i n t h e a b s o r p t i o n w a v e l e n g t h o f i n d i c a t o r d y e s c a u s e d by t h e 
s o l v e n t , a r e u s e d commonly t o c o r r e l a t e and t o p r e d i c t r a t e c o n ­
s t a n t s f o r l i q u i d p h a s e r e a c t i o n s ( 8 - 1 3 ) . L i n e a r s o l v a t i o n e n e r g y 
r e l a t i o n s h i p s b a s e d on s o l v a t o c h r o m i c p a r a m e t e r s h a v e b e e n u s e d t o 
c o r r e l a t e and p r e d i c t s o l u b i l i t y phenomena , a b s o r p t i o n maxima i n 
I R , NMR, E S R , and U V - v i s i b l e s p e c t r o s c o p y , s o l v e n t e f f e c t s on 
r e a c t i o n r a t e c o n s t a n t s and e q u i l i b r i u m c o n s t a n t s , f r e e e n e r g i e s 
and e n t h a l p i e s o f f o r m a t i o n o f a c i d - b a s e c o m p l e x e s , r e t e n t i o n 
i n d i c e s i n g a s - l i q u i d c h r o m a t o g r a p h
c h r o m a t o g r a p h y , and f i n a l l y
q u a n t i t a t i v e s t r u c t u r e - a c t i v i t y r e l a t i o n s h i p s ( 1 4 ) . A l t h o u g h 
s o l v a t o c h r o m i c " s o l v e n t s t r e n g t h 1 1 s c a l e s h a v e s u c h w i d e s p r e a d 
a p p l i c a t i o n , t h e y a r e j u s t b e g i n n i n g t o become a v a i l a b l e f o r 
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 ( 1 5 , 1 6 ) f o r v e r y l i m i t e d p r e s s u r e and 
t e m p e r a t u r e r a n g e s . S o l v a t o c h r o m i c d a t a a r e p r e s e n t e d i n t h i s 
sympos iu m i n t h e a r t i c l e by F r y e e t a l . 

S o l v a t o c h r o m i c d a t a , s p e c i f i c a l l y a b s o r p t i o n o r t r a n s i t i o n 
e n e r g i e s ( E ^ / s ) , h a v e b e e n o b t a i n e d f o r t h e dye p h e n o l b l u e i n 
s u p e r c r i t i c a l f l u i d s a s a f u n c t i o n o f b o t h t e m p e r a t u r e and 
p r e s s u r e . T h e s e d a t a w i l l be u s e d t o compare t h e " s o l v e n t 
s t r e n g t h " o f t h e s e f l u i d s w i t h l i q u i d s o l v e n t s . We w i l l u s e t h e 
t e r m s " s o l v e n t s t r e n g t h " and " E ^ " s y n o n y m o u s l y i n t h i s p a p e r s u c h 
t h a t t h e y i n c l u d e t h e m a g n i t u d e o f t h e p o l a r i z a b i l i t y / v o l u m e a s 
w e l l a s t h e d i p o l e moment . The " s o l v e n t s t r e n g t h " h a s b e e n 
c h a r a c t e r i z e d by t h e s p e c t r o s c o p i c s o l v a t o c h r o m i c p a r a m e t e r , E ^ , 
f o r numerous l i q u i d s o l v e n t s ( 9 , 1 1 , 1 7 , 1 8 ) . 

R e a c t i o n r a t e c o n s t a n t s and a c t i v a t i o n v o l u m e s w i l l be 
p r e d i c t e d a s a f u n c t i o n o f p r e s s u r e i n t h e h i g h l y c o m p r e s s i b l e n e a r 
c r i t i c a l r e g i o n and i n t h e h i g h l y d e n s e , l e s s c o m p r e s s i b l e r e g i o n 
u s i n g Ε . I n a d d i t i o n , t h e m a g n i t u d e o f t h e c o m p r e s s i o n o f a 
s u p e r c r i t i c a l f l u i d a b o u t a s o l u t e i n t h e h i g h l y c o m p r e s s i b l e 
r e g i o n w i l l be d e t e r m i n e d q u a l i t a t i v e l y . T h e s e s p e c t r o s c o p i c d a t a , 
w h i c h d e s c r i b e i n t e r a c t i o n s a t t h e m o l e c u l a r l e v e l , w i l l b e n e f i t 
s i g n i f i c a n t l y t h e u n d e r s t a n d i n g o f b o t h p h a s e e q u i l i b r i a and 
s o l v e n t e f f e c t s o n r e a c t i o n r a t e s i n t h e s u p e r c r i t i c a l f l u i d s t a t e . 

E x p e r i m e n t a l 

P h e n o l b l u e ( b e n z o q u i n o n e N - [ ( 4 - d i m e t h y l a m i n o ) p h e n y l ] i m i n e , 
A l d r i c h >97%) was p u r i f i e d b y r e c r y s t a l l i z a t i o n and c h r o m a t o g r a p h i c 
s e p a r a t i o n ( 3 0 ) . The p u r i t y was c h e c k e d b y t h e m e l t i n g p o i n t 
( 1 6 1 - 1 6 2 ° C ) , and t h e a b s o r p t i o n maximum i n a c e t o n e (582 nm) and i n 
C C l ^ (565 n m ) . The d y e was o f c h r o m a t o g r a p h i c p u r i t y as d e t e r m i n e d 
by t h i n - l a y e r c h r o m a t o g r a p h y o n s i l i c a g e l . 

The v o l u m e o f t h e c y l i n d r i c a l h i g h p r e s s u r e c e l l was 14 c m 3 , 
and t h e p r e s s u r e and t e m p e r a t u r e r a n g e s w e r e 0 t o 6000 p s i and - 3 0 
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to 250°C, r e s p e c t i v e l y . The i n s i d e diameter was 1.75 cm, and the 
w a l l thickness was 1.67 cm. Because of the large 6 cm path length 
of the c e l l , the s p e c t r a l s h i f t can be measured f o r concentrations 
as low as 10 6M at 0.1 Absorbance u n i t s . Each 1 cm-thick by 2.5 cm 
i n diameter sapphire window was f l a t to one wavelength of yellow 
l i g h t , and the o p t i c a l axis was perpendicular to the face. A 
t e f l o n o-ring was i n s e r t e d between the window and a f l a t surface on 
the 316 s t a i n l e s s s t e e l v e s s e l . The c e l l was thermostated using a 
V copper heat exchange c o i l which was jacketed with f i b e r g l a s s 
i n s u l a t i o n . 

The temperature was i n d i c a t e d and c o n t r o l l e d to ±0.1°C with a 
platinum r e s i s t a n c e probe which extended 1 mm i n s i d e the inner 
surface of the c e l l . The pressure was adjusted using a 100 cc 
Ruska syringe pump and was measured to w i t h i n ±0.1% with a 710A 
Heise d i g i t a l pressure gauge which i s traceable to an NBS standard. 
The pressure v a r i e d l e s s than 0.15 bar (2 p s i ) during a s p e c t r a l 
scan. The wavelength accuracy was ±0.2 nm f o r the Varian (Cary) 
2290 spectrophotometer

The c e l l was loade
pre s s u r i z e d with the solvent. A spectrum was obtained at a given 
pressure a f t e r the temperature and absorbance e q u i l i b r a t e d . The 
absorption band was scanned over a range of 450-600 nm 2-3 times to 
obtain the average λ . The r e p r o d u c i b i l i t y i n λ was ±0.2 nm 

max majx which corresponds to a p r e c i s i o n i n Ê , of ±0.02 kcal/mol. 

Results and D i s c u s s i o n 

Solvent strength i n the c r i t i c a l region. A l l of the experiments 
were performed with the dye phenol blue which has been w e l l -
characterized both experimentally and t h e o r e t i c a l l y i n l i q u i d 
solvents (20,21,22). Since the d i p o l e moment of phenol blue 
increases 2.5 debye upon e l e c t r o n i c e x c i t a t i o n (8), i t i s a 
s e n s i t i v e probe of the l o c a l solvent environment. For example the 
absorption maxima occur at 550 and 608 nm i n n-hexane and methanol, 
r e s p e c t i v e l y . The e x c i t e d state i s s t a b i l i z e d to a greater extent 
than the ground sta t e as the "solvent strength" i s increased, which 
i s designated as a red s h i f t . 

The t r a n s i t i o n energy, E T , of phenol blue i n CO2 i s p l o t t e d 
versus pressure i n Figure 1 along the s a t u r a t i o n curve and at 
s u p e r c r i t i c a l c o n d i t i o n s . The behavior of the E^ versus pressure 
p l o t i s s i m i l a r to that of density versus pressure, such that E T i s 
f a i r l y l i n e a r i n density as shown i n Figure 2. The e f f e c t ot 
temperature i s r e l a t i v e l y small at a given density. In the h i g h l y 
compressible near c r i t i c a l region, the E T i s extremely s e n s i t i v e 
with respect to pressure along an isotherm, and l i k e w i s e with 
respect to temperature along an isobar (see Figure 1). At high 
reduced pressures where the f l u i d i s r e l a t i v e l y incompressible, E^ 
i s only a weak f u n c t i o n of pressure and temperature as i s the case 
f o r l i q u i d s near the t r i p l e p o i n t . S u p e r c r i t i c a l f l u i d solvents 
e x h i b i t an i n t e r e s t i n g property which i s not observed f o r pure 
l i q u i d solvents i n that the density and thus the "solvent strength" 
(E T) may be adjusted over a continuum using small changes i n 
temperature and pressure. 

In Table I, s e v e r a l SF solvents are compared with l i q u i d 
n-hexane at a reduced temperature (Τ = T/T ) near 1.05. For each 
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Figure 2 . E T of phenol blue i n CO2 vs. density (•= 31 
Δ = 35 °C, 0 = 40 °C, 0= 45 °C, and i s c a l c u l a t e d 
using Equation 5). 

In Supercritical Fluids; Squires, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



46 SUPERCRITICAL FLUIDS 

f l u i d , the pressure i s chosen to match the Ε with the value f o r 
n-hexane, so that the comparison i s made at constant "solvent 
strength". Many i n v e s t i g a t o r s have implied that the solvent 
strength of a s u p e r c r i t i c a l f l u i d approaches that of a l i q u i d at 
the point where the density approaches that of a l i q u i d . This i s 
c l e a r l y a misconception. At 45°C (T = 1.05), the molar density of 
CO2 approaches that of n-hexane at ̂ 30 bar, yet i t i s a weaker 
solvent f o r a l i p h a t i c and aromatic hydrocarbons at these conditions 
(2,3). The reason f o r t h i s d i f f e r e n c e i s that t h g 5 average 
p o l a r i z a b i l i t y par molecule of CO2 i s only 26.5 χ 10 cm3 whereas 
i t i s 123 χ 10 cm3 f o r hexane. At a given molar density, the 
p o l a r i z a b i l i t y per u n i t volume i s much greater f o r hexane. I t i s 
also greater f o r hexane at a given mass density despite the 
d i f f e r e n c e i n the molecular weights. 

Table I. Comparison of SF Solvents with n-Hexane 

Solvent Τ Τ = Ρ Ρ = Ρ 6<1> a / v ( 2 ) 

(°c) 
r 

T/T 
c 

(bar) 
r 

P/P 
c 

(g/cc) ( c a l / c c ) ^ 

a / v ( 2 ) 

C 2 H i / 3 ) 25 1.056 1700 33.8 0.57 7.0 0.052 

C0 2 45 1.046 2800 37.9 1.32 10.3 0.048 

C F 3 C 1 ( 3 ) 40 1.037 1300 33.2 1.95 6.9 0.051 
n-C 6Hm 25 - 1 - 0.66 7.3 0.057 

(1) Hildebrand s o l u b i l i t y parameter 
( 2 ) p o l a r i z a b i l i t y per volume 
( 3 ) reference (19) 

The Ε f s of the nonpolar solvents, C F 3 C I and 0 2 ^ , become 
equal to tnat of n-hexane at a pressure i n the range of 1-2 
k i l o b a r . Notice that the Hildebrand s o l u b i l i t y parameters of these 
three solvents are roughly equivalent at t h i s c o n d i t i o n of constant 
Ε τ · The same r e s u l t i s also observed f o r the p o l a r i z a b i l i t i e s / 
volume of these solvents. Again, the molar d e n s i t i e s of these 
s u p e r c r i t i c a l f l u i d s are considerably higher than that of n-hexane 
at t h i s equivalence point i n solvent strength, since the 
p o l a r i z a b i l i t i e s / m o l e c u l e are lower. 

The E T of CO2 at 45°C reaches that of n-hexane at 2.8 kbar. 
At t h i s pressure, the p o l a r i z a b i l i t y / v o l u m e of SF CO2 i s a l i t t l e 
l e s s than that of n-hexane, which suggests that there are other 
molecular i n t e r a c t i o n s between CO2 and phenol blue i n a d d i t i o n to 
d i s p e r s i o n and ind u c t i o n . The l i k e l y p o s s i b i l i t i e s include e l e c t r o n 
donor-acceptor forces and dipole-quadrupole i n t e r a c t i o n s . 

The E T's of C O 2 , C2Ht+, and CHF3 are compared versus reduced 
density at constant reduced temperature i n Figure 3. The curves 
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f o r CO2 and ethylene c o i n c i d e even though the p o l a r i z a b i l i t y / 
molecule of ethylene i s 1.6 times that of C O 2 . The primary reason 
f o r t h i s i s that the molar density of CO2 i s 1.4 times that of 
ethylene at constant reduced density and temperature. The secon­
dary f a c t o r i s that CO2 i s s l i g h t l y a c i d i c and has a quadrupole 
moment otherwise i t would give a smaller red s h i f t . For nonpolar 
solutes that do not e x h i b i t d i p o l a r and acid-base i n t e r a c t i o n s , the 
solvent strength of CO2 would be l e s s than that of ethylene at 
constant reduced temperature and density. In a d d i t i o n , at a given 
reduced temperature and density, the reduced pressures are s i m i l a r 
(e.g., see Figure 3 and Table 1) thus the a c t u a l pressure f o r CO2 

i s about 1.5 times that f o r C2Hi+. 

The s o l u b i l i t y data f o r naphthalene i n ethylene and i n CO2 are 
consistent with the E,j, data i n Figure 3. The proper way to make 
the comparison i s to use the enhancement f a c t o r instead of the 
s o l u b i l i t y . The enhancement f a c t o r equals > which i s simply 
the a c t u a l s o l u b i l i t y d i v i d e d by the s o l u b i l i t y i n an i d e a l gas
The enhancement f a c t o
i s u s e f u l f o r comparin
at d i f f e r e n t a c t u a l temperatures. In terms of 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 , Φ2, the enhancement f a c t o r i s given by 

where V2 i s the molar volume of the s o l i d . I f a comparison i s 
made at constant reduced temperature and reduced density but at 
d i f f e r e n t pressures, the enhancement f a c t o r removes the Poynting 
e f f e c t of pressure on the condensed phase. In summary, the 
enhancement f a c t o r i s a measure of the solvent strength i n the SF 
phase. The enhancement f a c t o r f o r naphthalene i n ethylene at 25°C 
(T = 1.05) i s about 3 times that i n C0 2 at 45°C (T = 1.05) f o r a 
wiSe range i n reduced density. The l a r g e r s o l u b i l i t y i n ethylene 
i s c onsistent with the above d i s c u s s i o n concerning Figure 3, since 
naphthalene i s not a very strong Lewis base compared with phenol 
blue. 

Solvent e f f e c t on rate constants. In t h i s s e c t i o n , the rate 
constant w i l l be predicted q u a l i t a t i v e l y i n CO2 f o r the D i e l s - A l d e r 
c y c l o a d d i t i o n of isoprene and maleic anhydride, a r e a c t i o n which 
has been w e l l - c h a r a c t e r i z e d i n the l i q u i d s t a t e (23,24). In a 
previous paper, we used E_ data f o r phenol blue i n ethylene to 
pr e d i c t the rate constant of the Menschutkin r e a c t i o n of 
tripropylamine and methyliodide (19). The r e a c t i o n mechanisms are 
quite d i f f e r e n t , yet the solvent e f f e c t on the rate constant of 
both reactions can be c o r r e l a t e d with Ε of phenol blue i n l i q u i d 
s o lvents. The di p o l e moment increases m the Menschutkin r e a c t i o n 
going from the reactant s t a t e to the t r a n s i t i o n state and i n phenol 
blue during e l e c t r o n i c e x c i t a t i o n , so that the two phenomena are 
co r r e l a t e d . In the above D i e l s - A l d e r r e a c t i o n , the r e a c t i o n 
coordinate i s i s o p o l a r with a negative a c t i v a t i o n volume (8,23), 

Ε = exp(v2
SP/RT)/<|>2 (1) 

s 

Δν Φ " W *B - - RTWlnk x/dP) (2) 
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where M i s the t r a n s i t i o n s t a t e , A and Β are the reactants and k 
χ 

i s the rate constant based on mole f r a c t i o n u n i t s . Using Regular 
S o l u t i o n Theory, i t was demonstrated that the rate constant 
increases with the cohesive energy density (δ 2) of the solvent f o r 
t h i s r e a c t i o n as was observed experimentally (23). Since there i s 
l i t t l e d i f f e r e n c e i n the d i p o l e moment of the t r a n s i t i o n state 
versus the reactants, the solvent e f f e c t on the r a t e constant i s 
small compared with the Menschutkin r e a c t i o n . 

The rate constant data f o r the D i e l s - A l d e r r e a c t i o n of 
isoprene and maleic anhydride (23,24) may be c o r r e l a t e d with Ε of 
phenol blue at 35°C by 

In k = -a E_ + b (3) 
χ Τ 

where the constants a and b are -1.053 and 43.70, r e s p e c t i v e l y . 
Using Eqs. 2 and 3, the a c t i v a t i o n volume may be expressed as 

Δν* = +aRTPkT ( 3 E

where k T i s the isothermal c o m p r e s s i b i l i t y , 1/ρ(9ρ/3Ρ) τ > and i t i s 
assumed that a and b are pressure independent. The density 
d e r i v a t i v e of E T i s r e l a t i v e l y constant compared to pk^, e s p e c i a l l y 
i n the h i g h l y compressible region, and i s s i m i l a r f o r "both l i q u i d s 
and s u p e r c r i t i c a l f l u i d s . S i n c | phenol blue e x h i b i t s a red s h i f t , 
(3E^/3p) T i s negative, as i s Δν which reaches a minimum at the 
same density where the c o m p r e s s i b i l i t y i s a maximum. 

The logarithm of the rate constant of the above D i e l s - A l d e r 
r e a c t i o n i s p r e d i c t e d versus pressure i n Figure 4 at 35°C. The 
rate constant increases by a f a c t o r of ten f o r t h i s pressure range 
which corresponds to a density range of 6.7 to 21 mol/£. The nega­
t i v e of the slope of t h i s p l o t , or the a c t i v a t i o n volume becomes 
l a r g e l y negative i n the h i g h l y compressible near c r i t i c a l region as 
shown i n Table I I . ξοτ example, Δν reaches -4000 at 75 bar. At 
35°C and 300 bar, Δν i s only moderately negative, i . e . , -55 cc/mol 
compared with -37.4 cc/mol i n l i q u i d ethylacetate at 35°C. At each 
pressure i n Figure 4, the a c t i v a t i o n volume i s negative since the 
magnitude of v^ i s l e s s than that of the sum of ν and v^ f o r t h i s 
c y c l o a d d i t i o n r e a c t i o n (see Eq. 2). In the h i g h l y compressible 
region, the v . 1 s become l a r g e l y negative since the solute causes a 
compression or the f l u i d solvent as was explained i n d e t a i l both 
experimentally and t h e o r e t i c a l l y (26,2^7» 28). As a r e s u l t , the 
a c t i v a t i o n volume i s als o an extremely large negative number. 

Table I I . P r e d i c t i o n of the A c t i v a t i o n volume of the 
D i e l s - A l d e r r e a c t i o n between isoprene and 
maleic anhydride i n s u p e r c r i t i c a l carbon 

dioxide at 35°C 

Pressure 
(bar) 75 80 85 100 200 300 

AV* 
(cc/mol) 

-4000 -2000 -950 -225 -70 -55 
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Figure 3. E-j- of phenol blue i n several f l u i d s vs. reduced 
density (Δ = C02 - 45 °C, Ο = C 2H 4 - 25 °C (19), and 
• = CHF 3 - 40 °C (19). 
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Figure 4. Predicted rate constant f o r the D i e l s - A l d e r r e a c t i o n 
of isoprene and maleic anhydride, i n CO2 at 35 °C. 
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The extremely pronounced solvent e f f e c t i n the near c r i t i c a l 
region can a l s o be explained using Eq. 4. As mentioned above, 
( 3 E T / 3 p ) T i s s i m i l a r f o r both l i q u i d s and s u p e r c r i t i c a l f l u i d s . 
However, the magnitude of a c t i v a t i o n volume can be much l a r g e r i n 
s u p e r c r i t i c a l f l u i d s because of the much higher c o m p r e s s i b i l i t y . 
This a n a l y s i s can a l s o be applied to the Menschutkin r e a c t i o n of 
tripropylamine and methyliodide, which has an a c t i v a t i o n volume of 
-65 cc/mol i n l i q u i d CCl^ at 30°C. In ethylene at 66 bar and 25°C, 
Δν i s p r e d i c t e d to be -5000 cc/mol. Both of these reactions 
e x h i b i t an extremely pronounced solvent e f f e c t i n the near c r i t i c a l 
region since the reactions have r e l a t i v e l y l a r g e ( i n magnitude) 
a c t i v a t i o n volumes even i n l i q u i d s . The solvent e f f e c t on the 
Menschutkin r e a c t i o n would be even more pronounced i n a s u p e r c r i t ­
i c a l f l u i d with a d i p o l e moment where the "solvent strength" would 
be even more s e n s i t i v e to density. These p r e d i c t i o n s suggest that 
future measurements of r a t e constants i n s u p e r c r i t i c a l f l u i d s could 
p o t e n t i a l l y demonstrate a solvent e f f e c t of orders of magnitude. 

L o c a l solvent compression
chromic data w i l l be to determine the magnitude of the l o c a l 
compression of a s u p e r c r i t i c a l f l u i d solvent i n the immediate 
environment of the s o l u t e . The E^ of a dye such as phenol blue can 
be p r e d i c t e d i n l i q u i d s where no s p e c i f i c i n t e r a c t i o n s are present 
by t r e a t i n g the solvent as a homogeneous p o l a r i z a b l e d i e l e c t r i c 
(22,29). The i n t r i n s i c "solvent strength", Ε^°, describes d i s ­
p e rsion, i n d u c t i o n , and d i p o l e - d i p o l e forces and i s given by (22). 

T 2 n 2 + l D + 2 n 2 + 2 

where η i s the r e f r a c t i v e index and D i s the d i e l e c t r i c constant. 
The constants A, Β and C are functions of the p r o p e r t i e s of the dye 
such as the d i p o l e moment and o s c i l l a t o r strength of the ground and 
e x c i t e d states and the c a v i t y radius. The f i r s t term i n Eq. 5 
includes d i s p e r s i o n and solute permanent dip o l e - s o l v e n t induced 
d i p o l e f o r c e s , thus i t i s a f u n c t i o n of the r e f r a c t i v e index of the 
solvent. The second term describes the e f f e c t s of permanent 
d i p o l e - d i p o l e forces ( o r i e n t a t i o n ) . The Ε^° of phenol blue was 
c o r r e l a t e d s u c c e s s f u l l y with Eq. 5 f o r 21 non-hydrogen bonding 
l i q u i d solvents (20,22,29). 

The measured t r a n s i t i o n energy, Ε , includes the i n t r i n s i c 
"solvent strength" given by Eq. 5 and the s p e c i f i c "solvent 
strength", Ε , which describes an exaggerated solvent e f f e c t such 
as hydrogen Bonding such that 

E T (experimental) = E° + E^ (6) 
g 

For phenol blue, the Ε i s zero f o r ethylene and CF 3C1, but non­
zero f o r the Lewis acids CF 3H and C0 2. One of the a t t r a c t i v e 
features of solvatochromic scales i s that the n o n - s p e c i f i c and 
s p e c i f i c i n t e r a c t i o n s may be separated since the former can be 
c a l c u l a t e d s t r a i g h t f o r w a r d l y using Eq. 5. 

The E^ i s not influenced by f a c t o r s such as r e p u l s i v e forces 
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between the s o l u t e and solvent since they are i d e n t i c a l i n the 
ground and e x c i t e d s t a t e s . The l o c a t i o n s of the molecules do not 
change during the time frame of e l e c t r o n i c e x c i t a t i o n . The theory 
f o r s o l u b i l i t y phenomena i s much more complicated; f o r example, i t 
includes r e p u l s i v e f o r c e s . As a r e s u l t , s o l u b i l i t y data give l e s s 
information about the p r o p e r t i e s of the solvent, or the l o c a l 
solvent environment about the s o l u t e . 

In order to analyze the behavior of phenol blue i n CO2> i t i s 
u s e f u l to review the r e s u l t s f o r ethylene since i t has a s p e c i f i c 
"solvent strength" of zero (19, see Figure 5). The dashed l i n e 
was c a l c u l a t e d using Eq. 5 where the constants A and Β were 
obtained from the l i t e r a t u r e (20,30) and C was chosen to force 
agreement with experiment i n the dense incompressible region. The 
dashed l i n e f i t s the data at high density where ethylene i s 
r e l a t i v e l y incompressible. At a lower density, e.g. 7 mol/1, 
ethylene i s h i g h l y compressible so that i t " c l u s t e r s " about the 
solute due to a t t r a c t i v e f o r c e s  Eckert et a l (27,28) measured 
solute p a r t i a l molar volume
i n ethylene i n the h i g h l
l o c a l compression phenomenon which increases the number of solvent 
molecules near the solute causes an a d d i t i o n a l red s h i f t of 1 
kcal/mol at a density of 7 mol/1. The a d d i t i o n a l red s h i f t i s the 
d i f f e r e n c e between the experimental point and that which i s 
p r e d i c t e d using the theory f o r a homogeneous l i q u i d shown by the 
dashed l i n e . This d i f f e r e n c e becomes small as the isothermal 
c o m p r e s s i b i l i t y diminishes as explained below. 

The l o c a l density of solvent about the solute may be 
determined by comparing the experimental and c a l c u l a t e d curves. 
Consider points A and Β i n Figure 5 at a constant value of E^, 
i . e . , 55 kcal/mol. A h y p o t h e t i c a l homogeneous f l u i d at point Β 
gives the same "solvent strength" as £he a c t u a l f l u i d at point A.^ 
The l o c a l density about the s o l u t e exceeds the bulk density P^ 
due to compression, such that 

P A r 
p B i = V T (7) 

i j o J 

where g..(r) i s the u n l i k e p a i r r a d i a l d i s t r i b u t i o n f u n c t i o n . 
Using Kiikwood-Buff s o l u t i o n theory (31), i t was shown that the 
d i f f e r e n c e between the l o c a l and bulk d e n s i t i e s i s (19) 

1 Pk Tk 
P l 2 " p = -1ΪΓ ( 1 " V 2 / kB TV ( 8 ) 

where V12 i s a measure of the volume of the f i r s t c o ordination 
s h e l l . Based on previous r e s u l t s (Eckert et a l . , 27, 28), i t i s 
reasonable to assume 

_ 00 
V2 = a l ^ + b (9) 
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Figure 5. E T of phenol blue i n ethylene vs. density (O = 25 °C, 
Δ = 10 °C, and i s c a l c u l a t e d E T using Equation 5). 

Using Eqs. 8 and 9, the f i n a l r e s u l t i s 

where a ? and b* are functions of temperature and V 1 2 . The 
l i n e a r i t y suggested by Eq. 10 has been obtained from the data i n 
Figure 5 (19). 

The C0 2 data i n Figure 2 are more d i f f i c u l t to analyze because 
of the acid-base i n t e r a c t i o n s . The dashed l i n e i s the c a l c u l a t e d 
r e s u l t f o r E^° of a homogeneous p o l a r i z a b l e d i e l e c t r i c (Eq. 5) 
using the same values of the constants A, B, and C as obtained 
above f o r ethylene. At high d e n s i t y , where the l o c a l compression 
e f f e c t disappears, the s p e c i f i c "solvent strength" which i s the 
d i f f e r e n c e between the data and Ε^° i s about 0.7 kcal/mol. To put 
t h i s i n perspective, the s p e c i f i c "solvent strengths" are 6.3, 1.6, 
1.3 f o r phenol blue i n the l i q u i d solvents m-cresol (strong Lewis 
a c i d ) , methanol, and chloroform, r e s p e c t i v e l y (20,30)). In the 
h i g h l y compressible region, the red s h i f t exceeds the dashed l i n e 
due to two coupled e f f e c t s , acid-base f o r c e s , and l o c a l solvent 
compression. 

The f i n a l set of solvatochromic data are shown i n Figure 6 f o r 
phenol blue i n SF C0 2 doped with various amounts of the co-solvent 
or entraîner, methanol. Consider a pressure of 100 bar where the 
E T of phenol blue i n C0 2 i s 54 kcal/mol. The red s h i f t i s 
increased more by the a d d i t i o n of 3.5 mole percent methanol at 
constant pressure than by an increase i n the pressure of pure C0 2 

of over 200 bar. The large s p e c i f i c "solvent strength" of methanol 
causes t h i s behavior. The red s h i f t caused by the co-solvent i s i n 

1 
( P l 2 - P)/P = a ! k T + b f (10) 
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Figure 6. E-p of phenol blue i n C0 2-methanol mixtures (•= pure 
C02, Δ = C02 - 1% CH3OH, 0= C02 - 3.5% CH3OH). 
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excess of the amount c a l c u l a t e d i f i t i s assumed tha t the mixture 
i s random. This i n d i c a t e s that the dye i s s o l v a t e d p r e f e r e n t i a l l y 
by methanol such that methanol's l o c a l c o ncentration exceeds i t s 
b u l k c o n c e n t r a t i o n . A l a r g e number of s o l u b i l i t i e s of s o l i d s were 
measured i n C0 2 w i t h and without co-solvent by Johnston and 
co-workers (32,33). I n many of these systems, small amounts of 
co-solvents produced a greater increase i n the s o l u b i l i t y than 
pressure increases of hundreds of atmospheres. The r e l a t i o n s h i p 
between the spectroscopic data and the s o l u b i l i t y data i s the 
subject of ongoing research. 
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Chapter 5 

Organic Chemistry in Supercritical Fluid Solvents: 
Photoisomerization of trans-Stilbene 

Tetsuo Aida and Thomas G. Squires1 

Applied Organic Chemistry, Energy & Minerals Resources Research Institute, 
Iowa State University, Ames, IA 50011 

The wide range of supercritical fluid properties accessible 
through modest manipulations of pressure and temperature 
affords a unique approach to investigating and, perhaps, 
controlling chemica
phase behavior, th
obtained from photoisomerization of trans-stilbene in 
supercritical CO2 is dependent on system pressure. This 
behavior is probably attributable to significant changes in 
solvent viscosity in this pressure range. Techniques for 
investigating reactions under supercritical conditions are 
described, and an approach to assessing the "supercritical 
fluid effect" is suggested. 

The unusual solvent properties of supercritical fluids (SCFs) have 
been known for over a century (1). Just above the critical tempera­
ture, Τc, forces of molecular attraction are balanced by kinetic 
energy; and fluid properties, including solvent power, exhibit a 
substantial pressure dependence. Many complex organic materials are 
soluble at moderate pressures (80 to 100 atmospheres); and SCF sol­
vent power increases dramatically when the pressure is increased to 
300 atmospheres. The pressure responsive range of solvent properties 
thus attainable provides a tool for investigating the fundamental 
nature of molecular interactions and is also being exploited in 
important areas of applied research (2,3). 

In the latter activity, supercritical fluids have been utilized 
extensively in the thermochemical solubilization of coal (4), for 
selective extraction of naturally occurring materials (5,6), and in 
various separation techniques including destraction (7) and super­
critical fluid chromatography (8,9). The physicochemical principles 
underlying these applications have also been investigated (10). In 
view of the high level of interest in manipulating complex organic 
mixtures with supercritical fluids, it is surprising that these 
fluids have seen little use as solvents for organic reactions 
1Current address: Associated Western Universities, Inc., 142 East 200 South, Salt Lake 
City, UT 84111 

0097-6156/87/0329-0058$06.00/0 
© 1987 American Chemical Society 

In Supercritical Fluids; Squires, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



5. AIDA AND SQUIRES Photoisomerization oftrans-Stilbene 59 

( l l f 1 2 ) . The p i v o t a l r o l e o f s o l v e n t p r o p e r t i e s i n c o n t r o l l i n g the 
course and ra te of chemica l r e a c t i o n s i s w e l l e s t a b l i s h e d (13) ; and, 
t h u s , the same k i n d o f p r e s s u r e r e s p o n s i v 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 w h i c h c o n t r o l e x t r a c t i o n s and s e p a r a t i o n s i n SCFs can be e x ­
pected to d i r e c t chemica l pathways and i n f l u e n c e r e a c t i o n r a t e s . 

Much of our u n d e r s t a n d i n g o f the n a t u r e of c h e m i c a l r e a c t i o n s 
has been d e r i v e d by o b s e r v i n g the r e s p o n s e s o f t h e s e p r o c e s s e s t o 
changes i n s o l v e n t p r o p e r t i e s . W h i l e i n v e s t i g a t i o n s o f t h i s t y p e 
have been h i g h l y p r o d u c t i v e , i n t e r p r e t a t i o n of the r e s u l t s has o f ten 
been b l u r r e d by u n c e r t a i n t i e s inherent i n the exper imenta l approach. 
Here to fore , l i q u i d so lven ts have been used i n these i n v e s t i g a t i o n s , 
and s o l v e n t p r o p e r t i e s have been changed by a d j u s t i n g the s o l v e n t 
c o m p o s i t i o n . U n f o r t u n a t e l y , no q u a n t i t a t i v e r e l a t i o n s h i p between 
bulk s o l v e n t p r o p e r t i e s and chemica l phenomena has emerged, presuma­
b l y due t o s e l e c t i v 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 w h i c h r e s u l t i n 
d i f f e r e n c e s between bulk s o l v e n t compos i t ion and m i c r o s c o p i c so lven t 
c o m p o s i t i o n (13). 

In c o n t r a s t t o l i q u i
so lvent can be a l t e r e d ove
of p r e s s u r e a n d / o r t e m p e r a t u r e . A t c o n s t a n t r e d u c e d t e m p e r a t u r e , 
( T R = T / T C ) , be tween 1.0 and 1.1, s o l v e n t p r o p e r t i e s a r e e x t r e m e l y 
respons ive to very a c c e s s i b l e changes i n pressure (800 to 4000 ps i ) 
(14). SCFs thus prov ide an unprecedented oppor tun i ty to i n v e s t i g a t e 
the e f f e c t s o f s o l v e n t p r o p e r t i e s on c h e m i c a l r e a c t i o n s w i t h o u t 
changing the s o l v e n t compos i t ion . 

T h i s a p p l i c a t i o n o f S C F s , w h i l e h i g h l y t o u t e d , has r e c e i v e d 
scant exper imenta l a t t e n t i o n (15). I n v e s t i g a t i o n s have been l i m i t e d 
t o D i e l s - A l d e r r e a c t i o n s (11,16), e l e c t r o c h e m i c a l r e a c t i o n s (17,18), 
p o l y m e r i z a t i o n s (19,20) , and h i g h t e m p e r a t u r e p r o c e s s e s (21,22) . 
Recent s e m i e m p i r i c a l t r e a t m e n t s o f SCF s o l v e n t p r o p e r t i e s (23,24) 
have prov ided a b a s i s f o r i n t e r p r e t i n g s o l v e n t e f f e c t s i n SCFs. 

I n v e s t i g a t i o n s o f o r g a n i c r e a c t i o n s i n s u p e r c r i t i c a l s o l v e n t s 
are sub jec t to s e v e r a l c o n s t r a i n t s , one a t t r i b u t a b l e to s u p e r c r i t i c a l 
f l u i d p r o p e r t i e s and others imposed f o r i n t e r p r e t i v e and exper imenta l 
s i m p l i c i t y . Because s u p e r c r i t i c a l f l u i d p r o p e r t i e s are a f f e c t e d by 
changes i n temperature, a r e a c t i o n should be s e l e c t e d which does not 
r e q u i r e h e a t f o r i n i t i a t i o n and i s n o t h i g h l y e x o t h e r m i c . 
A d d i t i o n a l l y , f o r exper imenta l s i m p l i c i t y and c l a r i t y of i n t e r p r e t a ­
t i o n , a c l e a n , w e l l - u n d e r s t o o d r e a c t i o n s h o u l d be c h o s e n ; and one 
s h o u l d e x p e c t an e x p e r i m e n t a l l y o b s e r v a b l e r e s p o n s e t o changes i n 
p ressure . F i n a l l y , a un imo lecu la r r e a c t i o n which produces a s i n g l e 
product obv ia tes the c o m p l i c a t i o n of c o n t r o l l i n g the concen t ra t ions 
of two r e a c t a n t s and s i m p l i f i e s product a n a l y s i s . The p h o t o i s o m e r i ­
z a t i o n of t r a n s - s t i l b e n e meets these requirements . 

The p h o t o i s o m e r i z a t i o n of s t i l b e n e i s one of the most e x t e n s i v e ­
ly s t u d i e d photoreac t ions (25). Solvent e f f e c t s have been thoroughly 
i n v e s t i g a t e d f o r both the d i r e c t and p h o t o s e n s i t i z e d i s o m e r i z a t i o n s , 
and a model has been d e v e l o p e d w h i c h a t t r i b u t e s t h e s e e f f e c t s t o 
s o l v e n t v i s c o s i t y (26). Increased v i s c o s i t y i n h i b i t s d i r e c t p h o t o ­
i s o m e r i z a t i o n o f the c i s i s o m e r , b u t f a c i l i t a t e s t h a t o f t r a n s -
s t i l b e n e . As a r e s u l t , the c i s / t r a n s r a t i o o f the p h o t o s t a t i o n a r y 
s t a t e inc reases wi th i n c r e a s i n g so lven t v i s c o s i t y . The wide range of 
v i s c o s i t i e s which are a t t a i n a b l e by pressure manipu la t ion of super ­
c r i t i c a l c a r b o n d i o x i d e p r o v i d e s an e x c e l l e n t oppor tun i ty to probe 
the e f f e c t o f v i s c o s i t y on s t i l b e n e p h o t o c h e m i s t r y i n the same 
s o l v e n t . 
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We chose carbon d i o x i d e f o r our i n i t i a l i n v e s t i g a t i o n s because 
the p r o p e r t i e s 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 known and the 
s o l u b i l i t y o f a r e l a t i v e l y l a r g e number o f o r g a n i c m a t e r i a l s a r e 
known f o r t h i s medium. Al though carbon d i o x i d e i s i n t e r a c t i v e w i th 
s o l u t e m o l e c u l e s , i t i s g e n e r a l l y u n r e a c t i v e . F u r t h e r m o r e , the 
s u p e r c r i t i c a l w o r k i n g range (1.0 < T R < 1.1), 31.5 t o 6 0 ° C , i s 
e x p e r i m e n t a l l y c o n v e n i e n t ; and many o r g a n i c r e a c t i o n s have been 
e x t e n s i v e l y i n v e s t i g a t e d i n t h i s temperature range. 

Experimental 

P h o t o i s o m e r i z a t i o n s were c a r r i e d out u s i n g a 450 watt Hanovia medium 
pressure mercury source , and each r e a c t i o n was f o l l o w e d to the p h o t o -
s t a t i o n a r y s t a t e by gas c h r o m a t o g r a p h i c d e t e r m i n a t i o n o f the 
c i s / t r a n s r a t i o s . T w i c e r e c r y s t a l l i z e d t r a n s - s t i l b e n e ( A l d r i c h ) , 
s p e c t r o p h o t o m e t r i c g rade c y c l o h e x a n e , and d r y , h i g h p u r i t y c a r b o n 
d i o x i d e were used i n these exper iments. 

A schemat ic diagram
i n F i g u r e 1. Bo th the
a d a p t a t i o n s o f t h o s e u t i l i z e d by o t h e r i n v e s t i g a t o r s (27). The 
photochemica l r e a c t o r was c o n s t r u c t e d from t h i c k - w a l l e d quar tz c a p i l ­
l a r y t u b i n g (2mm i.d.) and was i n c o r p o r a t e d i n t o the s u p e r c r i t i c a l 
system by a f f i x i n g s t a i n l e s s s t e e l f i t t i n g s to the tub ing w i th epoxy 
r e s i n . E x c e p t f o r an o c c a s i o n a l f a u l t y j o i n t , t h i s s e c t i o n o f the 
apparatus performed f l a w l e s s l y . 

Flow r a t e s through the system were c o n t r o l l e d by quar tz c a p i l ­
l a r i e s c o n n e c t e d i n p a r a l l e l and were measured w i t h a gas b u r e t 
connected to the c a p i l l a r y t i p s . Using t h i s method, a wide range of 
f l o w r a t e s a t v a r i o u s s y s t e m p r e s s u r e s were a t t a i n e d . To o b t a i n a 
p a r t i c u l a r f l o w r a t e , a l l v a l v e s e x c e p t V^ ' and V ^ 1 i n the r e a c t a n t 
a d d i t i o n s y s t e m (see F i g u r e 2) were c l o s e d ; and the a p p r o p r i a t e 
combinat ion of c a p i l l a r y t i p s ( in the e x i t manifold) were va lve d o n ­
l i n e . 

The c o n c e n t r a t i o n o f t r a n s - s t i l b e n e f l o w i n g i n t o the p h o t o -
r e a c t o r was c o n t r o l l e d by the reac tan t a d d i t i o n system i l l u s t r a t e d i n 
F igure 2. t r a n s - S t i l b e n e was coated onto g l a s s beads and loaded i n t o 
the f e e d e r t u b e . A f t e r i m m e r s i n g the f e e d e r tube i n a c o n s t a n t 
temperature ba th , the system was s e a l e d and p r e s s u r i z e d . As shown i n 
F i g u r e 3, t e m p e r a t u r e was an e f f e c t i v e means o f c o n t r o l l i n g the 
c o n c e n t r a t i o n of t r a n s - s t i l b e n e e x i t i n g the feeder tube. 

I f n e c e s s a r y , c o n c e n t r a t i o n s t o the r e a c t o r were f u r t h e r 
a d j u s t e d t h r o u g h m a n i p u l a t i o n o f the v a l v e s y s t e m , e . g . o p e n i n g 
va lves V^' and V 2 * to d i l u t e the s o l u t i o n e n t e r i n g the photoreactor . 
T h i s component was v e r y e f f e c t i v e f o r d e l i v e r i n g a w ide range o f 
constant concent ra t ions to the photoreac tor . Furthermore, downstream 
c o n c e n t r a t i o n s o f s t i l b e n e were c o n s i d e r a b l y be low the s a t u r a t i o n 
l e v e l , and p lugg ing of the system was not a problem. 

T e m p e r a t u r e i n the p h o t o r e a c t o r was c o n t r o l l e d t o + 0 . 1 ° C by 
i m m e r s i o n i n a c o n s t a n t t e m p e r a t u r e Dewar f l a s k . F o r e x p e r i m e n t s 
u s i n g c y c l o h e x a n e as the s o l v e n t , the r e a c t o r was f i l l e d w i t h a 
s o l u t i o n of t r a n s - s t i l b e n e , l o o s e l y s t o p p e r e d , a n d , a f t e r r e a c h i n g 
the d e s i r e d t e m p e r a t u r e , i r r a d i a t e d . P e r i o d i c a l l y , a l i q u o t s were 
withdrawn and analyzed by gas chromatography. 

Exper iments u s i n g C 0 2 were conducted i n the f low mode u t i l i z i r 
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techniques d e s c r i b e d above to c o n t r o l f low ra tes and concen t ra t ions 
of t r a n s - s t i l b e n e s u p p l i e d to the r e a c t o r . The product stream from 
the r e a c t o r was d i r e c t e d to e i t h e r a product i s o l a t i o n loop or an o n ­
l i n e gas chromatographic a n a l y s i s loop , and the products were ana­
l yzed to determine the r a t i o of c i s - t o t r a n s - s t i l b e n e and to de tec t 
other photoproducts . A constant pho tos ta t ionary r a t i o was achieved 
i n one t o f o u r m i n u t e s , w e l l w i t h i n the r e s i d e n c e t i m e i n the 
i r r a d i a t i o n zone. 

Results and Dis c u s s i o n 

A w i d e l y u s e d method f o r a s s e s s i n g s u p e r c r i t i c a l f l u i d phenomena 
c o n s i s t s of comparing p h y s i c a l and chemica l behavior above the c r i t ­
i c a l p o i n t w i t h c o r r e s p o n d i n g b e h a v i o r i n the s u b c r i t i c a l l i q u i d . 
Because t h i s approach ( u n r e a l i s t i c a l l y ) s e e k s t o o b s e r v e d i s c o n t i n ­
uous b e h a v i o r be tween s t a t e s , the r e s u l t s o f s u c h e x p e r i m e n t s a r e 
o f ten ambiguous. In the present s tudy, we have compared the photo ­
i s o m e r i z a t i o n of t r a n s - s t i l b e n
and, to model l i q u i d behav ior
i z a t i o n s i n cyclohexane. In a l l three systems, the e f f e c t s of temp­
era ture and concent ra t ion on the c i s / t r a n s r a t i o were compared; and, 
f o r the C0 2 systems, the e f f e c t of p ressure on t h i s pho tos ta t ionary 
r a t i o was a l s o probed. The r e s u l t s from these experiments are shown 
i n Tables I and II and are p l o t t e d i n F i g u r e s 4 through 6. 

Table I. Photoisomerization o f t r a n s - S t i l b e n e i n Cyclohexane 3 

I n i t i a l Temperature I r r a d i a t i o n Photostationary 
Concentration Time State 

(mg/ml) b <°C) (Minutes) ( c i s / t r a n s ) 

2.14 21.7 70.0 6.1 
2.14 40.0 70.0 6.1 
1.07 21.7 20.0 6.9 
1.07 40.0 30.0 6.9 
0.50 21.7 10.0 6.4 
0.50 40.0 15.0 6.7 
0.25 21.7 10.0 6.4 
0.25 40.0 5.0 6.6 

a . Atmospher ic p r e s s u r e ; d i r e c t i r r a d i a t i o n w i t h a H a n o v i a 450 
watt medium pressure mercury vapor lamp. 

b. Pure t r a n s - s t i l b e n e was used . 

From the r e s u l t s obta ined i n cyclohexane (Table I), i t i s c l e a r 
tha t , i n the condensed phase, we can expect very l i t t l e e f f e c t on the 
photos ta t ionary s t a t e due to changes i n temperature or c o n c e n t r a t i o n . 
On the other hand, these f a c t o r s cause la rge changes when the r e a c ­
t i o n i s c a r r i e d out i n l i q u i d or ( espec ia l l y ) SCF C 0 2 . The c o n t r a s t 
i n behavior i s even more apparent from F i g u r e s 4 and 5. 

The responses of the c i s / t r a n s r a t i o to changes i n pressure f o r 
l i q u i d ( 2 5 ° C ) and s u p e r c r i t i c a l f l u i d ( 4 0 ° C ) C 0 2 a r e p l o t t e d i n 
F igure 6. There i s a n o t i c e a b l e e f f e c t i n l i q u i d C 0 2 , but the p h o t o -
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Figure 3. E f f e c t of temperature on CCL s o l u b i l i t y of t r a n s -
s t i l b e n e . 
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Figure 4. Concentrat ion e f f e c t s in the photo i somer izat ion of 
t r a n s - s t i l b e n e . 
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Figure 5. Temperature e f f e c t s in the photo i somer izat ion o f 
t r a n s - s t i l b e n e . 
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Figure 6. Pressure e f f e c t s in the photo i somer izat ion of t r a n s -
s t i l b e n e . 
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s t a t i o n a r y r a t i o i s c l e a r l y more respons ive to p ressure manipu la t ions 
i n the s u p e r c r i t i c a l f l u i d s t a t e . The observed behavior i s c o n s i s ­
t e n t w i t h the model d e v e l o p e d by S a l t i e l and D ' A g o s t i n o (26) w h i c h 
a t t r i b u t e s i n c r e a s e s i n the c i s / t r a n s r a t i o to inc reases i n so lven t 
v i s c o s i t y . As the pressure ranges from 1100 to 3000 p s i , there i s a 
s l i g h t i n c r e a s e i n the v i s c o s i t y o f l i q u i d C0 2# b u t t h e r e i s a 
t h r e e - f o l d i n c r e a s e i n the v i s c o s i t y of s u p e r c r i t i c a l C 0 2 . 

Table I I . Photoisomerization o f t r a n s - S t i l b e n e i n Carbon D i o x i d e a 

I n i t i a l Reactor Temperature Pressure Photostationary 
Concentrât i o n Concentration State 

(mg/NL) b (mg/ml) c <°C) (psi) ( c i s / t r a n s ) 

2.00 0.98 25 2000 8.63 
2.00 0.87 40 2000 8.68 
0.80 0.39 
0.40 0.16 
0.40 0.16 25 1100 5.51 
0.40 0.05 40 1116 1 .38 d 

0.40 0.17 25 1200 5.82 
0.40 0.07 40 1200 5.51 
0.40 0.18 25 1300 6.06 
0.40 0.11 40 1300 6.24 
0.40 0.18 25 1500 6.19 
0.40 0.15 40 1500 6.65 
0.40 0.20 25 2000 6.42 
0.40 0.17 40 2000 6.73 
0.40 0.21 25 3000 6.80 
0.40 0.19 40 3000 6.91 
0.28 0.13 35 2000 5.66 
0.28 0.12 40 2000 6.54 
0.28 0.11 50 2000 7.04 
0.24 0.10 40 2000 6.29 
0.12 0.052 40 2000 4.80 

a . I r r a d i a t i o n i n a f l o w r e a c t o r w i t h a 450 w a t t H a n o v i a medium 
pressure mercury vapor lamp. 

b. Pure t r a n s - s t i l b e n e was used. Normal l i t e r (NL) : the q u a n t i t y of 
C 0 2 which has a volume of 1 l i t e r at 25°C and 1 atmosphere. 

c . C a l c u l a t e d from the repor ted dens i ty of pure C 0 2 . 
d . V a l u e a p p r o x i m a t e due t o p r e s s u r e and f l o w f l u c t u a t i o n s under 

t h e s e c o n d i t i o n s . 

W h i l e the i m p l i c a t i o n s f o r m a n i p u l a t i n g c h e m i c a l p a t h w a y s , 
r a t e s , and e q u i l i b r i a i n s u p e r c r i t i c a l f l u i d s a r e e x c i t i n g , the 
experiments repor ted here prov ide no d i r e c t evidence about the nature 
of the i n t e r a c t i o n s r e s p o n s i b l e f o r t h i s behav ior , and t h i s w i l l be 
the focus of fu ture i n v e s t i g a t i o n s . 
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Chapter 6 

Solvent Effects During the Reaction 
of Coal Model Compounds 

Martin A. Abraham and Michael T. Klein 

Department of Chemical Engineering, University of Delaware, Newark, DE 19716 

The reaction of benzylphenylamine in supercritical 
water and supercritical methanol is shown to involve 
parallel pyrolysi
Reactant conversion passed through a minimum as the 
solvent loading increased while the product spectrum 
shifted from pyrolysis-1ike to solvolysis-1ike. The 
observed kinetics were consistent with two mechanistic 
interpretations. The first involves parallel pyrolysis 
and solvolysis steps, each having pressure-dependent 
rate constants. The second assumes the formation of a 
solvent cage, which suppresses the pyrolysis kinetics 
as the solvent loading increases from zero to above its 
critical density. 

The chemical reactions that accompany the extraction of volatiles (1_) 
from hydrocarbon resources are frequently obscured by the complexi­
ties of the reaction system. In contrast, the comparative simplicity 
of model compound structures and product spectra permit resolution of 
reaction fundamentals (2) and subsequent inference of the factors 
that control real reacting systems. Herein is described the use of 
model compounds to probe the kinetics of pyrolysis and solvolysis 
reactions that likely occur during the extraction of volatiles from 
coals and lignins. 

Previous studies of the reactions of guaiacol (orthomethoxy-
phenol) (3) 9 di benzyl ether (_4 ), and benzyl phenyl ami ne (J>) in dense 
water elucidated parallel hydrolysis and pyrolysis pathways, the 
selectivity to the latter increasing with water density. Reactant 
decomposition kinetics were interestingly nonlinear in water density 
and consistent with two mechanistic interpretations. The first 
involved "cage" effects, as described for reactions in liquid 
solutions (6_). The second led to parallel pyrolysis and solvolysis 
reaction pathways wherein associated rate constants were dependent 
upon pressure. These two schemes are probed herein through the 
reactions of benzyl phenyl ami ne (8PA) in water and methanol. 
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Experimental 

Table I summarizes the experimental cond i t ions of r eac tan t ' s concen­
t r a t i o n , solvent load ing , temperature, and holding t ime. Measured 
amounts of the commercial ly a v a i l a b l e (A ld r i ch ) substrate benzy l -
phenylamine (BPA), the solvent ( t e t r a l i n , water or methanol), and the 
i n e r t i n te rna l standard biphenyl were loaded at room temperature i n to 
" tub ing bomb" microreactors that have been descr ibed elsewhere (5) . 

Table I. Experimental Condit ions f o r Reaction of BPA 

BPA Reaction Solvent Holding 
Cone. Temp. Loading Time 

Solvent (mol/L) (°C) (mol/L) (min) 
None (Neat) 0.64 386 — 5 - 50 
Tetra l i η 0.59 386 2.95 5 - 6 0 
Water 0.5
Methanol 0.5

Sealed reactors were immersed in to a f l u i d i z e d sand bath held con-
stant at the des i red react ion temperature, which was a t ta ined by the 
reactors in about 2 min; t h i s heat-up per iod was small compared to 
u l t imate react ion times (up to 60 min) and was, in any case, 
i d e n t i c a l fo r a l l runs. Products were i d e n t i f i e d by GC-MS and 
quant i t a ted by GC as descr ibed elsewhere (4_,_5). 

Results 

Table II summarizes the major react ion products . Neat py ro l y s i s of 
BPA led to to luene, a n i l i n e , and benzalani1 ine as major products with 
minor products i nc lud ing 1,2-diphenylethane, diphenylmethane, and 
2 - b e n z y l a n i l i n e . BPA convers ion (x) was near ly 1.0 in 30 min. 
Y ie ld s (yi=n-j/nBp/\ 0) of to luene and a n i l i n e were both approximately 
0.5. B e n z a l a n i l i n e , a dehydrogenated BPA analog, was observed in a 
y i e l d near 0.2, approximately one-ha l f the y i e l d of the major f r a g ­
mentation products toluene and a n i l i n e . 

Table II. S e l e c t i v i t y to Major Products of BPA Reactions at 386°C 
and 25 min 

Reactants 

Product 
BPA/Neat BPA/Tet ra l in BPA/Water 

p r = 0.81 
BPA/MeOH 
Ρ γ = 1.0 

Toluene 0.5 0.63 0.31 0.55 
Ani1ine 0.5 0.63 0.62 0.08 
Benza l an i l i ne 0.2 0.1 0.02 0.02 
Benzyl Alcohol — 0.25 0.10 
Benzaldehyde — — 0.21 0.06 
N-methylani l ine — — — 0.20 

In Supercritical Fluids; Squires, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



6. ABRAHAM AND KLEIN Reaction of Coal Model Compounds 69 

Thermolysis of BPA in t e t r a l i n was slower than neat p y r o l y s i s , 
as a conversion of only 0.8 was reached a f t e r 60 min. The y i e l d s of 
to luene and a n i l i n e a symptot i ca l l y approached 0.5; b e n z a l a n i l i n e 
y i e l d approached 0.1 a f t e r 60 min. S e l e c t i v i t y (y-j/x) to to luene , 
a n i l i n e , and benza l an i l i ne was, r e s p e c t i v e l y , 0.5, 0.5, and 0.2 fo r 
neat py ro l y s i s and 0.63, 0.63, and 0.13 fo r thermolys is in t e t r a l i n . 
The increased s e l e c t i v i t y to to luene and a n i l i n e and the decreased 
s e l e c t i v i t y to benza l an i l i ne during react ion in t e t r a l i n suggests 
that t h i s hydrogen donor competed with BPA as the hydrogen source. 

The react ion of BPA in water at 386°C and p r = 0.8 i s summarized 
in F igure 1 and led to benzyl a lcohol and benzaldehyde as well as the 
neat py ro l y s i s products . BPA convers ion was approximately 0.8 a f t e r 
40 min. A n i l i n e was the major product with a y i e l d of 0.5 a f t e r 40 
min. Toluene, a primary and major product of neat p y r o l y s i s , had a 
y i e l d near 0.2. This was roughly equal to the y i e l d of benzyl 
a l c o h o l , which had a maximum value of 0.15 at 30 min; the y i e l d of 
benzyl a lcohol decreased a f t e r 30 min. The reduced y i e l d of to luene 
r e l a t i v e to neat py ro l y s i
cate that water reacted wit

The e f f e c t of water dens i ty on BPA conversion and product 
s e l e c t i v i t y , fo r a constant react ion time of 10 min, i s shown in 
F igure 2. BPA convers ion passed through a minimum at a reduced water 
dens i ty of 0.1. The s e l e c t i v i t y to a n i l i n e was r e l a t i v e l y unaf fected 
by the solvent dens i t y , but the s e l e c t i v i t y to to luene and b e n z a l ­
a n i l i n e decreased and the s e l e c t i v i t y to benzyl a lcohol increased as 
the solvent loading inc reased . 

The react ion of BPA in s u p e r c r i t i c a l methanol at 340°C and 
p r = 0.5 i s summarized in Figure 3 and led to N-methylani l ine as a 
major product. Benzaldehyde and benzyl a lcohol were observed in 
y i e l d s less than 0.1. The y i e l d of toluene was 0.56, roughly equ iv ­
a lent to that observed from neat p y r o l y s i s , whereas the a n i l i n e y i e l d 
was approximately 0.1, s u b s t a n t i a l l y reduced from that observed in 
the neat case. The y i e l d of N-methylani l ine surpassed that of 
a n i l i n e , as a value of 0.4 was a t ta ined a f t e r 120 min. Reaction in 
l^C - l abe led methanol showed the label to res ide on the methyl group 
i n the N-methylani l ine product, d e f i n i t i v e l y i n d i c a t i n g that methanol 
reacted with BPA. 

The e f f e c t of methanol dens i ty on BPA conversion and product 
s e l e c t i v i t y , at a constant react ion time of 60 min and a temperature 
of 340°C, was q u a l i t a t i v e l y s i m i l a r to that observed for water. This 
i s i l l u s t r a t e d in Figure 4, where the minimum conversion occurs at a 
reduced methanol dens i ty of 0.6. The y i e l d of to luene was r e l a t i v e ­
ly unaffected by changes in the methanol dens i t y , whereas the y i e l d 
of a n i l i n e decreased and that of N-methylani l ine increased as the 
so lvent loading i nc reased . 

D i scuss ion 

BPA react ion in water or methanol y i e l d e d so l va t i on products in 
add i t i on to those observed from py ro l y s i s neat and thermolys i s in the 
hydrogen donor so l ven t , t e t r a l i n . BPA conversion passed through a 
minimum at a reduced solvent dens i ty of 0.6 and 0.1 fo r reac t ion in 
methanol and water, r e s p e c t i v e l y . Results q u a l i t a t i v e l y s i m i l a r to 
those observed in Figures 2 and 4 have been noted prev ious l y f o r 
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10 20 30 
Reaction time (min) 

F igure 1. The react ion of BPA in s u p e r c r i t i c a l water at 386°C and 
p r = 0.81. 

Reduced Water Density 

F igure 2. E f f e c t of water dens i ty on BPA convers ion and product 
s e l e c t i v i t y fo r reac t ion at 386°C a f t e r 10 min. 
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F igure 4. E f f e c t of methanol dens i ty on BPA convers ion and 
product s e l e c t i v i t y f o r react ion at 340°C a f t e r 60 min. 
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react ions in so lu t i on with networks conta in ing pressure-dependent 
rate constants (7_). The minimum in BPA conversion i s expla ined by the 
simultaneous decrease in the rate of the py ro l y s i s react ion and 
increase in the rate of the s o l v o l y s i s r e a c t i o n . 

These resu l t s are cons i s tent with the react ion pathways shown in 
F igure 5. The major neat py ro l y s i s pathway, i l l u s t r a t e d in Figure 
5a, requires two molar equiva lents of BPA fo r the formation of one 
mole each of to luene , a n i l i n e , and ca rbon- r i ch products (CRP) which 
inc lude the observed b e n z a l a n i l i n e . The network fo r thermolys i s in 
t e t r a l i n i s a combination of the neat py ro l y s i s pathway (Figure 5a) 
and a pathway wherein t e t r a l i n and BPA react to one mole each of 
to luene and a n i l i n e , and 0.5 molar equiva lents of naphthalene. 
F igure 5b depicts a d i r e c t s o l v o l y s i s pathway for water and methanol 
s o l ven t s . Here the BPA can e i t h e r ( i ) react by the neat py ro l y s i s 
pathway with the consumption of another BPA, to give one mole each of 
to luene , a n i l i n e , and benza l an i l i ne or ( i i ) proceed through the 
s o l v o l y s i s pathway to give oxygenated products and a n i l i n e (or N-
methy lan i l i ne for react io
oxygenated products woul

The minima in 3PA conversion observed fo r react ion of BPA in 
water and methanol can be expla ined by a l lowing the rate constants of 
F igure 5b to be dependent on pressure. For each solvent loading (and 
thus pressure) s tud ied , the p s e u d o - f i r s t - o r d e r rate constants f o r the 
pathways of F igure 5b are shown in Table III. These were ca l cu l a ted 
using a sequent ia l simplex search based on the Complex Method of Box 
{8) where the ob jec t i ve funct ion was the square of the dev ia t ions 
between pred ic ted and experimental va lues . The pressure generated by 
water was estimated from PVT data (9) and the methanol pressure was 
est imated using a Peng-Robinson equation of s t a t e . 

T r a n s i t i o n s ta te theory e x p l i c i t l y provides the pressure depen­
dence of an nth order rate constant f o r an elementary step through 
the volume of a c t i v a t i o n , A V * , as i nd i ca ted in Equation 1. 

9lnk Α Ι Ι Φ , 3 l n c T 

« - i r + - 5 Γ 1 (D 

Note that Δη* i s the d i f f e r e n c e between the number of moles in 
the t r a n s i t i o n s ta te and the mo lecu la r i t y of the elementary s tep . In 
Equation 3, k c i s the observed rate constant based on concen t ra t i on , 
and q - i s the t o t a l concentrat ion of the react ion mixture (1_0). The 
volume of a c t i v a t i o n i s the d i f f e r e n c e between the p a r t i a l molar 
volumes of the ac t i va ted s ta te and the reac tant s . 

For react ions in s o l u t i o n , pressures in the range of k i l oba r s 
are genera l ly required before the rate constant i s a f f ec ted s i g n i f i ­
c a n t l y . This i s because t y p i c a l values of the a c t i v a t i o n volume 
range from -20 to +20 cc/mol {U) and, hence, In (k/kg) , which i s 
equal to - A V * A P / R T , does not become s i g n i f i c a n t (e .g . ~1) u n t i l large 
changes in pressure ( e . g . , Δ Ρ = 2.74 kbar f o r Δν* = -20cc/mol) occur . 
However, Simmons and Mason (1_2) have shown that near the c r i t i c a l 
point of a f l u i d the volume of a c t i v a t i o n may approach ±~. Moreover, 
as can be seen from Equation 1, the e f f e c t of pressure on the rate 
constant i s a t t r i b u t a b l e to not only the i n t r i n s i c volume of a c t i v a ­
t i o n but a l so the c o m p r e s s i b i l i t y of the f l u i d which may be large in 
a f l u i d near i t s c r i t i c a l po in t . Hence, the net "apparent" volume of 
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Table III. Apparent Rate Constants f o r BPA Reaction in SC Solvents 

Reaction in water at 386°C 
Estimated 

Pr Pressure ki χ 10 3 k 2 χ 10 3 

Pr 
(atm) (min-1) ( L (mo l ) - l (m in ) - l ) 

0.0 0 69 — 

0.025 22 26 17 
0.05 45 
0.1 87 
0.3 184 14 2.2 
0.5 227 15 1.6 
0.8 249 17 2.0 
1.2 264 18 1.8 

Reaction in methanol at 386°C 
0.1 43.1 22 6.4 
0.3 117.3 8.1 2.6 
0.5 183.0 8.6 1.5 
0.75 264.7 7.7 1.8 
1.0 358.9 6.1 1.3 
1.25 480.7 2.7 1.0 
1.6 739.2 3.2 1.0 

Reaction in methanol at 340°C 
0.0 0.0 22 — 

0.1 39.2 5.8 1.7 
0.3 101.8 4.0 0.93 
0.5 151.6 2.9 1.4 
0.75 208.1 2.7 0.87 
1.0 271.0 1.3 0.84 
1.3 375.9 1.0 0.72 
1.6 547.0 0.38 0.50 
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a c t i v a t i o n i s the sum of an i n t r i n s i c term and a term a r i s i n g from 
the so lu t i on c o m p r e s s i b i l i t y , both of which may be unusual ly l a r ge . 
Thus, the e f f e c t s of pressure on the react ion rate constant can be 
observed at pressures s i g n i f i c a n t l y lower than prev ious ly noted in 
the l i qu id -phase l i t e r a t u r e . 

The e f f e c t s of solvent density on the observed rates can a l so be 
i n t e r p r e t e d through the onset of cage e f f e c t s . As the solvent 
loading i nc reases , the system dens i ty increases from a g a s - l i k e to a 
l i q u i d - l i k e va lue. In dense f l u i d s , an add i t ion react ion such as 
A + Β -> AB i s considered to f o l l ow, in s e r i e s , the formation of an 
ecountered pa i r AB* (6_). S i m i l a r l y , the fragmentation react ion AB -> 
A + Β can be l im i t ed by the rate of breaking apart the encountered 
p a i r AB*. For the pathways of Figure 6, the encountered species i s 
BPA*. Rate constants k^, k_x, and k3 are i n t r i n s i c , whereas k2 i s the 
inverse of the durat ion of an encounter. Rate constant k 2 i s p ro ­
por t i ona l to the d i f f u s i o n c o e f f i c i e n t of the encountered spec ie s , 
which w i l l be high in the gas phase and several orders of magnitude 
lower in the l i q u i d phase
s teady - s ta te permits de r i va t i o
of F igure 6 as: 

2 k 1 k 9 

1 ά + k 0 S 
k_x + k 2 "3 (2) 

Both terms on the r ight hand s ide of equation 2 depend on 
solvent l oad ing . In the f i r s t term, k 2 i s i nve r se l y proport iona l to 
the time of encounter, τ/\β, which in turn i s i nver se l y propor t iona l 
to the d i f f u s i v i t y . The d i f f u s i v i t y and thus k2 decrease with 
increases in the dens i ty as: 

k 2 ~ 1/TAB - D ~ 1/ Pa (3) 

The second of the terms of the r ight hand s ide of Equation 2, k3S, 
increases with solvent l oad ing . The ove ra l l rate of BPA convers ion 
may thus i n i t i a l l y decrease as the solvent loading i s increased due 
to the decrease in rate constant k 2 ; as the solvent loading i s 
increased f u r t h e r , the rate of disappearance of BPA should increase 
because of the increase in the term k3S. 

Conclusions 

1. S u p e r c r i t i c a l so lvents react with BPA to y i e l d products that are 
not observed from neat py ro l y s i s or thermolys i s in a hydrogen 
donor. 

2. Increasing the solvent loading s h i f t s the product spectrum from 
p y r o l y s i s - l i k e to s o l v o l y s i s - l i k e . In a d d i t i o n , a minimum in 
reactant convers ion, a r i s i n g from a decrease in the rate of the 
p y r o l y s i s pathway, i s observed. 

3. The observed k i n e t i c s are cons i s tent with two mechanist ic i n t e r ­
p r e t a t i o n s . The f i r s t invo lves pressure-dependent rate constants 
as viewed through t r a n s i t i o n - s t a t e theory . The volume of a c t i ­
vat ion may be unusual ly large due to the unique proper t ie s of a 
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Neat Pyrolysis Pathway 

75 

BPA 
1 

+ BPA 
TOL + ANL + CRP 

Reaction Pathways In Supercr i t ica l Fluids 

BPA 

3) Ο 

Ί 
+ BPA 

TOL + ANL + CRP 

R

PhCH 2OH + PhNHR 

TOL = QT 
ANL = 0" N H2 

PhCH 2OH = O ^ 0 H 

^ NHR 

PhNHR = (X 
Qpp Carbon-Rich 

Products 

F igure 5 . Global pathways for the react ion of BPA neat and with 
s u p e r c r i t i c a l f l u i d so l ven t s . 

AB ^ AB* 

d In (AB) 

dt 

2 k , k 2 

k_, + k 3 

+ k 3 S 

1 

TAB 
a D a — 

Figure 6. Model of p a r a l l e l BPA s o l v o l y s i s and py ro l y s i s through 
caged rad i ca l p a i r . 
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f l u i d near i t s c r i t i c a l p o i n t . The second al lows solvent cage 
e f f e c t s to suppress p y r o l y s i s , such that at i nc reas ing so lvent 
l oad ing , the py ro l y s i s react ion becomes d i f f u s i o n l i m i t e d . 
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Chapter 7 

Heterolysis and Homolysis in Supercritical Water 

Michael Jerry Antal, Jr., Andrew Brittain, Carlos DeAlmeida, Sundaresh Ramayya, and 
Jiben C. Roy1 

Department of Mechanical Engineering, University of Hawaii, Honolulu, HI 96822 

The reaction chemistry of simple organic molecules in super­
critical (SC) water can be described by heterolytic (ionic) 
mechanisms when th
10 - 1 4 and by homolytic (free radical) mechanisms when 
Kw«10-14. For example, in SC water with Kw>10-14 ethanol 
undergoes rapid dehydration to ethylene in the presence of 
dilute Arrhenius acids, such as 0.01M sulfuric acid and 1.0M 
acetic acid. Similarly, 1,3 dioxolane undergoes very rapid and 
selective hydration in SC water, producing ethylene glycol and 
formaldehyde without catalysts. In SC methanol the 
decomposition of 1,3 dioxolane yields 2 methoxyethanol, 
illustrating the role of the solvent medium in the heterolytic 
reaction mechanism. Under conditions where Kw«10-14 the 
dehydration of ethanol to ethylene is not catalyzed by 
Arrhenius acids. Instead, the decomposition products include a 
variety of hydrocarbons and carbon oxides. 

Efficient thermochemical processes underlie the conversion of crude 
oil and natural gas liquids to higher value chemicals and fuels. 
Unfortunately, attempts to develop similar conversion processes for 
biomass feedstocks (such as wood chips and bagasse) have been 
frustrated by the non-specificity of high temperature pyrolysis 
reactions involving biopolymer substrates (1,2). For example, the 
pyrolysis of bagasse yields a liquid mixture of carbohydrate sirups 
and phenolic tars, a gas composed primarily of carbon oxides and 
hydrogen, and a solid charcoal. Variations of the conventional 
engineering parameters (temperature, heating rate, residence time 
and pressure) do not provide a good control over the complex set of 
concurrent and consecutive pyrolysis reactions. Thus it has not 
been possible to engineer the pyrolysis reactions to produce a few 
high value products from biomass materials. 

Recent advances in materials technology, high pressure pumps 
and other high performance liquid chromatography (HPLC) equipment, 
have created new opportunities (3) for fundamental studies of 
'Current address: Gonoshathaya Pharmaceuticals Limited, P.O. Nayarhat via Dhamrai, 
Dhaka, Bangladesh 
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78 SUPERCRITICAL FLUIDS 

chemical reac t i ons in s o l v e n t s at very high pressures (>30 MPa) and 
temperatures (>400° C). For s u f f i c i e n t l y d i l u t e s o l u t e - s o l v e n t 
mixtures at pressures P>PC, no l i q u i d - v a p o r phase t r a n s i t i o n occurs 
as the mixture i s heated. Furthermore, when the temperature Τ i s 
near the s o l v e n t ' s c r i t i c a l temperature and P>PC many s o l v e n t s 
manifest ex t r ao rd ina ry p roper t ie s (4,5). These unusual p roper t ie s 
o f f e r oppor tun i t i e s f o r the con t ro l o f chemical r eac t i on s i n v o l v i n g 
biopolymers and other substrates . 

As d i scussed in the f o l l o w i n g sec t i ons , when the dens i ty of 
s u p e r c r i t i c a l (SC) water exceeds 0.4 g/cm 3 the f l u i d r e t a i n s i t s 
i o n i c p roper t i e s (high d i e l e c t r i c constant and ion product) - even 
at high temperatures. These p roper t i e s p rov ide new oppor tun i t i e s to 
c a t a l y z e a v a r i e t y of h e t e r o l y t i c bond c leavages with a high degree 
of s p e c i f i c i t y . Examples d i scussed in t h i s paper i n c l u d e the 
dehydrat ion of ethanol to e thy lene and the hydrat ion of 1,3 
d ioxo lane to g l y c o l and formaldehyde. In each of these examples the 
s p e c i f i c i t y of the h e t e r o l y t i c bond c leavage i s h igh; whereas the 
c o n v e n t i o n a l , higher temperature
y i e l d s of the des i red products
f i nd ing s reported here may have e x c i t i n g i m p l i c a t i o n s f o r the 
product ion of e thy lene from e thano l . 

P r i o r Work 

In teres t in the use of SC s o l v e n t s as a r eac t i on media i s founded 
upon recent advances in our understanding of t h e i r unique thermo-
phys i ca l and chemical p roper t i e s . Worthy of s p e c i a l note are those 
thermophysical p roper t ie s (6) which can be manipulated as parameters 
to s e l e c t i v e l y d i r e c t the progress of d e s i r a b l e chemical reac t i ons . 
These p roper t i e s i n c l u d e the s o l v e n t ' s d i e l e c t r i c constant (7), ion 
product (8,9), e l e c t r o l y t e s o l v e n t power (10,11), t ranspor t 
p roper t i e s " [ v i s c o s i t y (12), d i f f u s i o n c o e f f i c i e n t s (13) and ion 
m o b i l i t i e s (14)], hydrogen bonding c h a r a c t e r i s t i c s (T5), and s o l u t e -
s o l v e n t "enhancement f a c t o r s " (6). A l l these p roper t i e s are 
s t r o n g l y i n f l u e n c e d by the s o l v e n t ' s dens i t y Ρ in the s u p e r c r i t i c a l 
s t a t e . 

For example, SC water with ρ =0.47 g/cm 3 at 400° C (Ρ = 35. 
MPa) enjoys a d i e l e c t r i c constant of about 10 (comparable to a po^ar 
organ ic V iqu id under normal cond i t i ons ) , an ion product of 7x10"* 
(vs 10" at room cond i t ions ) and a dynamic v i s c o s i t y u =0.57 
m i l l i p o i s e (vs 10 at room cond i t ions ) . Under these cond i t ions SC 
water behaves as a w a t e r - l i k e f l u i d with strong e l e c t r o l y t i c s o l v e n t 
power, high d i f f u s i o n c o e f f i c i e n t s and ion m o b i l i t i e s , and 
con s i de rab le hydrogen bonding. These p roper t i e s f a v o r chemical 
reac t ions i n v o l v i n g h e t e r o l y t i c ( ion ic ) bond c leavages which can be 
c a t a l y z e d by the presence of ac ids or bases. 

Dramatic changes occur when the temperature o f 3 t h e SC water i s 
r a i s ed to 500° C at constant pressure (P=0.144 g/cm 3). Decreases in 
the d i e l e c t r i c constant to a v a l u e of 2 and ion product to 
2.1 χ 1 0 " ^ υ cause the f l u i d to l o se i t s w a t e r - l i k e c h a r a c t e r i s t i c s 
and behave as a high temperature gas. Under these cond i t ions 
homolyt ic ( f ree r a d i c a l ) bond c leavages are expected to dominate the 
reac t i on chemistry. Thus by using the eng ineer ing parameters of 
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temperature and pressure one can d r a m a t i c a l l y change the chemical 
p roper t i e s of the s o l v e n t ( d i e l e c t r i c constant and ion product) to 
f a v o r h e t e r o l y t i c or homolyt ic bond c leavages . Th i s paper 
emphasizes the manipu lat ion of these parameters as a means f o r 
eng ineer ing the reac t i on chemistry of biopolymer m a t e r i a l s . 

Apparatus and Experimental Procedures 

F igure 1 i s a schematic of the SC f l o w reac to r used in t h i s work. 
P r i o r to the i n i t i a t i o n of f l ow, the system i s brought up to 
pressure by an a i r compressor. Afterwards, an HPLC pump fo rces a 
pure s o l v e n t i n to the reactant accumulator at a measured ra te of 
f low. Th i s f l ow d i s p l a c e s the s o l v e n t / s o l u t e reac tant mixture out 
of the accumulator, through the reac to r and a 10 port v a l v e dual 
loop sampling system, and in to the product accumulator. The f l ow of 
products i n to the second accumulator d i s p l a c e s a i r through a back­
pressure r e g u l a t o r and in to a water displacement apparatus  which 
measures the ra te of a i
f l ow i s r a p i d l y heated
guard, and maintained at isothermal cond i t i ons by a Transtemp I n f r a ­
red furnace and an e x i t heat guard. Samples captured in 5.54 ml 
sample loops are r e l e a s e d i n to s e a l e d , evacuated t e s t tubes f o r 
q u a n t i t a t i v e a n a l y s i s by GC, GC-MS, and HPLC instruments wi th in the 
l abora tory . The outer annul us of the reac to r i s a 4.6 mm ID 
H a s t e l l o y C-276 tube, and the inner annulus i s a 3.2 mm 0D s i n te red 
alumina tube, g i v i n g the reac tor an e f f e c t i v e h y d r a u l i c diameter of 
1.4 mm. The alumina tube accommodates a movable type Κ thermocouple 
a long the reac tor ' s ax i s , which prov ides f o r the measurement of 
a x i a l temperature gradients a long the reac tor ' s f u n c t i o n a l length. 
Rad ia l temperature grad ients are measured as d i f f e r e n c e s between the 
c e n t e r l i n e temperature and temperatures measured at 10 f i x e d 
po s i t i on s a long the outer w a l l of the reac tor using type Κ 
thermocouples. The l o c a t i o n of the movable thermocouple wi th in the 
reac to r i s measured e l e c t r o n i c a l l y to w i th in 0.01 mm by a TRAK 
d i g i t a l p o s i t i o n read out system. The e n t i r e r eac to r and sampling 
system i s housed in a " b u l l e t proof" enc lo sure which can be purged 
of a i r (oxygen) during s tud ies i n v o l v i n g f lammable s o l v e n t s (such as 
methanol). 

The f o l l o w i n g r e p r e s e n t a t i v e nondimensional numbers 
c h a r a c t e r i z e the reac to r operat ing at 400°C: Re = 420, Pr = 1.86, 
Sc = 0.86, P e m = 358, Peu = 776 and Da = 0.4. F i g u r e 2 d i s p l a y s a 
t y p i c a l temperature p r o f i l e of the reac to r during operat ion. 
Because the thermal d i f f u s i v i t y of SC water i s comparable to that of 
many high q u a l i t y i n s u l a t i o n m a t e r i a l s , gross r a d i a l temperature 
grad ients can e a s i l y e x i s t in a f l ow reac tor . As shown in F igure 2, 
r a d i a l temperature gradients w i th in the annular f l ow reac to r are 
n e g l i g i b l e . A computer program, which a c c u r a t e l y accounts f o r the 
e f f e c t s of the var ious f l u i d ( s o l ven t , s o l v e n t and s o l u t e , a i r ) 
c o m p r e s s i b i l i t i e s on f l ow measurements, c a l c u l a t e s mass and 
e lementa l ba lances f o r each experiment. A t y p i c a l experiment 
ev idences mass and elemental ba lances of 1.00+0.05. 
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Results 

Resu l t s of experiments probing the dehydrat ion chemistry of ethanol 
i n SC water (P = 34.5 MPa) are summarized i n T a b l e 1. I f 
e q u i l i b r i u m were e s t a b l i s h e d , the convers ion of ethanol to e thy lene 
at 400° C and 34.5 MPa would be 74%. Un fo r tuna te l y , the uncata lyzed 
r e a c t i o n i s very slow and l i t t l e e thy lene i s formed. Moreover, many 
Arrhenius ac id c a t a l y s t s e i t h e r decompose or reac t with the ethanol 
at these high temperatures, forming unwanted byproducts. For 
example, n i t r i c ac id comp le te l y decomposes and leads to the 
formation of CO2, CO and other byproducts. Formic ac id a l s o 
decomposes in SC water under these cond i t i on s , and does not c a t a l y z e 
the dehydrat ion r e a c t i o n . At high concentra t ions (0.1M) s u l f u r i c 
ac id s u f f e r s some decomposition and reac t s with the e t h a n o l , as w e l l 
as c a t a l y z i n g the dehydrat ion r e a c t i o n . However, at lower concen­
t r a t i o n s , the ac id exerts a strong and s e l e c t i v e c a t a l y t i c i n f l u e n c e 
on the dehydrat ion o f e thano l . As shown in Tab le 1, in the presence 
of 0.01 M s u l f u r i c a c i d
at 400°C, y i e l d i n g 82%

U n l i k e formic a c i d , a c e t i c ac id i s a b s o l u t e l y s t a b l e in SC 
water to 500° C at 34.5 MPa. At 400° C the presence of a c e t i c ac id 
(1.0M) t r i p l e s the r a te of formation o f e thy lene from e t h a n o l ; 
however, the formation of the l i q u i d byproduct e thy l acetate 
accounts f o r 46% of the ethanol which reacted. Normal ly the 
presence of a strong ac id (such as H 2 S0O i s requ i red to c a t a l y z e 
the formation of the acetate from ethanol and a c e t i c ac id . 
Consequent ly, the formation of the acetate (along with d i e t h y l e t h e r 
as a minor, <1%, a d d i t i o n a l product) s u rp r i s ed us. Th i s r e s u l t 
seems to i n d i c a t e the a b i l i t y of SC water to act as an ac id c a t a l y s t 
at high temperatures when K W>10~ 1 1\ 

As mentioned e a r l i e r , at 500° C and 34.5 MPa s u p e r c r i t i c a l 
water has a sma l l d i e l e c t r i c constant, a ve ry low ion product, and 
behaves as a high temperature gas. These p roper t i e s would be 
expected to minimize the r o l e of h e t e r o l y s i s in the dehydrat ion 
chemistry. As shown in Tab le 1, the convers ion of ethanol to 
e thy lene at 500° C i s s m a l l , even in the presence of 0.01M s u l f u r i c 
ac id c a t a l y s t . The appearance of the byproducts CO, C0 2 , CH^ and 
C 2 H 6 po in t s to the onset of n o n s e l e c t i v e , f r e e r a d i c a l reac t i ons in 
the decomposit ion chemistry, as would be expected in the high 
temperature gas phase thermo lys i s o f e thano l . 

S i m i l a r experiments i n v o l v i n g the hydrat ion of 1,3 d ioxo lane in 
water (see F igure 3) at 350° C and 34.5 MPa ev idenced the complete 
decomposit ion of the reactant and produced a y i e l d of 99.8% ethy lene 
g l y c o l and formaldehyde (formed in equimolar amounts) with a 
res idence time of 100s. An experiment i n v o l v i n g 1,3 d ioxo lane in SC 
methanol at 450° C and 13.8 MPa formed the expected product 2-
methoxyethanol, subs tan t i a t i ng the r o l e of the s o l v e n t medium in the 
r e a c t i o n chemistry as i nd i ca ted in F igure 3. The ex t rao rd ina ry 
s p e c i f i c i t y and r a te of hydrat ion r e a c t i o n rendered the use of 
c a t a l y s t s unnecessary. These r e s u l t s cont ra s t with e a r l i e r f i nd ing s 
(18) concerning the high temperature (>600° C), f r e e r a d i c a l 
decomposit ion o f 1,3 d ioxo lane in steam at 0.1 MPa, where a wide 
v a r i e t y of gaseous products ( i n c l u d i n g H2, CO, CO2, CHi», C 2Hn and 
C 2 H 6 ) were observed and no s p e c i f i c i t y in the reac t i on chemistry 
c o u l d be r e a l i z e d . 
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Figure 3. H e t e r o l y t i
from 1,3
M. Jones) . 

D i scuss ion 

H e t e r o l y t i c reac t i ons can be d i s t i ngu i shed from homolyt ic ( f ree 
r a d i c a l ) reac t i ons by the f o l l o w i n g c r i t e r i a : 

1) h e t e r o l y t i c reac t ions u s u a l l y can be c a t a l y z e d by 
Arrhenius ac ids and bases. 

2) h e t e r o l y t i c reac t ions u s u a l l y are i n f l u e n c e d by the nature 
(po la r vs non-polar) of the s o l v e n t medium. 

3) h e t e r o l y t i c reac t ions are o f ten qu i te s p e c i f i c . 
4) homolyt ic reac t ions are not i n f l u e n c e d by Arrhenius ac id 

or base c a t a l y s t s . 
5) because of terminat ion steps, homolyt ic reac t i ons are 

o f ten n o n - s p e c i f i c . 
F indings reported in t h i s paper i n c l ude : 

1) the c a t a l y s i s of ethanol dehydrat ion by two Arrhenius 
ac ids in SC water at 400°C where Kw>10~ 1 1 1 

2) the i n f l u e n c e of the s o l v e n t (water vs methanol) on the 
products and rates o f the uncata lyzed decomposit ion o f 1,3 
d ioxo lane. 

3) the ex t raord inary s p e c i f i c i t y of these two reac t i ons when 
Kw>10- l h . 

4) the i n e f f e c t i v e n e s s o f H2SCK as a c a t a l y s t f o r ethanol 
dehydrat ion in SC water at 500°C where K w « 1 0 " 1 1 + . 

5) the l o s s o f s p e c i f i c i t y of the ethanol denydrat ion 
reac t i on at 500°C where K w « 1 0 " 1 1 + . 

These f i nd ing s cause us to conc lude that aqueous phase chemical 
r eac t i on s , u s u a l l y observed at much lower temperatures, can be 
conducted in SC water p rov i d i ng K w>10" 1 1 +. When ^ « Η Γ 1 * SC water 
behaves as a high temperature gas and f r e e r a d i c a l reac t ions 
predominate. 

The formation o f the e thy l acetate e s te r from ethanol and 
a c e t i c ac id a l s o points to the r o l e of carbocat ion chemistry in SC 
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water when K w>10" 1 1 +. In a d d i t i o n , t h i s r e a c t i o n suggests the 
p o s s i b l e r o l e of SC water as a c a t a l y t i c medium (due to the "high" 
concentrat ions o f H+ and 0H-) at s u f f i c i e n t l y high temperatures and 
pressures . 

The c a t a l y t i c dehydrat ion o f ethanol to e thy lene in SC water 
may be commerc ia l l y important (16). Although high q u a l i t y 
commercial a lumina c a t a l y s t s e x i s t f o r the vapor phase dehydration 
of e t h a n o l , the commercial processes r e q u i r e the ethanol feedstock 
to be r e l a t i v e l y f r e e of water. Hence the ethanol must be d i s t i l l e d 
from the ethano l -water mixture which i s the product of fermentat ion 
processes. By avo id ing t h i s d i s t i l l a t i o n s tep, and secur ing phase 
separat ion of the e thy lene product from the ethano l -water reactant , 
SC dehydrat ion o f ethanol cou ld enjoy advantages over e x i s t i n g 
commercial techno log ie s . 

Because o f the p o t e n t i a l commercial s i g n i f i c a n c e of t h i s work, 
we are p r e s e n t l y deve lop ing k i n e t i c express ions f o r the ra te of 
e thy lene formation in the SC water environment  We are a l s o 
measuring the ra te of ethano
c r i t i c a l po int of wate
near the c r i t i c a l po int have any i n f l u e n c e on the r e a c t i o n ra te . In 
the near fu ture we p lan to begin s tud ies o f the reac t i on chemistry 
of g lucose and r e l a t e d model compounds ( l e v u l i n i c acid) in SC water. 

Conclus ions 

The s i g n i f i c a n c e of t h i s work i s i t s i d e n t i f i c a t i o n of SC water 
as a medium which supports and enhances aqueous phase chemistry 
o r d i n a r i l y observed at much lower temperatures. Fundamental s tud ies 
of the reac t i on chemistry of biopolymer r e l a t e d model compounds 
descr ibed in t h i s paper o f f e r i n s i gh t s in to the d e t a i l s of reac t i on 
mechanisms, and f a c i l i t a t e the cho ice of r e a c t i o n cond i t ions which 
enhance the y i e l d s of v a l u a b l e products. Chemical r eac t i on 
eng ineer ing in s u p e r c r i t i c a l s o l v e n t s , based on the a b i l i t y to 
choose between h e t e r o l y t i c and homolyt ic reac t i on mechanisms with 
foreknowledge of r e s u l t s , ho lds much promise as a new means to 
improve our u t i l i z a t i o n of the vast biopolymer resource. 
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Chapter 8 

A Statistical Mechanics Based Lattice Model 
Equation of State 

Applications to Mixtures with Supercritical Fluids 

Sanat K. Kumar, R. C. Reid, and U. W. Suter 

Department of Chemical Engineering, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

A Statistical-Mechanic
of state (EOS) for modelling the phase behaviour of 
polymer-supercritical fluid mixtures is presented. 
The EOS can reproduce qualitatively all experimental 
trends observed, using a single, adjustable mixture 
parameter and in this aspect is better than classical 
cubic EOS. Simple mixtures of small molecules can 
also be quantitatively modelled, in most cases, with 
the use of a single, temperature independent adjustable 
parameter. 

During the last decade, increasing emphasis has been placed on 
the use of the equation of state (EOS) approach to model and correlate 
high-pressure phase equilibrium behaviour. More successful applications 
have employed some form of cubic EOS (1-3) although others (e.g., 
4) have been proposed. However, as the types of systems studied 
have become more complex, the inherent weaknesses of a cubic EOS 
have become apparent. We, in particular, are interested in studying 
phase behaviour of systems comprising polymer molecules in the 
presence of a supercritical fluid. Here the size disparity of the 
component molecules can be large. One approach would have been to 
adopt the modified perturbed hard chain theory (5,6) which has been 
adapted for mixtures of large and small hydrocarbon molecules. We, 
however, elected to study whether lattice theory models could be of 
value for systems of our interest. Studies based on this approach 
have been attempted for different systems (7-15), and an interesting 
model has been proposed by Panayiotou and Vera (16.) . Our approach 
is similar in many respects to the last reference although significant 
differences appear in treating mixtures. 

0097-6156/87/0329-0088$06.00/0 
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Pure Components 

Theory. Molecules are assumed to " s i t " on a l a t t i c e of c o o r d i n a t i o n 
number ζ and of c e l l s i z e V J J . Each molecule (species 1) i s assumed 
to occupy r ^ s i t e s (where r ^ can be f r a c t i o n a l ) , and the l a t t i c e has 
empty s i t e s c a l l e d holes. There are N Q holes and molecules. To 
account f o r the c o n n e c t i v i t y of the segments of a molecule, an e f f e c t i v e 
chain length i s defined as, 

zqi = z r i - 2 r ^ + 2 1) 

wherein i t has been assumed that chains are not c y c l i c , zq^ now 
represents the e f f e c t i v e number of ex t e r n a l contacts per molecule. The 
i n t e r a c t i o n energy between segments of molecules i s denoted by 

while the i n t e r a c t i o n energy of any species with a hole i s 
z e r o . Only n e a r e s t n e i g h b o u r i n t e r a c t i o n s are considered, and 
pairwise a d d i t i v i t y i s assumed. The canonical p a r t i t i o n f u n c t i o n 
f o r t h i s ensemble can

Ω = I e x p ( - 0 E { n ) ) 2) 
a l l 

s t a t e s {n} 

where /3=l/kT. On the assumption of random mixing of holes and 
molecules, and f o l l o w i n g the approach of Panayiotou and Vera (16), 
we obtai n an expression f o r Ω which i s v a l i d outside the c r i t i c a l 
r e g i o n of the pure component, i . e . , 

_ f j J N l (Nn + r ^ ) ! f (N n + N i q i ) ! 1 z / 2 (β _ N l 3 j 1 

U J N 0 ! N L ! [ ( N 0 + Ν 1 Γ 1 ) ! J e X p [2 z N l q l £ " - NQ + N I Q I J i } 

where S i s the number of i n t e r n a l arrangements of a molecule and σ 
a symmetry f a c t o r . Using the f o l l o w i n g reducing parameters 

( z / 2 ) e n = P*v H = RT* 4) 

and d e f i n i n g V, the t o t a l volume of the system, 

V = v H ( N 0 + r i N x ) 5) 

an EOS that defines the pure component i s obtained, i . e . , 
2 

? _ I N _Y_ + ? i n v + ( q / r ) - 1 -
Τ l v - l J 2 ^ ν J Τ 

6) 

Here ϋ i s the e f f e c t i v e surface f r a c t i o n of molecules and the t i l d e 
(~) denotes reduced v a r i a b l e s . A l l q u a n t i t i e s , except ν i n the EOS, 
are reduced by the parameters i n Equation 4. The s p e c i f i c volume v, 
i s reduced by v*,the molecular hard-core volume, 
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v * β N i r i v H 7) 

Expressions f o r the chemical p o t e n t i a l of a pure component can a l s o 
be d e r i v e d from Equation 3 and standard thermodynamics (17). 

Determination o f pure component parameters. In order to use the 
EOS to model r e a l substances one needs to ob t a i n € X 1 and v*. For a 
pure component below i t s c r i t i c a l p o i n t , a technique suggested by 
J o f f e e t a l . (18) was used. This involves the matching of chemical 
p o t e n t i a l s o f each component i n the l i q u i d and the vapour phases a t 
the vapour pressure of the substance. Also, the a c t u a l and p r e d i c t e d 
s a t urated l i q u i d d e n s i t i e s were matched. The set of equations so 
obtained was solved by the use of a standard Newton's method to 
y i e l d the pure component parameters. Values of c i x and v* f o r 
ethanol and water at se v e r a l temperatures are shown i n Table 1. In 
t h i s c a l c u l a t i o n v H an
r e s p e c t i v e l y (16). Th
component VLE was foun  quit  ζ 
(6<z<26) and v H (l.Ox 10' 7 m 3mole" χ<ν Η<1.5x 10" 5 m 3mole" 1). 

For a s u p e r c r i t i c a l f l u i d (SCF) component, the pure component 
parameters were obtained by f i t t i n g P-v data on isotherms (300-
380K). Pr e l i m i n a r y data f o r these substances suggest that although 
the computed v* i s a weak f u n c t i o n of temperature, c x l i s a constant 
w i t h i n r e g r e s s i o n e r r o r . 

Table 1: Pure Component parameters f o r ethanol and water 
at s e v e r a l temperatures ( z-10, v H-9.75 χ 10' 6 m 3mole" 1) 

Ethanol Water 

Τ (Κ) e 1 ] L (N-m/mole) v* (cm 3g' 1) € 1 1(N-m/mole) v* (cm 3g' 1) 

283 1357, .59 1.2018 3596. .56 0.9602 
293 1355, .47 1.2016 3516. .20 0.9685 
303 1314, .34 1.2193 3438. .16 0.9767 
313 1294, .18 1.2276 3362. .54 0.9588 
323 1274, .90 1.2358 3289. .36 0.9943 
333 1256. .49 1.2437 3218. .53 1.0030 
343 1238, .87 1.2515 3150. .14 1.0123 
353 1222. .04 1.2589 3083. .99 1.0216 
363 1205. .89 1.2661 3020. ,02 1.0310 
373 1190. .43 1.2731 2958. ,16 1.0406 
393 1161. .42 1.2864 2840. ,43 1.0602 
413 1134. 68 1.2989 2730. ,13 1.0804 
433 1109. .83 1.3109 2626. 57 1.1011 

Disc u s s i o n . In order to understand q u a l i t a t i v e l y the behaviour of 
the l a t t i c e EOS, i t was examined i n the l i m i t of small molecules 
(q»r • ! ) . In t h i s case Equation 6 s i m p l i f i e s to the form, 
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8) 

The f i r s t term can be i d e n t i f i e d with a "hard-sphere" r e p u l s i o n 
term, while the second accounts f o r a t t r a c t i v e f o r c e s . The second 
term can be r e w r i t t e n as, 

P a v ( P*v* 2) a 

RT v z ν 

Thus, the a t t r a c t i v e term represented i n Equation 9 has the same form 
as the a t t r a c t i v e term i n the van der Waals EOS (19) . On examining 
the data i n Table 1 and
was found that f o r a temperatur
v a l u e o f t h i s parameter was always l e s s than 3%, although the 
computed values of v* and ey^ themselves showed a 7% v a r i a t i o n . In 
the l i m i t of small molecules, therefore, the l a t t i c e EOS has a term 
that approximates the van der Waals type a t t r a c t i v e term c l o s e l y . 

The behaviour of the r e p u l s i v e term of the l a t t i c e EOS i s more 
complicated and w i l l not be discussed i n d e t a i l . At l i q u i d - l i k e 
d e n s i t i e s t h i s r e p u l s i o n term i s a b e t t e r approximation to the hard 
spheres r e p u l s i o n than the van der Waals r e p u l s i o n term. At g a s - l i k e 
d e n s i t i e s , the r e p u l s i o n term of the l a t t i c e model and the van der 
Waals EOS have the same f u n c t i o n a l form. 

Binary Mixtures 

Theory. Consider a mixture of NQ holes, molecules of species 1 
and N 2 molecules of species 2. Following Panayiotou and Vera (16) 
the f o l l o w i n g mixing r u l e s are assumed f o r the mixture parameters 
r M , q M and v M * . 

r M - Σ X i r i 10) 

q M e Σ * i q i u > 

v M * " Σ * i v * i 12) 

L a t t i c e c o o r d i n a t i o n numbers (z) and the c e l l volumes (vjj) f o r both 
the pure components and mixture l a t t i c e s are assumed to have the 
same value. The p a r t i t i o n f u n c t i o n f o r t h i s ensemble can be formulated 
f o l l o w i n g Equation 2. I t i s assumed now that the p a r t i t i o n f u n c t i o n , 
f a r from the b i n a r y c r i t i c a l p o i n t can be approximated by i t s 
l a r g e s t term. S i n c e molecule segments and holes can d i s t r i b u t e 
themselves non-randomly, the p a r t i t i o n f u n c t i o n must incorporate 
terms to account f o r t h i s e f f e c t . The nonrandomness c o r r e c t i o n r ^ j 
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allows f o r d i s t r i b u t i o n of the segments of species i about the segments 
of species j over the random values of such contacts. I t i s defi n e d 
through the equation 

Ν.. - N9. Γ.. 13) 

where N^j i s the a c t u a l number of i - j contacts and N§j i s the 
number or i - j contacts i n the completely random case. Expressions 
f o r the non-randomness c o r r e c t i o n must be obtained through the 
s o l u t i o n of the "quasichemical" equations (20). These equations can 
be solved i n a c l o s e d a n a l y t i c form only i n the case of a two-
component system ( i n c l u d i n g h o l e s ) . In order to ensure the mathematical 
t r a c t a b i l i t y of the binary r e s u l t s , i t i s therefore assumed that 
holes d i s t r i b u t e randomly while molecules do not. 

The s o l u t i o n f o r the quasichemical expressions f o r the pseudo 
two-component system y i e l d
c o r r e c t i o n T j j , which ca

Γ j ^ - (1-j) 14) 
J 1 + [1 - 4<5. β (1 - ê ) ] L / j L 

where, 

g - exp (flAe/kT), 15) 

Ae = + t^l " ^€12 ^) 

#i i s the surface f r a c t i o n of i molecule segments on a h o l e - f r e e 
b a s i s and ϋ i s the t o t a l surface area f r a c t i o n of molecule seg­
ments. Equation 16 immediately suggests a combining r u l e f o r ey^ as 
a measure of the departure of the mixture from randomness, i . e . , 

: 1 j 
Hi • i - j 
0.5 ( € 1 1 + €jj ) (1 - k y ) , i - j 

17) 

The mixing r u l e f o r c a r i s e s n a t u r a l l y through the formulation of the 
canonical p a r t i t i o n f u n c t i o n , i . e . , 

e = I l ϋ. ϋ. Γ.. c.. M £ J ι j i j i j 18) 

An EOS f o r the mixture and chemical p o t e n t i a l s f o r component i i n 
the mixture can now be derived using standard thermodynamics. 
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? _ i n f _ J L _ ] + ? i n Γ ν + (g/r) -1 Ί . _*! + 

T 1 ν - 1 J 2 ^ ν J t 

kT e [ 1 - 4 ^ 2 ( l - g ) J ( 1 / ^ I r j 2
 J 

" i « λ(Τ) + i n q. - intf.tf + r (0.5z -1) i n [ V + ( c^ r )" 1 j 
kT 1 1 L v 

~T + ~r~^ ( 2 V i i
Τ Τ 

1 f i i f , Γ11 Γ22 1 ν ¥2 Γ12<»1 
i J + Ι Τ ^ Γ J ( l - 4 ^ 1 - g ) ) ( 1 / 2 ) 

" V 2 2 Γ2ί 

[β (β - ê^d -g) - é ^ g - g - « ( i . «)] - in r 1 2 - o . s z ^ i è ^ i - r ^ 

*1 Γ11 - è2 Γ22 Ô l è l T l l i n x + ϋ (1- Γ ) i n ί Δ ] + 0.5zq. [ i n — - Γ i n ] 
V l 2 1 *1 Γ12 1 *2 V l 2 

«2 d2 Γ22 -\ < 2 i u - * j ) + 0.5zq1[ i n — - r 2 2 i n - ^ - ^ ] β 2 (2«2i- « 2) 20) 
*1 *1 Γ12 

where represents the chemical p o t e n t i a l of component i i n a b i n a r y 
mixture, j=3-i and λ(Τ) i s some u n i v e r s a l temperature f u n c t i o n . 
i s the Kronecker-delta f u n c t i o n . Parameters used f o r o b t a i n i n g these 
equations i n a dimensionless form are defined i n manner analogous 
to Equation 4. 

The mixture EOS [Equation 19] has the three terms that are present 
i n the pure component EOS. Also, i t has an a d d i t i o n a l term which 
accounts f o r the non-randomness c o r r e c t i o n s that have been incorporated 
i n t o the p a r t i t i o n f u n c t i o n expression. This l a s t term, f o r a l l 
cases tested, i s always at l e a s t 4 orders of magnitude smaller than 
the other three terms and can e f f e c t i v e l y be neglected. However, i t 
i s r e t a i n e d f o r the sake of mathematical consistency. 
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Results and D i s c u s s i o n 

The expressions derived f o r the EOS and the chemical p o t e n t i a l of 
component i i n a b i n a r y mixture were used to model the phase e q u i l i b r i a 
of b i n a r y mixtures. A set of non-linear equations was obtained and 
solved by the use of a Newton's method. 

M i x t u r e s of small molecules (acetone-benzene, ethanol-water) 
were considered f i r s t . In Figures 1 and 2, a comparison i s made between 
the p r e d i c t e d and experimental low-pressure VLE data (21,22) f o r these 
systems. An e x c e l l e n t f i t to the data i s obtained i n both cases, with 
the use of one apparently temperature independent parameter ( k j j ) per 
binary. 

The i n t e r e s t i n g aspect of t h i s modelling i s the temperature 
independence of \ h ^ A . I t was shown e a r l i e r that, i f the pure components 
were small molecules, the l a t t i c e EOS has an a t t r a c t i v e term with an 
e s s e n t i a l l y temperatur
mixtures r e s u l t s i n th
of k j j f o r b i n a r y mixtures of small molecules. 

In examining the s e n s i t i v i t y of the model to the assumed value 
of z, i t was found f o r the ethanol-water system that the goodness 
of f i t of the model was i n s e n s i t i v e to the ζ value i n the v i c i n i t y 
of z-10. For large values of ζ (z>15) , however, i t was found that the 
model was incapable of even q u a l i t a t i v e l y p r e d i c i t i n g mixture VLE 
behaviour. 

The a p p l i c a b i l i t y of the l a t t i c e EOS i n the modelling of the 
VLE of mixtures of molecules of d i f f e r e n t s i z e s was examined next. The 
r e s u l t s f o r the l^S-n-heptane system at 310K and 352K are shown i n 
Figure 3 (23.) . For the temperatures modelled, i t i s seen that there 
i s a good agreement between the f i t t e d and the experimental data, 
again with the use of one temperature independent b i n a r y i n t e r a c t i o n 
parameter. 

The l a t t i c e model thus provides the c a p a b i l i t y to o b t a i n good, 
q u a n t i t a t i v e f i t s to experimental VLE data f o r b i n a r y mixtures of 
molecules below t h e i r c r i t i c a l p o i nt. I t s value l i e s i n the f a c t that 
i t performs e q u a l l y w e l l regardless of the s i z e d i f f e r e n c e between 
the component molecules. 

The model was then extended to the phase e q u i l i b r i u m modelling 
of s o l i d - s u p e r c r i t i c a l f l u i d (SCF) b i n a r i e s . These mixtures are 
compositionally h i g h l y assymmetric, since the s o l i d i s c r y s t a l l i n e 
and e s s e n t i a l l y pure. The phases i n e q u i l i b r i u m are thus very d i f f e r e n t 
i n composition. In Figure 4, the model behaviour i s compared to 
experimental data f o r the naphthalene-carbon dioxide b i n a r y at 308 
and 318K. Outside the c r i t i c a l region, the l a t t i c e EOS provides a 
good f i t to the measured data (24). In the c r i t i c a l region, however, 
at one pressure, the equation of st a t e p r e d i c t s the presence of a 
three phase region. This i s the cause f o r the d i s c o n t i n u i t y of the 
curves i n the r e g i o n of the sharp r i s e i n s o l u b i l i t y . Outside of 
the c r i t i c a l r e g i o n (approximately 7% away from T c or P c) the model 
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0 0 . 2 0 . 4 0 . 6 0 . 8 1 

Mole F r a c t i o n E t h a n o l 

Figure 2. Comparison of the experimental data of Pemberton and Mash 
(22) f o r the ethanol-water binary at 323, 343, and 363 Κ with the 
l a t t i c e model p r e d i c t i o n s with ζ = 10, v f l = 9.75 χ 10" m mole" 
and k.. = 0.085. 

6 0 

Mole F r a c t i o n H 2 S 

Figure 3. Comparison of the l a t t i c e model p r e d i c t i o n s and experimental 
data of Ng et a l . 023) for the I^S-n-heptane system at 310 and 352 Κ 
(ζ = 10, v H = 9.75 χ 10" 6 nAnole" 1 and k j j = 0.09). 
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-1 

- 1 0 H 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Γ 
2 0 6 0 1 0 0 1 4 0 1 8 0 2 2 0 2 6 0 3 0 0 3 4 0 

P r e s s u r e (bar) 

Figure 5. L a t t i c e model p r e d i c t i o n s f o r the e q u i l i b r i u m f l u i d phase 
composition f o r a C02~polymer system at 328 K. Molecular weight of 
a monomeric u n i t i s 100, while the degree of polymerization, ξ , 
v a r i e s between 1 and 7 (z = 10, v H = 9.75 χ 10~ 6 m^mole"1, 
k ± 1 = 0.10). 

p r e d i c t s r e s u l t s w i t h i n the accuracy of the experimental measure­
ments . 

The model behaviour i n the c r i t i c a l region i s not s a t i s f a c t o r y . The 
main reason f o r t h i s l i e s i n one of the fundamental assumptions 
made i n d e r i v i n g the model; the one where the ca n o n i c a l p a r t i t i o n 
f u n c t i o n (Equation 2) i s approximated by the l a r g e s t term i n the 
summation. C l e a r l y , i n the c r i t i c a l region t h i s assumption i s 
i n v a l i d , since there i s no one dominating term i n the summation f o r 
the p a r t i t i o n f u n c t i o n . The model must, therefore, be used with the 
f u l l understanding of i t s shortcomings i n the c r i t i c a l region. 

In order to t e s t the a p p l i c a b i l i t y of the model to polymer-SCF 
systems, a h y p o t h e t i c a l system of CO2 and a monodisperse Ç-mer with 
a monomeric u n i t molecular weight of 100 was simulated. Pure component 
parameters f o r the polymer, polystyrene, were obtained from Panayiotou 
and Vera (16). Constant values of k j * were used f o r the polymer 
system, where the degree of polymerization, f , v a r i e d between 1 and 
7. I t was assumed that a l l chains had the same β, and ν s c a l e d as 
the molecular weight of the chain. Figure 5 shows the r e s u l t s of 
the p r e d i c t e d mole f r a c t i o n of the ξ-mer i n the SCF phase. 
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The model simulates an experimentally observed trend (2!5) that 
the s o l u b i l i t y of chains i n a SCF shows a strong inverse dependence 
on the molecular mass of the polymer. Figure 5 shows that changing 
the molecular weight of the chain molecule from 100 to 700 causes a 
red u c t i o n i n s o l u b i l i t y of near l y 6 orders of magnitude. The model 
a l s o shows that a l l the s o l u b i l i t y p l o t s tend to f l a t t e n out around 
300 b ar, as observed i n experiments (25)- C l a s s i c a l EOS l i k e a 
m o d i f i e d cubic EOS (26), when a p p l i e d to such systems, produce 
s o l u b i l i t y curves which tend to show a sharp maximum around 200 
bar. For polymer-SCF systems, therefore, the l a t t i c e EOS i s b e l i e v e d 
to be superior to modified cubic EOS. 

Conclusions 

A s t a t i s t i c a l - m e c h a n i c s based model f o r mixtures of molecules of 
dispara t e s i z e s has been presented i n t h i s paper. Results obtained 
to date demonstrate tha
f o r modelling polymer-SC
while f o r the other systems, outside the c r i t i c a l region, i t performs 
as w e l l as c l a s s i c a l l y employed techniques. 

The temperature independence of the a parameter [Equation 9] 
and the bi n a r y i n t e r a c t i o n parameter (kj_j) f o r systems of small 
molecules could l e a d to p r e d i c t i v e models that merit c l o s e r examination. 
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Chapter 9 

Van der Waals Mixing Rules 
for Cubic Equations of State 

Ε. H. Benmekki, T. Y. Kwak, and G. A. Mansoori 

Department of Chemical Engineering, University of Illinois, Box 4348, 
Chicago, IL 60680 

A new concept for the development of mixing rules for 
cubic equations of state consistent with statistical 
mechanical theory of the van der Waals mixing rules is 
introduced. Utilit
its application
Peng-Robinson (PR) equations of state. The resulting 
mixing rules for the Red1ich-Kwong and the Peng-
Robinson equations of state are tested through 
prediction of solubility of heavy solids in 
supercritical fluids and prediction of phase behavior 
of binary mixtures of hydrocarbons and 
nonhydrocarbons. 

There has been extensive progress made in recent years in research 
towards the development of analytic statistical mechanical equations 
of state applicable for process design calculations 0,2). However, 
cubic equations of state are still widely used in chemical 
engineering practice for calculation and prediction of properties of 
fluids and fluid mixtures Q). These equations of state are 
generally modifications of the van der Waals equation of state 
(4.5). 

RT 
ν - b v2 

(1) 

which was proposed by van der Waals (k) in 1873· According to van 
der Waals, for the extension of this equation to mixtures, it is 
necessary to replace a and b with the following composition-
dependent expressions: 

η η 
a = Σ Σ xj Xj. ajj (2) 

' J 

0097-6156/87/0329-0101 $06.00/0 
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η η 
b = Σ Σ x j X j b j j (3) 

' J 

E q u a t i o n s 2 and 3 a r e c a l l e d t h e v a n d e r Waals m i x i n g r u l e s . In 
t h e s e e q u a t i o n s , a;: and b j : ( i = j ) a r e p a r a m e t e r s c o r r e s p o n d i n g 
t o p u r e component \\) w h i l e a|: and b j : ( i * j ) a r e c a l l e d t h e 
u n i i k e - i n t e r a c t i o n p a r a m e t e r s . I t i s c u s t o m a r y t o r e l a t e t h e u n i i k e -
i n t e r a c t i o n p a r a m e t e r s t o t h e pure-component p a r a m e t e r s by t h e 
f o l l o w i n g e x p r e s s i o n s : 

a j j = (1 - k , j ) (·,, a j j ) 1 / 2 <l») 

b i j = ( b M + b j j ) / 2 (5) 

In E q u a t i o n k, k j j i s a f i t t i n g p a r a m e t e r w h i c h i s known as t h e 
c o u p l i n g p a r a m e t e r . W i t h E q u a t i o n 5 p l a c e d i n E q u a t i o n 3, t h e 
e x p r e s s i o n f o r b wi11 r e d u c

η 
b - Σ XJ b M (3.1) 

The R e d l i c h - K w o n g e q u a t i o n o f s t a t e (6), 

RT a 

ν - b Τ** v ( v - b ) 

and t h e P e n g - R o b i n s o n e q u a t i o n o f s t a t e (2)t 

RT a (T) 

(6) 

(7) 
v-b v(v+b)+b(v-b) 

a(T) = a ( T c ) {1 + *(1 - T^ ) } 2 (8) 

a ( T c ) = Ο Λ 5 7 2 4 R 2 T 2 / P c (8.1) 

κ = 0.37^64 + 1.5*»226ω - 0 .26992ω 2 (9) 

b = 0.0778 R T C / P C (10) 

a r e w i d e l y u s e d f o r thermodynamic p r o p e r t y c a l c u l a t i o n s . 

The T h e o r y o f t h e Van Der Waals M i x i n g R u l e s 

L e i and and Co-wor k e r s (8-10) have been a b l e t o r e - d e r i v e t h e v a n d e r 
Waals m i x i n g r u l e s w i t h t h e use o f s t a t i s t i c a l m e c h a n i c a l t h e o r y o f 
r a d i a l d i s t r i b u t i o n f u n c t i o n s . A c c o r d i n g t o t h e s e i n v e s t i g a t o r s , 
f o r a f l u i d m i x t u r e w i t h a p a i r i n t e r m o l e c u l a r p o t e n t i a l e n e r g y 
f u n c t i o n , 

U i j ( r ) = e j j f ( r / a j j ) (11) 
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t h e f o l l o w i n g m i x i n g r u l e s w i l l be d e r i v e d : 

η η 
σ3 = Σ Σ χ; X j σ ^ 3 (12) 

• J 
η η 

€cr3 = Σ Σ χ; XJ 6^.σ^.3 (13) 

In t h e s e e q u a t i o n s , € j j i s t h e i n t e r a c t i o n e n e r g y p a r a m e t e r 
between m o l e c u l e i and j w h i l e a j j i s t h e i n t e r m o l e c u 1ar 
i n t e r a c t i o n d i s t a n c e between t h e two m o l e c u l e s . Knowing t h a t 
c o e f f i c i e n t s a and b o f t h e van d e r Waals e q u a t i o n o f s t a t e a r e 
p r o p o r t i o n a l t o e and σ a c c o r d i n g t o t h e f o l l o w i n g e x p r e s s i o n s : 

a = 1 .1250 R T c v c « N Q ea3 ( l i t ) 

b = 0.3333 v c « N

We c a n see t h a t E q u a t i o n s 12 and 13 a r e i d e n t i c a l w i t h 
E q u a t i o n s 3 and 2, r e s p e c t i v e l y . S t a t i s t i c a l m e c h a n i c a l arguments 
w h i c h a r e used i n d e r i v i n g E q u a t i o n s 12 and 13 d i c t a t e t h e f o l l o w i n g 
g u i d e l i n e s i n u s i n g t h e van d e r Waals m i x i n g r u l e s : 

(1) The van d e r Waals m i x i n g r u l e s a r e f o r c o n s t a n t s o f an 
e q u a t i o n o f s t a t e . 

(2) E q u a t i o n 12 i s a m i x i n g r u l e f o r ( m o l e c u l a r l e n g t h ) 3 , and 
E q u a t i o n 13 i s a m i x i n g r u l e f o r ( m o l e c u l a r 1ength)3. (mo l e c u -
l a r e n e r g y ) . I t happens t h a t b and a o f t h e van d e r Waals 
e q u a t i o n o f s t a t e a r e p r o p o r t i o n a l t o ( m o l e c u l a r l e n g t h ) 3 and 
( m o l e c u l a r 1ength)3. ( m o l e c u l a r e n e r g y ) , r e s p e c t i v e l y , and as 
a r e s u l t , t h e s e m i x i n g r u l e s a r e used i n t h e form w h i c h was 
p r o p o s e d by van d e r Wa a l s . 

(3) Knowing t h a t a j j ( f o r i Φ j ) , t h e u n i i k e - i n t e r a c t i o n 
d i a m e t e r s , f o r s p h e r i c a l m o l e c u l e s i s e q u a l t o 

σ υ = (σϋ + σ η ) η ( l 6 ) 

T h i s w i l l make t h e e x p r e s s i o n f o r b j j f o r s p h e r i c a l m o l e c u l e s 
t o be 

b j j = [ ( b j .1/3+ b j j 1/3)/2 ]3 (17) 

Then f o r n o n - s p h e r i c a l m o l e c u l e s e x p r e s s i o n f o r b j j w i l l be 

bjj = (bj ; 1/3+ bj j l /3) ]3 (18) 

W i t h t h e use o f t h e s e g u i d e l i n e s , we now d e r i v e t h e v a n d e r 
Waals m i x i n g r u l e s f o r t h e R e d l i c h - K w o n g and t h e P e n g - R o b i n s o n 
e q u a t i o n s o f s t a t e . S i m i l a r p r o c e d u r e can be used f o r d e r i v i n g t h e 
van d e r Waals m i x i n g r u l e s f o r o t h e r e q u a t i o n s o f s t a t e . 
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M i x i n g R u l e s f o r t h e R e d l i c h - K w o n g E q u a t i o n o f S t a t e . The R e d l i c h -
Kwong e q u a t i o n o f s t a t e , E q u a t i o n 6, can be w r i t t e n i n t h e f o l l o w i n g 
f o r m : 

PV ν a 
Ζ - (19) 

RT v-b RT 1-^ (v+b) 

In t h i s e q u a t i o n o f s t a t e , b has t h e d i m e n s i o n o f ( m o l e c u l a r 
l e n g t h ) 3, 

b = 0 .26v c « Ν 0 σ 3 

Then t h e m i x i n g r u l e f o r b w i l l be t h e same as t h e one f o r t h e f i r s t 
van der Waals m i x i n g r u l e s , E q u a t i o n 3· However, m i x i n g r u l e f o r a 
w i l l be d i f f e r e n t f r o m t h e second van d e r Waals m i x i n g r u l e , 
E q u a t i o n 2. Par a m e t e r a a p p e a r i n g i n t h e Red 1ich-Kwong e q u a t i o n o f 
s t a t e has d i m e n s i o n o f R"
l e n g t h ) 3 , t h a t i s 

( a = 1 . 2 8 2 8 R T C
] - 5 V c « N Q ( e / k ) 1 · 5 σ 3 ) 

As a r e s u l t t h e sec o n d van d e r Waals m i x i n g r u l e s , E q u a t i o n 13» 
c a n n o t be used d i r e c t l y f o r p a r a m e t e r a o f t h e Redi1ch-Kwong 
e q u a t i o n o f s t a t e . However, s i n c e [ (R^ab^) ] 2 ^3 ^ a s t ^ e 

d i m e n s i o n o f ( m o l e c u l a r e n e r g y ) . ( m o l e c u l a r l e n g t h ) 3 , t h e sec o n d 
van der Waals m i x i n g r u l e s , E q u a t i o n 13» can be w r i t t e n f o r t h i s 
t e r m . F i n a l l y t h e van der Waals m i x i n g r u l e s f o r t h e Red 1ich-Kwong 
e q u a t i o n o f s t a t e w i l l be i n t h e f o l l o w i n g f o r m : 

3 = { Σ Σ Χ ΐ X j a î j 2 / 3 b i j

1 / 3 } 1.5/(Σ Σ χ. X j b j j ) I / 2 

« j i j 
η η 

b - Σ Σ x j 
• j 

X J b i j 

(20) 

(3) 

These m i x i n g r u l e s , when j o i n e d w i t h t h e R e d l i c h - K w o n g 
e q u a t i o n o f s t a t e , w i l l c o n s t i t u t e t h e R e d l i c h - K w o n g e q u a t i o n o f 
s t a t e f o r m i x t u r e s t h a t i s c o n s i s t e n t w i t h t h e s t a t i s t i c a l 
m e c h a n i c a l b a s i s of t h e van der Waals m i x i n g r u l e s . 

M i x i n g R u l e s f o r t h e Pen g - R o b i n s o n E q u a t i o n o f S t a t e . In o r d e r t o 
s e p a r a t e thermodynamic v a r i a b l e s from c o n s t a n t s o f t h e Pe n g - R o b i n s o n 
e q u a t i o n o f s t a t e , we w i l l i n s e r t E q u a t i o n s 8 and 9 i n E q u a t i o n 7 
and we w i l l w r i t e i t i n t h e f o l l o w i n g f o r m : 

ν c/RT + d - 2 y/ (cd/RT) 
Ζ (21) 

v-b (v+b) + (b/v) (v-b) 

where c = a (T c) (1 + κ)2 and d = a (T c) * 2 / R T c 

T h i s form o f t h e Pe n g - R o b i n s o n e q u a t i o n o f s t a t e s u g g e s t s t h a t 
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t h e r e e x i s t t h r e e i n d e p e n d e n t c o n s t a n t s w h i c h a r e b, c, and d. Now, 
f o l l o w i n g t h e p r e s c r i b e d g u i d e l i n e s f o r t h e van d e r Waals m i x i n g 
r u l e s , m i x i n g r u l e s f o r b, c, and d o f t h e Pe n g - R o b i n s o n e q u a t i o n o f 
s t a t e w i l l be 

η η 
c = Σ Σ x j X j c ι j (22) 

î J 
η η 

b = Σ Σ Xj XJ b j j (23) 
î J 
η η 

d = Σ Σ Xj XJ d j j (2k) 
' j 

w i t h t h e f o l l o w i n g c o m b i n i n g r u l e s : 

C j j = ( 1 - k j j ) (CJ

b j j = ( 1 - l j j ) { ( b | j 1/3+ b j j l / 3 ) / 2 }3 (26) 

d j j = (1-mjj) { ( d j jl/3+ d j j l / 3 ) / 2 }3 (27) 

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 M o d e l i n g 

A s e r i o u s t e s t o f m i x t u r e e q u a t i o n s o f s t a t e i s shown t o be t h e i r 
a p p l i c a t i o n f o r p r e d i c t i o n o f s o l u b i l i t y o f s o l u t e s i n s u p e r c r i t i c a l 
f l u i d s (JN ). In t h e p r e s e n t r e p o r t , we a p p l y t h e Redl ich-Kwong and 
t h e P e n g - R o b i n s o n e q u a t i o n s o f s t a t e 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 o f s o l i d s and s t u d y t h e e f f e c t o f c h o o s i n g d i f f e r e n t 
m i x i n g r u l e s on p r e d i c t i o n o f s o l u b i l i t y o f 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 - F i g u r e s 1-5· 

Thermodynamic M o d e l . S o l u b i l i t y o f a condensed phase, y 2 , i n a 
va p o r phase a t s u p e r c r i t i c a l c o n d i t i o n s (12) can be d e f i n e d a s : 

Ρ 
y 2 = ( P ! a t / P ) (1/Φ2) <*>iat Exp{ / (v|° n d/RT)dP} (28) 

- a t P5 

where < Ê 2 S a t i s t h e f u g a c i t y c o e f f i c i e n t a t p r e s s u r e P. P r o v i d e d we 
assume V 2 S 0 l , d i s i n d e p e n d e n t o f p r e s s u r e and f o r s m a l l v a l u e s o f 
P 2 s a t t h e above e x p r e s s i o n w i l l be c o n v e r t e d t o t h e f o l l o w i n g 
f o r m : 

y 2 = ( P 2
S a t / P ) (1/Φ 2) Exp { v 2

s o l i d ( P - P 2
s a t ) / R T } (29) 

In o r d e r t o c a l c u l a t e s o l u b i l i t y f r o m E q u a t i o n 29 we need t o 
cho o s e an e x p r e s s i o n f o r t h e f u g a c i t y c o e f f i c i e n t . G e n e r a l l y f o r 
c a l c u l a t i o n o f f u g a c i t y c o e f f i c i e n t an e q u a t i o n o f s t a t e w i t h 
a p p r o p r i a t e m i x i n g r u l e s i s used (12) i n t h e f o l l o w i n g e x p r e s s i o n : 

oo 
RT In ψ]= / [OP/Ônj) T v n - (RT/V) ] dV - RTl n Z (30) 

V ' ' j # i 
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SUPERCRITICAL FLUIDS 

CARBON DIOXIDE - 2.3DMN 

0.0 60.0 120.0 180.0 240.0 300.0 
PRESSURE (BAR) 

Figure 1. S o l u b i l i t y of 2,3 dimethyl naphthalene (DMN) i n 
s u p e r c r i t i c a l carbon dioxide using the Redlich-Kwong 
equation of s t a t e . , o r i g i n a l mixing rules with 
k£j=0; - - -, o r i g i n a l mixing rules with f i t t e d k£j» 

, new mixing r u l e s with k£j s s s0; ·, • and A, 
experimental data (13). 
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Figure 2. S o l u b i l i t y of 2,3 dimethyl naphthalene (DMN) i n 
s u p e r c r i t i c a l carbon dioxide. , Peng-Robinson equation 
of state with the o r i g i n a l mixing r u l e s ; ·, • and A, 
experimental data (13). 
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Figure 3. S o l u b i l i t y of 2,3 dimethyl naphtalene (DMN) i n 
s u p e r c r i t i c a l carbon dioxide. , Peng-Robinson equation 
of state with the new mixing r u l e s ; ·, • and A, 
experimental data (13). 
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Figure 4. S o l u b i l i t y of 2,3 dimethyl naphtalene (DMN) i n 
s u p e r c r i t i c a l ethylene. , Peng-Robinson equation of 
state with the o r i g i n a l mixing r u l e s ; ·, • and A, 
experimental data (13). 
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F igure 5. S o l u b i l i t y of 2,3 Dimethyl naphtalene (DMN) in 
s u p e r c r i t i c a l e thy lene. , Peng-Robinson equation of 
s t a te with the new mixing r u l e s ; · , • and A, experimental 
data (13). 
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A p p l i c a t i o n s f o r V a p o r - L i q u i d E q u i l i b r i u m c a l c u l a t i o n s 

When a p p l y i n g an e q u a t i o n o f s t a t e t o b o t h v a p o r and l i q u i d p h a s e s , 
t h e v a p o r - l i q u i d e q u i l i b r i u m p r e d i c t i o n s depend on t h e a c c u r a c y o f 
th e e q u a t i o n o f s t a t e used and, f o r m u l t i c o m p o n e n t s y s t e m s , on t h e 
m i x i n g r u l e s . A t t e n t i o n w i l l be g i v e n t o b i n a r y m i x t u r e s o f 
h y d r o c a r b o n s and t h e t e c h n i c a l l y i m p o r t a n t n o n h y d r o c a r b o n s s u c h as 
hydr o g e n s u l f i d e and c a r b o n d i o x i d e - F i g u r e s 6-7. 

Thermodynamic M o d e l . In t h e e q u i l i b r i u m s t a t e , t h e i n t e n s i v e 
p r o p e r t i e s - t e m p e r a t u r e , p r e s s u r e and c h e m i c a l p o t e n t i a l s o f each 
component- a r e c o n s t a n t i n t h e o v e r a l l s y s t e m . S i n c e t h e f u g a c i t i e s 
a r e f u n c t i o n s o f t e m p e r a t u r e , p r e s s u r e and c o m p o s i t i o n s , t h e 
e q u i l i b r i u m c o n d i t i o n 

f i V ( T , P , { y } ) = f i L ( T , P , { x } ) i = l,2,...,n (3D 

can be e x p r e s s e d by 

y i <*>iV= x j Φ\1 i = l,2,...,n (32) 

The e x p r e s s i o n f o r t h e f u g a c i t y c o e f f i c i e n t Φ; depends on t h e 
e q u a t i o n o f s t a t e t h a t i s used and i s t h e same f o r t h e v a p o r and 
l i q u i d p h a s e s . In c a l c u l a t i n g t h e m i x t u r e p r o p e r t i e s w i t h t h e Peng-
R o b i n s o n e q u a t i o n o f s t a t e we have used t h e f o l l o w i n g c o m b i n i n g 
r u l e: 

e , j - (1 - k i j ) Ce;, . C j j / b j i . b j j j l / 2 b j j (33) 

A t h r e e p a r a m e t e r s e a r c h r o u t i n e was used t o e v a l u a t e t h e b i n a r y 
i n t e r a c t i o n p a r a m e t e r s w h i c h m i n i m i z e t h e f o l l o w i n g o b j e c t i v e 
f u n c t i o n : 

M P ( e x p ) - P ( c a l ) 2 
OF = Σ [ ] Î (34) 

i = l P(exp) 

where M i s t h e number o f e x p e r i m e n t a l p o i n t s c o n s i d e r e d . 
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Legend o f Symbols 

a, b, c, d : e q u a t i o n o f s t a t e p a r a m e t e r s 
f : f u g a c i t y 
k, 1, m : b i n a r y i n t e r a c t i o n p a r a m e t e r s 
η : number o f components 
N 0 :Avogadro number 
OF : o b j e c t i v e f u n c t i o n t o be m i n i m i z e d 
Ρ : p r e s s u r e 
Τ : t e m p e r a t u r e 
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Figure 6. Pressure-composition diagram of carbon dioxide 
and n-decane. , Peng-Robinson equation of state with the 
new mixing r u l e s and three f i t t e d parameters (k--=0.4290, 
l £ j=0.3658 and m £j=-0.3217); *(444.26 Κ ) , ο (310.93 Κ ) , 
experimental data (16). 
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Figure 7. pressure-composition diagram of ethane and 
hydrogen s u l f i d e at 283.15 K. , Peng-Robinson equation 
of state with the new mixing rules and three f i t t e d 
parameters O 4j—0.2060, 1£-=-0.6119 and m £j=0.1365); 
• and ο experimental data (17). 
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ω 

y 
ζ 
Φ 

ν 

σ 

u 

χ 

κ 

€ 

: i n t e r m o l e c u l a r p o t e n t i a l f u n c t i o n 
:molar volume 
:mole f r a c t i o n 
:mole f r a c t i o n i n t h e v a p o r phase 
: c o m p r e s s i b i 1 i t y f a c t o r 
: f u g a c i t y c o e f f i c i e n t 
: i n t e r m o l e c u l a r d i s t a n c e p a r a m e t e r 
: i n t e r a c t i o n e n e r g y p a r a m e t e r 
t a c e n t r i c f a c t o r 
:a f u n c t i o n o f t h e a c e n t r i c f a c t o r 

S u b s c r i p t s 
c 

j 
2 

: c r i t i c a l p r o p e r t y 
: component i d e n t i f i c a t i o n 
: s o l u t e 
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Chapter 10 

High-Pressure Phase Equilibria in Ternary Fluid 
Mixtures with a Supercritical Component 

A. Z. Panagiotopoulos and R. C. Reid 

Department of Chemical Engineering, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

Experimental results are presented for high pressure phase 
equilibria in the binary systems carbon dioxide - acetone and 
carbon dioxide - ethanol and the ternary system carbon dioxide 
- acetone - water at 313 and 333 Κ and pressures between 20 
and 150 bar. A hig
recirculation and sampling of all phases was used for the 
experimental measurements. The ternary system exhibits an 
extensive three-phase equilibrium region with an upper and 
lower critical solution pressure at both temperatures. A 
modified cubic equation of a state with a non-quadratic mixing 
rule was successfully used to model the experimental data. 
The phase equilibrium behavior of the system is favorable for 
extraction of acetone from dilute aqueous solutions using 
supercritical carbon dioxide. 

The potential of supercritical extraction, a separation process in 
which a gas above its critical temperature is used as a solvent, has 
been widely recognized in the recent years. The first proposed 
applications have involved mainly compounds of low volatility, and 
processes that utilize supercritical fluids for the separation of 
solids from natural matrices (such as caffeine from coffee beans) are 
already in industrial operation. The use of supercritical fluids for 
separation of liquid mixtures, although of wider applicability, has 
been less well studied as the minimum number of components for any 
such separation is three (the solvent, and a binary mixture of compo­
nents to be separated). The experimental study of phase equilibrium 
in ternary mixtures at high pressures is complicated and theoretical 
methods to correlate the observed phase behavior are lacking. 

One important potential application of supercritical extraction is 
the recovery of polar organic compounds from aqueous solutions. Such 
mixtures arise frequently as products of biochemical syntheses. In 
many cases, the costs of the energy-intensive separations are high and 
there is substantial incentive for the development of more efficient 
processes. 

Previous work in the area of high-pressure phase equilibrium of 
aqueous solutions of organic compounds with supercritical fluids 

0097-6156/87/0329-0115$06.00/0 
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includes the pioneering work of E l g i n and Weinstock (1) c a r r i e d out 
i n the 1950's. Fra n c i s (9) presented a large number of q u a l i t a t i v e 
r e s u l t s f o r ternary systems of l i q u i d carbon dioxide at 298 K. In 
the more recent years, P a u l a i t i s et a l . (2,3), Kuk and Montagna (4), 
McHugh et a l . (5) and Radosz (6) have reported measurements i n systems 
with some of the f i r s t a l c o h o l s , water and s u p e r c r i t i c a l f l u i d s . 

Experimental 

The experimental setup used i s shown i n Figure 1. The main element 
of the equipment i s a high pressure o p t i c a l c e l l (Jerguson gage model 
19-TCH-40) with an i n t e r n a l volume of about 50 cm3, that serves as a 
mixing and separating v e s s e l , as w e l l as f o r the v i s u a l observation 
of the number and q u a l i t y of the c o e x i s t i n g phases. Connections at 
the bottom, top and side of the v e s s e l permit withdrawal of the lower, 
upper and middle phases, any two of which can be r e c i r c u l a t e d e x t e r n a l l y 
with a dual high pressur
Paar v i b r a t i n g tube densit
used to measure the density of one of the r e c i r c u l a t i n g phases. The 
de n s i t y meter can be switched to sample any of the r e c i r c u l a t i n g streams. 

The Jerguson gage i s immersed i n a constant temperature bath with 
s i l i c o n f l u i d as the h e a t - t r a n s f e r medium, that als o thermostats the 
de n s i t y meter. The bath temperature i s c o n t r o l l e d to ± .01 Κ with a 
Thermomix 1460 temperature r e g u l a t o r and temperature i s measured with 
a c a l i b r a t e d mercury-in-glass thermometer to w i t h i n .01 K. The l i n e s 
e x t e r n a l to the bath are maintained at the bath temperature with the 
help of heating tapes and temperature at s e v e r a l p o i n t s i s monitored 
with thermocouples. Pressure i s measured with two c a l i b r a t e d Heise 
pressure i n d i c a t o r s to w i t h i n ±.16 bar f o r pressures up to 160 bar 
and to w i t h i n ±.4 bar f o r pressures up to 350 bar. 

Sampling i s performed with two high pressure switching valves with 
i n t e r n a l volume .5 μΐ ( f o r the upper phase) and .2 μΐ f o r the lower 
or middle phases. The samples are d i r e c t l y depressurized i n t o a He 
c a r r i e r gas stream and analyzed with a Perkin Elmer Sigma 2 Gas 
Chromatograph, using a Porapak Q column s u p p l i e d by Supelco. The 
response f a c t o r s f o r the materials used were found to be c l o s e to 
those reported by Dietz (7). T y p i c a l r e p r o d u c i b i l i t y of the a n a l y s i s 
i s ±.003 i n mole f r a c t i o n , with somewhat l a r g e r d e v i a t i o n s f o r the 
gas-phase compositions at low pressures. 

A f t e r purging and evacuation of the equipment, the c e l l i s charged 
w i t h a l i q u i d mixture of known composition and the s u p e r c r i t i c a l 
component up to the d e s i r e d pressure. The r e c i r c u l a t i o n pumps are 
s t a r t e d , and approach to e q u i l i b r i u m monitored by the s t a b i l i t y of 
pressure, density and composition measurements with time. For the 
mixtures studied, a t y p i c a l e q u i l i b r a t i o n time i s 15 min, but at 
l e a s t 30 min are allowed before the f i n a l sampling. At l e a s t two 
samples are taken from each phase at e q u i l i b r i u m . A new pressure 
p o i n t can be e s t a b l i s h e d immediately by i n t r o d u c i n g or removing 
s u p e r c r i t i c a l f l u i d or l i q u i d , so that the l e v e l of the i n t e r f a c e s i n 
the c e l l at the new d e s i r e d pressure i s appropriate f o r sampling 
through the a v a i l a b l e p o r t s . Entrainment of the phases i s not normally 
a problem, except near a c r i t i c a l p o i n t . S e l e c t i v e f l a s h i n g and 
adsorption on the switching valves i s sometimes a d i f f i c u l t y f o r the 
upper(gas) phase sampling loop, but i s prevented by heating the valve. 
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Results 

Binary Systems. As a t e s t of the v a l i d i t y of the equipment design and 
experimental procedures, we f i r s t i n v e s t i g a t e d a b i n a r y system f o r 
which r e s u l t s have been p r e v i o u s l y published. Knowledge of the 
behavior of the binary systems i s i n i t s e l f important, since the data 
provide the appropriate l i m i t s f o r the corresponding ternary systems. 

In Figure 2, we present experimental r e s u l t s and l i t e r a t u r e data 
f o r the system carbon dioxide - acetone at 313 and 333 Κ ( l i t e r a t u r e 
r e s u l t s are only a v a i l a b l e f o r the lower temperature). The agreement 
between the two sets of r e s u l t s i s e x c e l l e n t . A l s o shown on the same 
f i g u r e as continuous l i n e s are the r e s u l t s of f i t t i n g the experimental 
data using a modified Peng-Robinson equation of s t a t e described i n 
the Appendix. The agreement between experimental and p r e d i c t e d phase 
c o m p o s i t i o n s i s w i t h i n the experimental u n c e r t a i n t y of the data, 
except i n the c r i t i c a l region. 

Several of the features of the phase behavior shown on Figure 2 are 
quite general. In p a r t i c u l a r
carbon dioxide i n the l i q u i
The system c r i t i c a l pressure i s comparable to the c r i t i c a l pressure 
of carbon dioxide and increases with temperature at the temperature 
range studied. Although the s o l u b i l i t y of acetone i n the gas phase 
i s low i n the two-phase region, there i s complete m i s c i b i l i t y between 
C0 2 and acetone at r e l a t i v e l y moderate pressures. Carbon dioxide at 
l i q u i d - l i k e d e n s i t i e s i s an e x c e l l e n t solvent f o r a wide range of 
organic compounds, as was f i r s t observed by F r a n c i s (9) f o r near 
c r i t i c a l l i q u i d C0 2. 

One a d d i t i o n a l example of the same general type of behavior i s 
demonstrated by the carbon dioxide - ethanol system. Three measured 
isotherms f o r t h i s system are presented i n Figure 3. No comparable 
s e t o f experimental r e s u l t s appears to be a v a i l a b l e i n the open 
l i t e r a t u r e . Again, agreement between experimental r e s u l t s and model 
p r e d i c t i o n s i s good. 

Ternary Systems. As one of a s e r i e s of model systems, we s t u d i e d the 
carbon dioxide - acetone - water ternary system at 313 and 333 K. 
The most i n t e r e s t i n g feature of the system behavior i s an extensive 
three-phase region at both temperatures. The three-phase r e g i o n i s 
f i r s t o b s e r v e d a t a pressure of l e s s than 30 bar at 313 Κ and 
approximately 35 bar at 333 K, extending up to approximately the 
c r i t i c a l pressure of the b i n a r y carbon dioxide - acetone system. Table 
I summarizes our experimental r e s u l t s f o r the composition of the 
three phases at e q u i l i b r i u m as a f u n c t i o n of pressure and temperature. 

The p h y s i c a l p i c t u r e that u n d e r l i e s t h i s behavior, as pointed out 
f i r s t by E l g i n and Weinstock (1), i s the ' s a l t i n g out' e f f e c t by a 
s u p e r c r i t i c a l f l u i d on an aqueous s o l u t i o n of an organic compound. 
As pressure i s increased, the tendency of the s u p e r c r i t i c a l f l u i d to 
s o l u b i l i z e i n the organic l i q u i d r e s u l t s i n a phase s p l i t i n the 
aqueous phase at a lower c r i t i c a l s o l u t i o n pressure (which v a r i e s 
w i t h temperature). As pressure i s f u r t h e r increased, the second 
l i q u i d phase and the s u p e r c r i t i c a l phase become more and more s i m i l a r 
to each other and merge at an upper c r i t i c a l s o l u t i o n pressure. Above 
t h i s pressure only two phases can c o e x i s t a t e q u i l i b r i u m . This p a t t e r n 
of behavior was a l s o observed by E l g i n and Weinstock f o r the system 
ethylene - acetone - water at 288 K. In a d d i t i o n , the same type of 
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1 2 0 

0 0.2 0 . 4 0 . 6 0 . 8 1 

Mole F r a c t i o n C 0 2 

Figure 3. Phase e q u i l i b r i u m behavior f o r the system carbon dioxide 
- ethanol. Experimental, 308.1 Κ (+) ; 323.1 Κ ( 0 ) ; 338.1 Κ (Δ); 
modified Peng-Robinson equation of s t a t e ( — ) . 
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TABLE I : Three phase e q u i l i b r i u m compositions f o r the 
system Water (1) - Acetone (2) · CO 

2 (3) 

lower phase upper phase middle ph ase 

X l X 2 X 3 y i y 2 y 3 
Z l Z 2 Z 3 

Τ - 313 Κ 

29 3 0 810 0 153 0. 037 0.005 0.025 0. 970 0. 294 0 454 0 252 
35 9 0 864 0 106 0. 030 0.006 0.019 0 975 0. 197 0 427 0 376 
43 2 0 904 0 075 0. 021 0.003 0.017 0 980 0. 153 0 360 0 487 
55 9 0 920 0 052 0 028 0.002 0.015 0 983 0. 119 0 230 0 651 
61 1 0 942 0 037 0 021 0.004 0.015 0 981 0 114 0 191 0 695 
65 8 0 944 0 032 0 024 0.002 0.015 0 983 0 130 0 148 0 722 
75 .2 0 959 0 017 0 024 0.002 0.014 0 984 0 020 0 069 0 911 
79 .6 0 966 0 011 0 023 0.002 0.015 0 983 0 049 0 035 0 916 

Γ - 333 Κ 

39 .4 0 795 0 163 0 042 1 0 400 0 .398 0 202 
51 .1 0 880 0 091 0 029 1 0 182 0 .418 0 400 
59 .4 0 906 0 068 0 026 0.006 0.030 0 964 0 173 0 .359 0.468 
70 .3 0 925 0 049 0 026 0.008 0.035 0 957 0 117 0 .300 0 583 
79 .2 0 939 0 039 0 022 0.006 0.032 0 962 0 089 0 .234 0 677 
92 .6 0 946 0 029 0 025 0.010 0.046 0 944 0 084 0 .127 0 789 

1 We were not able to obtain r e s u l t s f o r these s t a t e c o n d i t i o n s . 
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behavior, but at quite d i f f e r e n t pressures r e l a t i v e to the pure solvent 
c r i t i c a l pressure was reported by P a u l a i t i s et a l . (3.) f o r the system 
carbon dioxide - isopropanol - water, by McHugh et a l . (5) f o r the 
system ethane - ethanol - water and by P a u l a i t i s et a l . (2) f o r the 
carbon dioxide - ethanol - water system. This behavior appears then 
to be quite common. 

A more complete p i c t u r e of the phase e q u i l i b r i u m behavior i s given 
i n Figure 4 f o r the system under study at 333 K. At t h i s temperature, 
we measured t i e l i n e s i n the two-phase reg i o n i n a d d i t i o n to the 
three-phase compositions. The darker l i n e s and squares on Figure 4 
represent these experimental measurements. The l i g h t l i n e s are model 
p r e d i c t i o n s , using values of i n t e r a c t i o n parameters determined s o l e l y 
from r e g r e s s i o n of binary data (see Appendix). The two sets of r e s u l t s 
are i n good agreement with each other. The a b i l i t y to p r e d i c t ternary 
data from binary data only i s of great p r a c t i c a l importance, since i t 
permits the eva l u a t i o n of a large range of process a l t e r n a t i v e s from 
l i m i t e d experimental information. 

An i n t e r e s t i n g featur
r e l a t i v e i n s e n s i t i v i t y o
l i n e s to v a r i a t i o n s i n pressure i n the two-phase region, as evidenced 
by comparison of the diagrams at 100 and 150 bar i n Figure 4. This 
would seem to imply that s i m i l a r separations can be achieved by 
operation at a range of pressures above the upper c r i t i c a l s o l u t i o n 
pressure of -95 bar. 

From an engineering point of view, the most important q u a n t i t i e s 
i n the ev a l u a t i o n of a separation scheme based on a phase behavior 
p a t t e r n such as the one shown, are the s e l e c t i v i t y of the separation 
with respect to the de s i r e d component, as w e l l as the loading of the 
de s i r e d component i n the extractant phase. I t i s w e l l known that 
those two f a c t o r s u s u a l l y increase i n d i f f e r e n t d i r e c t i o n s . Figures 
5 and 6 present experimental data and model p r e d i c t i o n s f o r the d i s ­
t r i b u t i o n c o e f f i c i e n t of acetone and the s e l e c t i v i t y r a t i o a of acetone 
over water (defined as the r a t i o of d i s t r i b u t i o n c o e f f i c i e n t s of 
acetone and water i n the l i q u i d and f l u i d phases). The d i s t r i b u t i o n 
c o e f f i c i e n t shows a maximum at both temperatures, with a higher value 
at the higher temperature, whereas the s e l e c t i v i t y decreases smoothly 
from the l i m i t i n g value of -300 at low acetone concentrations to 1 as 
the p l a i t point i s approached. The experimental data show the same 
trends, although there i s some s c a t t e r due to the f a c t that small 
a b s o l u t e e r r o r s i n the low s u p e r c r i t i c a l phase concentrations of 
acetone and water r e s u l t i n large r e l a t i v e e r r o r s f o r the d i s t r i b u t i o n 
c o e f f i c i e n t and s e l e c t i v i t y f a c t o r s . S e l e c t i v i t i e s are gene r a l l y 
higher f o r the lower temperature, but loadings are lower. 

In Figure 7, we present the w/w concentration of acetone i n the 
s u p e r c r i t i c a l phase on a C0 2-free b a s i s versus the corresponding 
concentration of acetone i n the l i q u i d phase. The curve shows a 
broad maximum at a range of concentrations of acetone i n the aqueous 
phase between 2% and 15% w/w. The maximum concentration of acetone 
i n the s u p e r c r i t i c a l phase i s close to 95% w/w. We can, therefore, 
obtain almost pure acetone from a d i l u t e aqueous s o l u t i o n using a 
si n g l e - s t e p e x t r a c t i o n with s u p e r c r i t i c a l carbon dioxide. 
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Acgtong (2) Acetong (2) 

Water (1) C02 (3) 

; 333 Κ . Ρ = 27. 6 bar 
Τ = 333 Κ . Ρ = 40. 0 bar 

C02 (3) 

Figure 4. Phase equilibrium behavior for the system water (1)-
acetone (2) - carbon dioxide (3) at 333 Κ : experimental phase 
compositions (•) and tie-lines (—) ; predicted tie-lines (—) ; 
predicted three-phase equilibrium compositions (Δ). 
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0 . 5 5 0 . 6 5 0 . 7 5 0 . 8 5 0 . 9 5 

x 1 / (x1 + x2) 

Figure 5. D i s t r i b u t i o n c o e f f i c i e n t of acetone f o r the system 
water (1) - acetone (2) - carbon dioxide (3) at 150 bar, as a 
f u n c t i o n o f the water c o n c e n t r a t i o n i n the lower phase. 
Experimental, 333 Κ (•); pred i c t e d , 333 Κ and 313 Κ ( — ) . 
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0.55 0.65 0.75 0.85 0.95 

x 1 / (x1 + x2) 

Figure 6. S e l e c t i v i t y f a c t o r f o r acetone over water f o r the 
system water (1) - acetone (2) - carbon dioxide (3) system at 150 
bar, as a f u n c t i o n of the water concentration i n the lower phase. 
Experimental, 333 Κ (0); predicted, 333 Κ and 313 Κ ( — ) . 
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APPENDIX 

Equation of State used 

For the c o r r e l a t i o n of the experimental r e s u l t s , we used a m o d i f i c a t i o n 
of the Peng-Robinson equation of st a t e developed by the authors. The 
essence of the method, which i s presented i n d e t a i l i n (8.) i s the use 
of a non-quadratic mixing r u l e f o r the a t t r a c t i v e parameter a m . The 
mixing r u l e involves two binary i n t e r a c t i o n parameters to be determined 
from r e g r e s s i o n of experimental data. The equations f o r the pressure, 
the mixing r u l e used and the r e s u l t i n g expression f o r the chemical 
p o t e n t i a l of a component i n a mixture are given below f o r the case of 
a general cubic equation of state ( f o r the Peng-Robinson equation of 
s t a t e , u = 2 and w = -1). 

ρ -
V - b V + uVb + wb m m m 

a = Υ Υ χ. χ. a.. (2) m . . ι ι i j 
ι J 

b « - ? x i b i ( 3 ) 

a.. - 7 a. a. [1-k..+(k..-k..)x.] (4) 

OA ο f k b k / PV Ί x „ P(V-b m) 
= i n T F - ~b RT " i n RT + 

Yx (a +a ) - yyx χ (k -k )7a a + χ Tx k -k )Ja a b 
r i ik k i ; i j i j j i i j i k i i k / V k i k 
I i j ι _ 

a ' b 
m m 

a 2V + b (u-7u2-4w) 
i n = (5) 

Ju2 - 4w b mRT 2V + b m(u+7u 2-4w) 

To estimate the pure component parameters, we used the technique 
of Panagiotopoulos and Kumar (11). The technique provides parameters 
that e x a c t l y reproduce the vapor pressure and l i q u i d density of a 
s u b c r i t i c a l component. Table II presents the pure component parameters 
that were used. For the s u p e r c r i t i c a l components, the usual a c e n t r i c 
f a c t o r c o r r e l a t i o n was u t i l i z e d . 

I t i s important to note, that the i n t e r a c t i o n parameters between 
the components (two per binary) were estimated s o l e l y from binary 
phase e q u i l i b r i u m data, i n c l u d i n g low-pressure VLE data f o r the binary 
acetone - water; no ternary data were used i n the f i t t i n g . The values 
of the i n t e r a c t i o n parameters obtained are shown i n Table I I I . 
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TABLE II : Pure component parameters 

Component T(K) a (Jxm 3/mol) 10 6 b (m3/mol) 

Acetone 313.15 2.1772 62.35 
333.15 2.1165 62.65 

Ethanol 308.15 2.0292 48.23 
323.15 1.9679 48.44 
338.1

Water 313.15 .81614 16.07 
333.15 .79123 15.99 

TABLE I I I : I n t e r a c t i o n parameters 

System Τ (Κ) ^12 ^2 1 

C0 2(1) - acetone(2) 313 15 -0.02 0.00 
333 15 -0.02 0.00 

C0 2(1) - ethanol(2) 308 15 0.072 0.069 
323 15 0.093 0.077 
338 15 0.089 0.061 

C0 2(1) - water(2) 313 15 -0.205 0.162 
333 15 -0.185 0.160 

acetone(1) - water(2) 313 15 -0.310 -0.150 
333 15 -0.293 -0.132 
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Conclusions 

A r e c i r c u l a t i o n apparatus f o r the determination of high pressure 
phase e q u i l i b r i u m data f o r mixtures of water, p o l a r organic l i q u i d s 
and s u p e r c r i t i c a l f l u i d s was constructed and operated f o r bin a r y and 
ternary systems with s u p e r c r i t i c a l carbon dioxide. 

The system carbon dioxide - acetone - water was i n v e s t i g a t e d at 313 
and 333 K. The system demonstrates s e v e r a l of the general charac­
t e r i s t i c s of phase e q u i l i b r i u m behavior f o r ternary aqueous systems 
with a s u p e r c r i t i c a l f l u i d . These include an extensive LLV region 
that appears at r e l a t i v e l y low pressures. Carbon dioxide e x h i b i t s a 
high s e l e c t i v i t y f o r acetone over water and can be used to e x t r a c t 
acetone from d i l u t e aqueous s o l u t i o n s . 

A model based on a modified mixing r u l e f o r the Peng-Robinson 
equation of sta t e was able to reproduce q u a n t i t a t i v e l y a l l features 
of the observed phase e q u i l i b r i u m behavior, with model parameters 
d e t e r m i n e d from b i n a r y d a t a o n l y . The use of such models may 
s u b s t a n t i a l l y f a c i l i t a t
f o r separations that u t i l i z
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Chapter 11 

Solubilities of Five Solid n-Alkanes 
in Supercritical Ethane 

Iraj Moradinia and Amyn S. Teja 

School of Chemical Engineering, Georgia Institute of Technology, 
Atlanta, GA 30332-0100 

The effect of solid structure on the solubilities 
of n-alkanes in supercritical ethane has been 
investigated at a temperature just above the 
critical point o
alkanes containing 28 to 33 carbon atoms in ethane 
at 308.15K and pressures up to 20 MPa are reported 
in this work. The enhancement factor is shown to 
exhibit a regular trend with the number of carbon 
atoms in the n-alkane, although different trends 
are exhibited by the odd and even members of the 
series. 

The n-alkanes are an interesting homologous series because they 
display great regularity in their behavior. Many of their fluid 
phase properties, for example, can be correlated with the number of 
carbon atoms in the molecules (J_>_2_) · In order to develop general 
relations for supercritical extraction, therefore, we have studied 
the solubilities of solid n-alkanes containing 28 to 33 carbon atoms 
in supercritical ethane. 

An additional reason for studying the n-alkane series is that 
even-numbered n-alkanes exhibit different trends in their solid 
phase properties (e.g. sublimation pressure, heat of fusion, etc.) 
than the odd-numbered members of the series (_3̂ 6_)· This is shown 
for the heat of fusion in figure 1, and is a consequence of the 
different packing arrangements in the solid phase. It may be 
possible using supercritical extraction to exploit these differences 
in order to separate close-boiling members of the series. Any 
generalization for supercritical extraction behavior must, 
therefore, take account of these differences in behavior. The 
solubilities of solid n-Octacosane (n"*C28H58̂ ' n-Nonacosane 
(n-C29Ĥ Q), n-Triacontane (n*"C3oH62̂  ' n " D o t r i a c o n t a n e (n"C32H66̂ ' 
and n-Tritriacontane (n-Ĉ Ĥ g) in supercritical ethane are reported 
below. The solubilities of the even-numbered members of the series 
have been obtained from our previous work (7). 
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132 SUPERCRITICAL FLUIDS 

EXPERIMENTAL 

The apparatus used i n th i s study was a single-pass flow system shown 
schematically i n f i g u r e 2. I t i s s i m i l a r i n p r i n c i p l e to that used 
by Kurnik et a l . (8). The experimental procedure has been o u t l i n e d 
i n a previous p u b l i c a t i o n (7_). 

SOURCE AND PURITY OF THE MATERIALS 

The s o l i d n-alkanes (n-C^H^g, n " c 3 o H 6 2 ' a n c * n~ C32 H66^ 1 1 3 ( 1 a s t a t e d 

p u r i t y of 99% or better and n~C29 H60 bad a stated p u r i t y of 98% or 
be t t e r . The n-alkanes were obtained from Wiley Organics. S o l i d n-
C33 H68 w a s 0 D t a i n e d from Fluka Chemical Corp. and had a stated 
p u r i t y of 97% or better. The s o l i d s were used without f u r t h e r 
p u r i f i c a t i o n . Ethane was furnished by the Matheson Gas Co. with 
99+% p u r i t y and was also used without f u r t h e r p u r i f i c a t i o n . 

RESULTS 
Our r e s u l t s f o r the binar
C 2 H 6 + n " c 3 0 H 6 2 » C 2 H 6 + n " C 3 2 H 6 6 » a n d C 2 H 6 + n" c33 H68 a r e S l v e n * n 

table 1. 

Table 1. Experimental Results at 308.15K 

P(MPa) 

y 2 x l 0 3 

C 2H 6(1)+ 
n - C 2 8 H 5 8 ( 2 ) 

y 2 x l 0 3 

C 2H 6(1)+ 
η δ 2 9 Η 6 0 ( 2 ) 

y 2 x l 0 3 

C 2H 6(1)+ 
n C 3 0 H 6 2 ( 2 ) 

y 2 x l 0 3 

C^H 6(1)+ 
n C 3 2 H 6 6 ( 2 ) 

y 2 x l 0 3 

C 2H 6(1)+ 
n C 3 3 H 6 8 ( 2 ) 

6.57 1.89 2.32 0.549 0.216 .371 
10.10 3.38 4.32 1.24 0.713 .963 
12.02 6.43 8.29 1.45 0.801 1.14 
13.64 7.53 9.91 1.71 0.959 1.36 
16.67 10.80 14.20 2.24 1.26 1.64 
20.20 15.18 3.20 1.81 2.37 

DATA CORRELATION 

Experimental data were c o r r e l a t e d using the Patel-Teja (9) equation 
of s t a t e . For a pure s o l i d phase i n e q u i l i b r i u m with a 
s u p e r c r i t i c a l gas phase, we may write (10). s 

v 0 

where p
2

a P Is the sublimation (vapor) pressure of the solute 2, 
<f>2

ap i s the fugac i t y c o e f f i c i e n t of the solute a t i t s sublimation 
pressure, V 2 i s the molar volume of the pure solute, y 2 i s the 
composition ( s o l u b i l i t y ) of the solute i n the s u p e r c r i t i c a l 
solvent, φ 2 i s fu g a c i t y c o e f f i c i e n t of the solute i n the 
s u p e r c r i t i c a l solvent, Ρ i s the pressure and a l l properties are 
evaluated at the system temperature T. Since the sublimation 
pressure i s usu a l l y very small, we may assume φ ν

2
Ρ ~ 1 and the 

i n t e g r a l to be evaluated from zero pressure to the pressure P. 
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134 SUPERCRITICAL FLUIDS 

Also, since the s o l i d volume i s approximately constant with 
pressure, we can integrate and rewrite eq. (1) as follows: 

P Q
V a p EXP[PV!!/RT] 

Thus, i f the s o l i d phase properties ( d e n s i t i e s and sublimation 
pressures) are known, then the s o l u b i l i t y of the solute i n the 
s u p e r c r i t i c a l solvent a t any pressure and temperature can be 
c a l c u l a t e d provided an equation of state i s a v a i l a b l e for the 
c a l c u l a t i o n of φ^. The r e s u l t s for f i v e binary systems using P a t e l -
Teja equation of state shown i n figures 3 and 4. 
The Patel-Teja equation of state i s able to c o r r e l a t e the data f o r 
the binary systems reasonably well provided a binary i n t e r a c t i o n 
c o e f f i c i e n t (k-π) i s included i n the c a l c u l a t i o n s . I t i s 
i n t e r e s t i n g to note that the binary i n t e r a c t i o n c o e f f i c i e n t s 
obtained from c o r r e l a t i o n of data f o r the odd members of the s e r i e s 
are an order of magnitude smaller than those obtained f o r the even 
members of the s e r i e s
carbon number. Thes
sublimation pressures and lead to the conclusion that d i f f e r e n t 
c o r r e l a t i o n s w i l l be required for odd and even numbered members of 
any homologous s e r i e s . A p l o t of enhancement f a c t o r (E) a l s o shows 
thi s behavior with carbon number (Figure 5). 
Enhancement f a c t o r s are given i n Table 2. S o l i d d e n s i t i e s and 
sublimation pressures used i n the s o l u b i l i t y c a l c u l a t i o n s (Eq. 2) 
are given i n Table 3. The d e n s i t i e s were supplied by the 
manufacturers whereas the sublimation pressures were extrapolated 
using data on other n-alkanes [ 7]. 

Table 2. Enhancement Factors a t Τ = 308.15K 

Ρ(MPa) 
n"* C28 H58 n" C29 H60 n"" C30 H62 n" C32 H66 n" C33 H68 

6, 
10, 

57 
10 

12.02 
13.64 

20.2 

1.947x10 

1.212x10 
1.611x10 

16.67 2.824x10 
4.809x10 

11 
11 
12 
12 
12 
12 

1.216x10 
3.481x10 
7.951x10 
1.077x10 
1.889x10 

11 
11 
11 
12 
12 

977x10 
464x10 
821x10 

11 
12 
12 
12 

6.926x10 
3.514x10 
4.699x10 

452xl0 A* 6.364x10 
037x10 

1.788x10 
13 
13 

.025x10 

.784x10 

12 
13 
13 
13 
14 
14 

3.057x10 
1.220x10 
1.719x10 
2.327x10 
3.429x10 
6.004x10 

12 
13 
13 
13 
13 
13 

Table 3. S o l i d P roperties Required i n Eqn. (2) 

L i t . / M o l . 
s 

ν . 

V a ï > 14 P 2 χ 1 0 i a MPa 
Substance 

L i t . / M o l . 
s 

ν . 308.15K 
n" C28 H58 
n" C29 H60 
n~ C30 H60 
n" C32 H66 
n~ C33 H68 

0.4895 
0.5058 

6.37619 
12.53244 

n" C28 H58 
n" C29 H60 
n~ C30 H60 
n" C32 H66 
n~ C33 H68 

0.5222 
0.5550 
0.5714 

0.36151 
0.02049 
0.07973 
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PRESSURE.MPa 

Figure 3. Experimental and c a l c u l a t e d s o l u b i l i t i e s of 
even-numbered n-alkanes i n s u p e r c r i t i c a l ethane a t 
308.IK. · experimental data f o r n - C 2 8 H 5 8 (k,. = - ·0405); Δ-
experimental data ί θ Γ ( η - 0 3 0 Η 6 2 ) = —03067; o-experimental 
data for n-C3 2H^ 6 ( k ^ = -·0383). C a l c u l a t i o n s using the P a t e l -
Teja equation or state are shown by the s o l i d l i n e s . 

- 3 . 0 

10 15 
PRESSURE.MPa 

Figure 4. Experimental and c a l c u l a t e d s o l u b i l i t i e s of 
odd-numbered n-alkanes i n s u p e r c r i t i c a l ethane 308.1k. 
• experimental data f o r n-C 2 QH 6Q ( k j j = -·0049); ο experimental 

data f o r n-C^Rt^ ( k ^ = -·0037). C a l c u l a t i o n s using the P a t e l -
Teja equation o f state are shown by the s o l i d l i n e s . 
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136 SUPERCRITICAL FLUIDS 

Figure 5. Enhancement f a c t o r (E) V S . Carbon number f o r 
ethane + n-alkane systems. 
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Chapter 12 

Solubility of meso-Tetraphenylporphyrin 
in Two Supercritical Fluid Solvents 

T. R. Bergstresser and Michael E. Paulaitis 

Department of Chemical Engineering, University of Delaware, Newark, DE 19716 

Solubilities of meso-tetraphenylporphyrin (normal 
melting temperature = 444°C) in pentane and in toluene 
have been measured at elevated temperatures and 
pressures. Three-phase, solid-liquid-gas equilibrium 
temperatures and pressures were also measured for these 
two binary mixture
point of the supercritical-flui
solubility of the porphyrin in supercritical toluene is 
three orders of magnitude greater than that in 
supercritical pentane or in conventional liquid 
solvents at ambient temperatures and pressures. An 
analysis of the phase diagram for toluene-porphyrin 
mixtures shows that supercritical toluene is the 
preferred solvent for this porphyrin because (1) high 
solubilities are obtained at moderate pressures, and 
(2) the porphyrin can be easily recovered from solution 
by small reductions in pressure. 

The enhanced solubility of solids in compressed gases at elevated 
temperatures and pressures was first noted more than one hundred 
years ago. Hannay and Hogarth (1) observed that the solubility of 
salts in compressed ethanol was considerably greater than expected 
based on the vapor pressure of the salts. Since this early 
investigation, numerous authors have discussed the phase behavior of 
solids in dense fluids at elevated temperatures and pressures. 
Review articles by Paulaitis et al. (2), Luks (3), Streett (4), and 
Rowlinson and Richardson (5) document many of the investigations that 
have been made. 

The phase behavior of solids in supercritical fluids has 
practical significance as well as academic interest. Since the mid-
1970's, it has been recognized that supercritical fluids can be 
useful as solvents for commercial-scale extractions. While a 
variety of applications are documented in the literature (2,6), 
supercritical-fluid (SCF) extraction has been particularly useful in 
upgrading petroleum fractions (7), extracting volatile components 
from coal (8), and deashing oil shale (9) and coal liquids (10). The 
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a p p l i c a t i o n of SCF ex t r ac t i on in these processes requires 
s o l u b i l i t i e s f o r the mixtures of i n t e r e s t in SCF so l ven t s . 
S o l u b i l i t i e s can be d i f f i c u l t to p r e d i c t , however, s ince these 
mixtures are h igh ly complex in the sense that numerous cons t i tuents 
are invo lved which d i f f e r s i g n i f i c a n t l y in molecular s i z e , shape, 
s t r u c t u r e , and p o l a r i t y . Experimental s o l u b i l i t i e s on w e l l - d e f i n e d , 
model systems are required to develop bet ter p r e d i c t i v e methods. 

In t h i s paper, we present the re su l t s of an experimental study 
on the phase behavior of w e l l - c h a r a c t e r i z e d binary mixtures which 
represent the more complex mixtures that a r i s e in SCF ext rac t ions of 
petroleum res idua and coal l i q u i d s . These binary mixtures cons i s t of 
pentane and toluene with m e s o - t e t r a p h e n y l p o r p h y r i η (TPP). Porphyrins 
occur na tu ra l l y in crude o i l s (11,12) and represent an important 
c l a s s of high molecular-weight cons t i tuents of these o i l s , i nc lud ing 
those which conta in heavy metals , such as n icke l and vanadium. 
Pentane and toluene were se lec ted as SCF so lvents because these 
hydrocarbons have c r i t i c a l temperatures convenient to the des i red 
operat ing temperatures fo
l i q u i d s , r e s p e c t i v e l y . 

Several d i f f e r e n t measurements were made as a re su l t of the 
d i f f e r e n t phase behavior observed fo r the two binary mixtures. 
Ga s - s o l i d equ i l i b r i um was observed f o r mixtures of TPP and pentane at 
cond i t ions near the c r i t i c a l point of pentane. Hence, s o l i d 
s o l u b i l i t i e s f o r TPP in s u p e r c r i t i c a l pentane were measured. 
However, fo r mixtures of TPP and to luene , a t h i r d ( l i q u i d ) phase 
forms in the presence of the gas and the s o l i d , at pressures well 
below the c r i t i c a l pressure of to luene. At higher pressures , 
g a s - l i q u i d and s o l i d - l i q u i d e q u i l i b r i a were observed, rather than 
g a s - s o l i d e q u i l i b r i u m . Thus, phase compositions for g a s - l i q u i d 
e q u i l i b r i u m were measured f o r t h i s binary mixture to give TPP 
s o l u b i l i t i e s in each of the f l u i d phases. Pressures and temperatures 
f o r three-phase, s o l i d - l i q u i d - g a s equ i l i b r i um were a l so measured for 
both binary mixtures . 

Experimental Methods 

The fo l l ow ing experimental techniques were used to measure the 
pressures and temperatures fo r s o l i d - l i q u i d - g a s e q u i l i b r i u m , phase 
composit ions (bubble and dew points ) f o r g a s - l i q u i d e q u i l i b r i u m , and 
s o l i d s o l u b i l i t i e s in s u p e r c r i t i c a l pentane. Experimental procedures 
and the apparatus are descr ibed in d e t a i l elsewhere (13). 

S o l i d - l i q u i d - g a s (SLG) e q u i l i b r i u m temperatures and pressures 
were measured in a constant-volume view c e l l . A known amount of 
porphyr in was loaded in to the c e l l , which was then attached to the 
so lvent de l i ve ry system and heated to the des i red operat ing 
temperature. Once thermal e q u i l i b r i u m was obta ined, solvent was 
metered in to the c e l l u n t i l the pressure with in the c e l l reached the 
SLG pressure. Equ i l i b r i um was obtained when the pressure s t a b l i z e d 
and a l l three phases could be observed. This pressure and the 
corresponding temperature were recorded as one point on the SLG 
e q u i l i b r i u m l i n e f o r the binary mixture. Add i t i ona l points were 
obtained by s e t t i n g a new temperature and repeat ing the procedure. 
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140 SUPERCRITICAL FLUIDS 

Bubble points for g a s - l i q u i d equ i l i b r i um were measured at 
constant temperature by observing the pressure at which the 
e q u i l i b r i u m gas phase disappeared upon i n j e c t i o n of small amounts of 
solvent in to the view c e l l . The equ i l i b r i um composition of the 
l i q u i d phase was obtained from the known composition in the c e l l . 
Other pressures and corresponding compositions at t h i s temperature 
were obtained by repeat ing the procedure for d i f f e r e n t porphyrin 
load ings . 

Dew points were a lso measured using the procedure descr ibed 
above, except that the disappearance of the l i q u i d phase was observed 
as solvent was added to the view c e l l . Dew point measurements were 
l i m i t e d by low porphyrin concentrat ions in the gas phase, which 
required loading very small amounts of porphyrin in to the c e l l . 

Measurements of s o l i d s o l u b i l i t i e s in s u p e r c r i t i c a l pentane 
were, in p r i n c i p l e , i d e n t i c a l to the bubble point or dew point 
measurements descr ibed above. The equ i l i b r i um pressure and 
corresponding s o l i d s o l u b i l i t y at a f i xed temperature were determined 
from the measured pressur
when the las t c r y s t a l of
l i m i t e d at low s o l u b i l i t i e s by the low porphyrin load ings , and at 
high s o l u b i l i t i e s by the dark purple co lo r of the f l u i d phase which 
obscured observat ion of the s o l i d phase. 

M e s o - t e t r a p h e n y l p o r p h y r i η (>97% c h l o r i n f ree) was purchased from 
Man-Win Chemical Company and was used without fu r ther p u r i f i c a t i o n . 
Pentane and toluene (ACS c e r t i f i e d grade) were purchased from F i s cher 
S c i e n t i f i c Company and were degassed before use. 

Experimental Results 

The accuracy of the pressure and temperature measurements was 
v e r i f i e d by measuring the vapor pressure curves and c r i t i c a l points 
f o r pentane and for to luene. Vapor pressures were measured by 
observing the formation of a l i q u i d phase as pentane or toluene was 
i n j e c t e d in to the constant-volume view c e l l under isothermal 
c o n d i t i o n s . The observat ion of c r i t i c a l opalescence was used to 
determine the c r i t i c a l po i n t . The measured vapor pressures and 
c r i t i c a l points are given in Table I. Vapor pressures deviate from 

Table I. Measured Vapor Pressures for Pentane and Toluene 

Pentane Toluene 
Temperature Vapor Pressure Temperature Vapor Pressure 

(°C) (atm) (°C) (atm) 
84.8 4.6 120.9 1.4 

104.5 6.4 159.9 3.4 
125.7 10.2 191.9 6.3 
134.7 12.2 196.9 7.0 
158.3 18.5 224.7 11.1 
184.9 28.4 248.9 16.1 
196.1 33.9 CP 274.8 23.1 

287.6 27.6 
299.6 32.1 
318.5 40.3 CP 

CP = C r i t i c a l Point 
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l i t e r a t u r e values (14,15) by an average of 0.32 atm for pentane and 
0.10 atm for to luene. C r i t i c a l temperatures and pressures are in 
c l o se agreement with l i t e r a t u r e values of 197.5°C and 33.6 atm for 
pentane (14), and 318.57°C and 40.6 atm for toluene (15). 

Three-phase, SLG e q u i l i b r i u m temperatures and pressures for 
binary mixtures of pentane and toluene with TPP are given in Tables 
II and III, r e s p e c t i v e l y . A lower c r i t i c a l endpoint (LCEP) was 
observed fo r pentane-TPP mixtures, and i s a lso denoted in Table II. 

Table II. Measured Three-Phase SLG Temperatures and Pressures 
f o r Binary Mixtures of Pentane 

Temperature 

(°C) 
— — 

180.4 
186.9 
192.3 
195.0 
197.7 
198.3 

Table III. Measured Three-Phase SLG Temperatures and Pressures 
f o r Binary Mixtures of Toluene and TPP 

Temperature 
(°C) 

Pressure 
(atm) 

286.2 22.2 
292.9 24.2 
298.8 24.9 
299.4 25.1 
304.1 26.2 
310.6 27.3 
315.1 27.7 
319.9 28.5 
325.0 29.6 
325.6 29.5 
337.8 30.2 
345.2 31.0 
350.0 31.1 

This LCEP i s a g a s - l i q u i d c r i t i c a l point in the presence of the s o l i d 
phase. A LCEP was not observed fo r toluene-TPP mixtures at 
temperatures below 350°C. Measurements were not made at higher 
temperatures because of thermal degradation of the porphyr in . The 
re su l t s in Tables I—III are a l so shown on PT pro jec t ions in Figures 1 
and 2. The mixture c r i t i c a l po ints in F igure 2 are obtained from 
Figure 4. 

So l i d s o l u b i l i t i e s f o r TPP in pentane at temperatures of 207°C 
and 250°C are given in Table IV and presented in Figure 3. The 
maximum experimental u n c e r t a i n t i e s are 3 χ 10"5 for porphyrin mole 
f r a c t i o n , 1 atm for pressure, and 1 degree C for temperature. 

Pressure 
(atm) 
23.0 
25.6 
28.3 

33.4 
33.6 LCEP 
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Table IV. Measured So l i d S o l u b i l i t i e s of TPP in Compressed Pentane 

Pressure Mole F rac t ion 
(atm) TPP χ 10* 

T=207UC 
125 1.0 
132 1.3 
159 1.4 
190 1.6 

T=250°C 
89 1.1 

115 2.1 
137 2.7 
169 3.0 
220 3.1 

The normal melt ing point of TPP was measured using a 
d i f f e r e n t i a l scanning c a l o r ime te r
experimental r e su l t s in Figur
melt at temperatures of 300-350°C in the presence of compressed 
to luene at pressures of 20-30 atm (well below the c r i t i c a l pressure 
of t o l u e n e ) . At higher pressures , g a s - l i q u i d and s o l i d - l i q u i d 
e q u i l i b r i a , rather than ga s - s o l i d e q u i l i b r i u m , w i l l be obtained fo r 
toluene-TPP mixtures. Bubble points and dew points fo r t h i s binary 
mixture were measured at temperatures of 300° , 325° , and 350° , and 
pressures above the corresponding SLG equ i l i b r i um pressures . The 
re su l t s are given in Table V and shown in Figure 4. The maximum 

Table V. Measured Bubble and Dew Points fo r Binary Mixtures of 
Toluene and TPP 

T= 300°C T=325°C T=350°C 
Mole Mole Mole 

Pressure F rac t i on Pressure F rac t i on Pressure F rac t i on 
(atm) TPPxlO 2 (atm) TPPxlO 2 (atm) TPPxlO 2 

Bubble Points Bubble Points 
27 18.40 32 18.80 39 21.50 
28 12.80 34 15.20 40 19.80 
29 8.26 35 13.90 43 16.40 
30 5.08 37 11.60 46 12.80 
31 2.46 39 8.78 48 9.62 
32 .70 40 7.36 50 7.18 
32 .08 41 4.78 51 4.88 

41 3.31 53 3.38 
42 1.77 56 1.97 
43 .38 57 1.37 
43 .15 Dew Points 
43 .12 56 .79 

Dew Points 57 .44 

41 .09 52 .30 
38 .04 54 .26 
38 .02 51 .24 

54 .21 
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experimental unce r t a i n t i e s f o r bubble and dew point mole f r a c t i o n s 
are 10% of the reported va lues . Maximum experimental unce r t a i n t i e s 
are 1 atm for pressure and 2 degrees f o r temperature at 350°C. 

D i scuss ion 

The melt ing behavior fo r TPP in the presence of compressed pentane 
(F igure 1) i s charac te r i zed by an in te r rup ted three-phase, SLG 
e q u i l i b r i u m l i n e which terminates at a LCEP. This behavior i s 
c h a r a c t e r i s t i c of a gas and a s o l i d with low mutual s o l u b i l i t y , and 
i s expected when the t r i p l e - p o i n t temperature of the s o l i d i s much 
greater than the c r i t i c a l temperature of the gas (3) . At 
temperatures ju s t above the LCEP temperature, TPP does not melt in 
the presence of compressed pentane, and ga s - so l i d e q u i l i b r i u m i s 
observed at pressures up to two hundred atmospheres (F igure 3 ) . 
The s o l u b i l i t y of TPP in s u p e r c r i t i c a l pentane at these e levated 
pressures i s a l so qu i te low  At 250°C  the maximum s o l u b i l i t y i s 
approximately 2.7 χ 1 0 "

The melt ing behavio
to luene i s s i g n i f i c a n t l y d i f f e r e n t (F igure 2 ) . The three-phase, SLG 
e q u i l i b r i m curve does not show a LCEP, and probably continues 
without i n t e r r u p t i o n to the t r i p l e point of TPP. This behavior i s 
c h a r a c t e r i s t i c of binary mixtures with r e l a t i v e l y high mutual 
s o l u b i l i t i e s . For SLG e q u i l i b r i u m , the l i q u i d phase would have high 
TPP concent ra t i ons ; whereas the gas phase would be mostly to luene and 
the s o l i d phase would be e s s e n t i a l l y pure TPP. The pres sure -
composit ion diagram dep i c t i n g g a s - l i q u i d equ i l i b r i um fo r toluene-TPP 
mixtures (Figure 4) i nd i ca te s that l i qu id -phase concentrat ions of TPP 
can be on the order of 20 mol % at 350°C and 40 atm. 

A comparison of s o l i d s o l u b i l i t i e s f o r TPP in s u p e r c r i t i c a l 
pentane, s u p e r c r i t i c a l t o luene , and various l i q u i d so lvents i s given 
i n Table VI. The s o l i d s o l u b i l i t y of TPP in toluene corresponds to 
the l i qu id -phase concentrat ion f o r SLG e q u i l i b r i u m , estimated from 
the re su l t s in Figures 2 and 4. Several important conclus ions can be 

Table VI. Comparison of So l i d S o l u b i l i t i e s of TPP in Various 
Solvents 

Solvent Mole F rac t ion 
TPP χ 10 4 

Condit ions 

Toluene 2210.00 T=325°C,f>=3U atm 
Pentane 2.71 T=250°C,P=137 atm 
Pyr id ine (16) 6.30 ambient 
Benzene (16) 5.20 ambient 
Acetone (17) 1.40 ambient 
Ethanol (17) .01 ambient 

drawn from th i s comparison. F i r s t , TPP s o l u b i l i t y in s u p e r c r i t i c a l 
to luene i s three orders of magnitude greater than that in 
s u p e r c r i t i c a l pentane and in the l i q u i d so lvents at ambient 
temperatures and pressures . Obv ious ly , the higher temperature 
as soc ia ted with s u p e r c r i t i c a l to luene must be a s i g n i f i c a n t f a c t o r . 
However, the chemical nature of the solvent i s a lso important, as 
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demonstrated by the fact that the enhancement f a c t o r (2) c a l c u l a t e d 
f o r TPP in toluene i s about one order of magnitude greater than that 
c a l c u l a t e d for TPP in s u p e r c r i t i c a l pentane. Second, the high 
s o l u b i l i t y in toluene i s obtained at a moderate pres sure , 30 atm, 
wel l below the c r i t i c a l pressure of t o luene . This pressure 
corresponds to the SLG e q u i l i b r i u m pressure at 3 2 5 ° C . T h i r d , the SLG 
pressure of 30 atm represents the minimum pressure for high TPP 
s o l u b i l i t i e s in toluene at t h i s temperature — i . e . , the minimum 
pressure for the ex is tence of the l i q u i d phase. At lower pres sures , 
only the gas and s o l i d phases w i l l form, corresponding to e s s e n t i a l l y 
complete separat ion of toluene and the p o r p h y r i n . In summary, the 
comparison in Table VI i n d i c a t e s that s u p e r c r i t i c a l toluene would be 
the pre ferred solvent for m e s o - t e t r a p h e n y l p o r p h y r i η based upon the 
high TPP s o l u b i l i t i e s , moderate operat ing pressures , and the ease 
with which the porphyrin can be recovered from s o l u t i o n by reducing 
the pressure below the SLG e q u i l i b r i u m pres sure . 
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Chapter 13 

Supercritical Fluid Adsorption 
at the Gas-Solid Interface 

Jerry W. King1 

CPC International, Moffett Technical Center, Argo, IL 60501 

Adsorption of a supercritical fluid upon the surface 
of an adsorbent significantly alters the gas-solid 
interface thereby
of bound adsorbates. Such a process can contribute 
substantially to the regeneration of adsorbents and 
the chromatographic separation of solutes as reported 
in the scientific and patent literature. In this 
paper, we have characterized the adsorption of dense 
gases at solid interfaces in terms of their reported 
adsorption isotherms. Particular emphasis has been 
placed on the pressure at which maximum differential 
adsorption of the gas occurs and its importance in 
assuring rapid breakthrough of sorbates from packed 
columns. An experimental approach is presented for 
determining adsorbate breakthrough volumes as a function 
of gas compression using elution pulse chromatographic 
techniques. The derived retention volume data define 
distinct regions of solute breakthrough characteristics 
which are determined by the relative uptake of the 
compressed fluid on the sorbent surface. The results 
obtained in this study permit an estimation of the 
physical conditions required to effectively remove 
aliphatic and aromatic hydrocarbons from such sorbents 
as alumina and porous organic resins with minimal 
compression of the supercritical fluid phase. 

The utilization of supercritical fluids in conjunction with 
adsorbents and active solids is well documented in the technical 
literature. The most frequently cited applications involve the 
use of dense gases for the regeneration of adsorbents (1) and as 
mobile phases in supercritical fluid chromatography (2). Numerous 
'Current address: Northern Regional Research Center, Agricultural Research Service, 
U.S. Department of Agriculture, 1815 North University Street, Peoria, IL 61604 
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patents also contain examples of the removal of s p e c i f i c s o l u t e s , 
such as c a f f e i n e or n i c o t i n e , from s u p e r c r i t i c a l f l u i d media by 
a c t i v a t e d carbon (3, 4) and ion exchange resins (5, 6). 
F r a c t i o n a t i o n of solutes from dense gas streams has als o been 
demonstrated by Barton and Hajnik (7) u t i l i z i n g molecular sieves 
as a sorbent. Less w e l l known, but of h i s t o r i c a l importance, i s 
the s o r p t i o n of methane by coal (8), an e q u i l i b r i a of importance 
i n preventing mine explosions. Recently, Findenegg (9) has 
suggested that r a d i o a c t i v e gases may be stored to advantage on 
z e o l i t e s at elevated pressures. 

Regeneration of adsorbents was i n i t i a l l y demonstrated i n 
the mid-1970 1 s i n both Japan (10) and the United States (11, 12). 
In research sponsored by the Environmental P r o t e c t i o n Agency 
(13-15), C r i t i c a l F l u i d Systems, Inc. (Arthur D. L i t t l e ) 
demonstrated the f e a s i b i l i t y of regenerating a c t i v a t e d carbon 
and organic re s i n s using s u p e r c r i t i c a l carbon dioxide. T y p i c a l 
conditions i n the above studies u t i l i z i n g C0 2 f o r the removal of 
sel e c t e d sorbates from
reduced state i n Figur
range of reduced temperature and pressure have been employed 
depending upon the chemical nature of the compounds being desorbed. 
Presumably, these regeneration conditions were selected e m p i r i c a l l y 
or are based on independent measurements of sorbate (solute) 
s o l u b i l i t y i n the s u p e r c r i t i c a l f l u i d . 

More r e c e n t l y , Kander and P a u l a i t i s (16) have studied the 
adsorption of phenol onto a c t i v a t e d carbon and measured i t s 
s o r p t i o n e q u i l i b r i a from dense C0 2. These researchers found 
that temperature c o n t r o l l e d the adsorption e q u i l i b r i a and that 
phenol uptake was n e g l i g i b l y e f f e c t e d by changes i n the gas 
phase density. Such a r e s u l t i n d i c a t e s that f a c t o r s other then 
a solute's s o l u b i l i t y i n a dense gas play a key r o l e i n d e f i n i n g 
the adsorption e q u i l i b r i u m which accompany such processes. 

There i s a synergism between adsorption and chromatographic 
processes which i s c l e a r l y demonstrated i n the s u p e r c r i t i c a l 
f l u i d l i t e r a t u r e . Research i n s u p e r c r i t i c a l f l u i d chromatography 
can u s u a l l y be d i v i d e d i n t o a n a l y t i c a l a p p l i c a t i o n s and the 
measurement of physicochemical data. E a r l y a n a l y t i c a l separations 
methodology performed at pressures close to ambient conditions 
showed that the e l u t i o n order of i n j e c t e d solutes could be 
a l t e r e d by changing the nature of the c a r r i e r gas (17-20). 
Later, adsorbents and c r o s s l i n k e d polymeric packings were u t i l i z e d 
i n a n a l y t i c a l studies to circumvent the problem of s t a t i o n a r y 
phase v o l a t i l i t y i n the h i g h l y compressed c a r r i e r gas. For 
example, Sie and Rijnders (21, 22) demonstrated the advantages 
of using such adsorbents as alumina and microporous polymers f o r 
f r a c t i o n a t i n g a wide v a r i e t y of mixtures i n c l u d i n g p o l y c y c l i c 
aromatics hydrocarbons, a l k a l o i d s , and epoxy r e s i n oligomers. 
Results obtained i n the above study i n d i c a t e d that 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 s could be v a r i e d as a f u n c t i o n of 
c a r r i e r gas pressure i n a rather dramatic fashion and that 
e l u t i o n peak shape was s u b s t a n t i a l l y modified by the i n t e r a c t i o n 
of the s u p e r c r i t i c a l f l u i d with the sorbent surface. Kobayashi 
and co-workers (23-28) using t r a c e r p e r t u r b a t i o n chromatography 
have substantiated the above f i n d i n g s and determined e q u i l i b r i u m 
K-values, isotherms, and thermodynamic functions of adsorption 
f o r l i g h t hydrocarbons on s e v e r a l adsorbents. 
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In t h i s paper, we have u t i l i z e d l i t e r a t u r e data i n tandem 
with pulse chromatographic measurements to define the r o l e of 
s u p e r c r i t i c a l f l u i d adsorption at the g a s - s o l i d i n t e r f a c e . I t 
should be appreciated that the adsorption of the s u p e r c r i t i c a l 
f l u i d on the adsorbent surface i s appreciable at higher pressures 
leading to the formation of a condensed phase (29) i n the 
microporous adsorbents commonly used i n regeneration experiments. 
The formation of such a " l i q u i d - l i k e " f i l m at the i n t e r f a c e can 
have a profound e f f e c t i n determining the uptake of another 
adsorbate at the s o l i d surface or i n the conditions required f o r 
regeneration of the adsorbent surface. The measurements reported 
i n t h i s study extend out to 1600 atmospheres, a compression 
regime p r e v i o u s l y unexplored by g a s - s o l i d chromatography. Such 
experiments have permitted us to c o r r e l a t e chromatographic 
r e t e n t i o n volume measurements with adsorbate breakthrough 
c h a r a c t e r i s t i c s as a func t i o n of pressure f o r several adsorbent/ 
adsorbate systems. The r o l e of the s u p e r c r i t i c a l f l u i d at the 
ga s - s o l i d i n t e r f a c e ha
c h a r a c t e r i s t i c s , therefor
governing the adsorption of high pressure gases at the adsorbent 
i n t e r f a c e w i l l be given. 

Fundamentals of S u p e r c r i t i c a l F l u i d Adsorption 

Fundamental studies on the adsorption of s u p e r c r i t i c a l f l u i d s at 
the g a s - s o l i d i n t e r f a c e are r a r e l y c i t e d i n 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 l i t e r a t u r e . This i s most unfortunate since 
e q u i l i b r i u m s h i f t s induced by gas phase n o n - i d e a l i t y i n multiphase 
systems can r a r e l y be t o t a l l y a t t r i b u t e d to solute s o l u b i l i t y i n 
the s u p e r c r i t i c a l f l u i d phase. The p a r t i t i o n i n g of an adsorbed 
specie between the i n t e r f a c e and gaseous phase can be governed 
by a complex array of molecular i n t e r a c t i o n s which depend on the 
r e l a t i v e i n t e n s i t y of the adsorbate-adsorbent i n t e r a c t i o n s , 
adsorbate-adsorbate a s s o c i a t i o n , the sorpti o n of the s u p e r c r i t i c a l 
f l u i d at the s o l i d i n t e r f a c e , and the s o l u b i l i t y of the sorbate 
i n the c r i t i c a l f l u i d . As we s h a l l demonstrate, competitive 
adsorption between the sorbate and the s u p e r c r i t i c a l f l u i d at 
the g a s - s o l i d i n t e r f a c e i s a s i g n i f i c a n t mechanism which should 
be considered i n the proper design of adsorption/desorption 
methods which incorporate dense gases as one of the a c t i v e 
phases. 

In general, adsorption of a high pressure gas follows a 
Type II BET isotherm. The shape of the isotherm i s p a r t l y 
dependent on the uni t s chosen f o r the isotherm coordinates, 
however there i s a major d i f f e r e n c e i n the character of the 
isotherm depending on whether absolute or Gibb's adsorption i s 
chosen f o r the absc i s s a . Whereas absolute adsorption i s a 
measure of the t o t a l mass or volume of the gas adsorbed onto the 
surface, Gibb's adsorption (or the surface excess) measures the 
amount of gas adsorbed on the s o l i d surface i n excess of that 
corresponding to the density of gas i n the f l u i d phase at the 
same temperature and pressure. This l a t t e r d e f i n i t i o n provides 
some i n s i g h t as to the molecular i n t e r a c t i o n s taking place at 
the i n t e r f a c e as a func t i o n of gas density. A t y p i c a l adsorption 
isotherm i l l u s t r a t i n g both the absolute and d i f f e r e n t i a l (Gibbs) 
adsorption i s shown i n Figure 2. 
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REDUCED DENSITY 

Figure 1. Reported conditions f o r the s u p e r c r i t i c a l f l u i d 
desorption of sel e c t e d adsorbates from a c t i v a t e d carbon. 

PRESSURE • ·· 

Figure 2. T y p i c a l adsorption isotherm f o r a s u p e r c r i t i c a l gas 
i n which absolute and d i f f e r e n t i a l adsorption are express as a 
fun c t i o n of pressure. 
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Menon has noted i n h i s comprehensive review (30) that an 
adsorption maxima occurs as a s p e c i f i c gas pressure, ρ , when 
the Gibbs adsorption i s p l o t t t e d versus the gas pressure. These 
adsorption maxima are quite pronounced when the s u p e r c r i t i c a l 
f l u i d i s adsorbed at reduced temperatures approaching u n i t y . 
Further compression of the c r i t i c a l f l u i d beyond ρ r e s u l t s i n 
a density increase of the adsorbed f i l m and a concomitant decrease 
i n the surface excess as the gas phase approaches a density 
equal to or exceeding that of the adsorbed phase. As we s h a l l 
show l a t e r , attainment of t h i s s p e c i f i c pressure value i s c r i t i c a l 
f o r s a t u r a t i n g the adsorbent surface with the compressed f l u i d 
and thereby leading to conditions which favor the desorption of 
the bound solute from the surface region. Menon (31) has 
c o r r e l a t e d the occurence of ρ f o r various gases i n terras of 

max 
t h e i r respective c r i t i c a l p r o p e r t i e s and has proposed the 
fo l l o w i n g e m p i r i c a l equation which i s a p p l i c a b l e f o r Qadsorptio n 
on macroporous adsorbent

where Ρ = c r i t i c a l pressure of the gas 
T^ = reduced temperature at which adsorption occurs 

The above r e l a t i o n s h i p p r e d i c t s a monotonie increase i n P m a x 

with i n c r e a s i n g temperature as shown i n Figure 3 f o r three 
d i f f e r e n t gases. Hence, the maximum amount of gas (by the Gibbs 
d e f i n i t i o n ) adsorbed on the surface of the adsorbent can be 
att a i n e d at a lower pressure by operating close to the c r i t i c a l 
temperature of the adsorbed gas. A p p l i c a t i o n of even higher 
pressures then ρ w i l l r e s u l t i n a large increase i n the 
cohesional energy m a(?f the adsorbed gas leading to the formation 
of a l i q u i d - l i k e l a y e r on the surface of the porous adsorbent 
(27). 

A d d i t i o n a l studies by Menon (32) have i n d i c a t e d the P m a x 

can occur at lower pressures then those predicted by Equation 1 
depending on the pore s t r u c t u r e associated with the adsorbent. 
E m p i r i c a l l y , adsorbents possessing microporosity e x h i b i t a 
that i s 0.6-0.8 of the value p r e d i c t e d by Equation 1. This 
observation i s a t t r i b u t e d to the overlapping of p o t e n t i a l f i e l d s 
i n the adsorbent pores, thereby enhancing s o r p t i o n of the gas at 
lower pressures. Experimental studies by Ozawa (33) have v e r i f i e d 
t h i s trend as shown i n Figure 4 f o r the C 0 2 / a c t i v a t e d carbon 
system. Here the adsorption maxima f o r the gas occurs at a 
lower pressure than the c r i t i c a l pressure of carbon dioxide. I t 
should also be noted that the amount of gas adsorbed i s decreased 
at higher reduced temperatures and that a d d i t i o n a l compression 
i s required to reach a defined adsorption maxima ( i . e . , at very 
high values of Τ i t i s sometimes d i f f i c u l t to d i s c e r n a w e l l -
defined adsorption maximum). The above trend has also been 
found f o r other adsorbent/adsorbate systems, such as s i l i c a 
g e l/C0 2. 

The dependence of gas adsorption on the pore st r u c t u r e of 
the sorbent has been e x t e n s i v e l y studied by Ozawa, Kusumi, and 
Ogino (34) and t h e o r e t i c a l l y c o r r e l a t e d by a p p l i c a t i o n of the 
P i c k e t t equation. Data obtained from t h i s study has been p l o t t e d 
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Figure 4. Adsorption isotherms for the carbon d i o x i d e / a c t i v a t e d 
carbon system. Reproduced with permission from Ref. 33. Copy­
r i g h t 1972, Chemical Society of Japan. 
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i n Figure 5 where the ρ value versus the mean pore diameter 
max 

of the adsorbent ( a c t i v a t e d carbon) i s shown f o r C0 2 s o r p t i o n . 
The adsorption maxima i n t h i s case, increases with i n c r e a s i n g 
pore diameter, asympotically approaching a constant value at 
large pore diameters. The value p r e d i c t e d by Menon's r e l a t i o n s h i p 
(Equation 1) has a l s o been included f o r the purpose of comparison. 
Although i t would seem prudent to u t i l i z e an adsorbent of low 
p o r o s i t y to avoid a d d i t i o n a l gas compression, m i t i g a t i n g f a c t o r s 
such as adsorption capacity and s t e r e o - s e l e c t i v i t y also play a 
seminal r o l e i n the f i n a l s e l e c t i o n of a s u i t a b l e adsorbent. 
The pore s i z e dependence of ρ at various temperatures has 
also been v e r i f i e d f o r above carlfons and shows a s i m i l a r dependence 
to that e x h i b i t e d i n Figure 3. 

Further d i s c u s s i o n on the t h e o r e t i c a l aspects of s u p e r c r i t i c a l 
f l u i d adsorption on s o l i d s can be found by c o n s u l t i n g the papers 
of Findenegg (35-37). The importance of the high pressure 
adsorption maximum as discusse
compare t y p i c a l ρ value
with conditions ar y employe  regeneratio
of adsorbents (Figure 1). As shown i n Figure 6, ρ values f o r 
C0 2 on t y p i c a l carbonaceous adsorbents occur at considerably 
lower reduced pressures (p = 0.5-1.0) than those u t i l i z e d f o r 
the desorption of common organic solutes (14) or p e s t i c i d e s (1). 
This r e s u l t implies that p o t e n t i a l l y much lower pressures and 
volumes of s u p e r c r i t i c a l C0 2 could be used to d i s p l a c e adsorbed 
solutes from the adsorbent surface by maximizing the competitive 
adsorption of the dense C0 2 on the s o l i d surface. 

To provide some experimental v e r i f i c a t i o n of the above 
hypothesis, we have measured v i a pulse e l u t i o n chromatography, 
breakthrough volumes (the peak maximum re t e n t i o n volume i n 
l i n e a r e l u t i o n chromatography corresponding to the 50% breakthrough 
volume i n f r o n t a l a n a l y s i s ) of model adsorbates on two d i f f e r e n t 
adsorbents over an extended pressure range using C0 2 as the 
c r i t i c a l f l u i d . Our experimental r e s u l t s suggest that there are 
d i s t i n c t regions i n which the surface of the adsorbent i s undergoing 
m o d i f i c a t i o n due to the adsorption of the s u p e r c r i t i c a l f l u i d 
c a r r i e r gas. The i m p l i c a t i o n s of these r e s u l t s have permitted 
the i d e n t i f i c a t i o n of d i s t i n c t pressure ranges which can be used 
for the f r a c t i o n a t i o n of d i s s o l v e d moieties i n the c r i t i c a l 
f l u i d , a minimum pressure which should be attained f o r commencement 
of adsorbent regeneration, and a upper pressure l i m i t at which 
sorbate breakthrough volume becomes constant with i n c r e a s i n g 
pressure. 

Experimental Measurements 

The experimental apparatus u t i l i z e d f o r these studies i s of 
s i m i l a r design to that reported by Giddings, Myers, and King 
(38) as i s depicted i n Figure 7. Compression of the mobile 
phase was accomplished using an Aminco a i r - a c t u a t e d diaphragm 
compressor which was kept i n a heated chamber above the c r i t i c a l 
temperature of the c a r r i e r gas. Pump pul s a t i o n s and flow 
i r r e g u l a r i t i e s were minimized by s t o r i n g the compressed f l u i d i n 
a high pressure b a l l a s t chamber which served as a source of 
mobile phase. Pressures up to 3000 p s i g were adjusted by using 
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Figure 5. Rel a t i o n s h i p between the pressure at which maximum 
d i f f e r e n t i a l adsorption of carbon dioxide occurs and the mean 
pore diameter of a c t i v a t e d carbons. 
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REDUCED DENSITY 

Figure 6. Reported adsorption maxima f o r carbon dioxide/ 
adsorbent system on a plot of reduced s t a t e . (I) and (II) 
represent d i f f e r e n t types of a c t i v a t e d carbon (AC) . 
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Figure 7. Experimental high pressure gas chromatographic 
apparatus f o r r e t e n t i o n volume measurements. 
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an Apco backpressure regulator i n conjunction with a Bourdon 
tube gauge. Regulation of pressures beyond 3000 p s i g was achieved 
by i s o l a t i n g the low pressure gauge from the main flow system 
and subsequently r e g u l a t i n g the e n t i r e chromatographic system 
with a dual contact e l e c t r i c a l c o n t r o l gauge (modified Aminco 
Model 47-18330). The sampling chamber/valve and column were 
placed i n a heated, thermostatted oven held at 40°C (dashed l i n e 
i n Figure 7) . 

Column design and preparation incorporated p r e v i o u s l y 
described methods reported i n the l i t e r a t u r e (39). Two d i f f e r e n t 
adsorbents were employed: a 100/120 mesh c r o s s l i n k e d styrene/ 
divinylbenzene r e s i n (Polypak P-Waters Associates) and a Woelm 
aniontropic a c t i v i t y grade alumina. These adsorbents were 
packed i n 300 and 94 cm. s t a i n l e s s s t e e l columns having a 1 mm. 
i n t e r n a l diameter. Pressure drop across the adsorbent bed was 
kept to a minimum (<0.02 atm.) by using a heated pressure reduction 
valve at the end of the column. T y p i c a l l i n e a r flow v e l o c i t i e s 
through the columns wer

Pneumatic transpor
the end of the column to the detector o r i f i c e was f a c i l i t a t e d by 
a p p l i c a t i o n of a heating tape to a small length of narrow bore 
tubing. Detection of the solute e l u t i o n p r o f i l e was accomplished 
using a f a b r i c a t e d , non-commercial flame i o n i z a t i o n detector. 
Flow rates of the c a r r i e r gas were adjusted under ambient 
conditions by c a l i b r a t i n g a U-tube manometer i n terms of gas 
flow rate. This required opening the c a r r i e r gas flow s p l i t t e r 
so as to d i v e r t the e n t i r e flow through the detector o r i f i c e , 
subsequently measuring the flow rate and d i f f e r e n t i a l pressure 
on the manometer, and then returning the c a l i b r a t e d metering 
valve to i t s i n i t i a l s e t t i n g to r e e s t a b l i s h the s p l i t (1:6-1:10) 
of the c a r r i e r gas flow. C a l i b r a t i o n with and without the 
detector gases ( a i r & H 2) revealed the absence of any backpressure 
e f f e c t due to the detector combustion gases. 

Experimental assessment of the column void volume proved to 
be c r i t i c a l since the solute r e t e n t i o n volume approaches the 
void volume as pressure i s increased. Following the 
recommendations of Kobayashi (24), we used an unretained so l u t e , 
methane, f o r t h i s measurement. Values f o r the void volume 
determined over an extended pressure range were 1.8 and 0.5 ml. 
f o r the c r o s s l i n k e d r e s i n and alumina columns, r e s p e c t i v e l y . 
These f i g u r e s were i n e x c e l l e n t agreement with void volume 
approximations of 1.4 and 0.45 ml. based upon the geometric 
volume of the column assuming a p o r o s i t y of 0.6 f o r the packed 
beds. 

The adsorbates and adsorbents i n t h i s study were chosen to 
r e f l e c t a range of d i f f e r e n t types of molecular i n t e r a c t i o n s as 
we l l as to observe whether the r e t e n t i o n volume data trends 
could be generalized. In a d d i t i o n , solutes were picked which 
would r a p i d l y e q u i l i b r a t e with the chosen adsorbents (no 
h y s t e r e s i s ) and whose d i s t r i b u t i o n c o e f f i c i e n t s could be measured 
conveniently over as wide a pressure range as p o s s i b l e . As 
shown i n Table I, the adsorbents corresponded to two d i s t i n c t l y 
d i f f e r e n t chemical types as c l a s s i f i e d by the c r i t e r i o n of 
K i s e l e v (40). The alumina represented an adsorbent capable of 
s p e c i f i c i n t e r a c t i o n s with sorbates having l o c a l i z e d p e r i p h e r a l 
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e l e c t r o n density, since i t possesses a l o c a l i z e d p o s i t i v e charge 
on i t s surface. The c r o s s l i n k e d organic polymer i s a Type III 
adsorbent since i t s negative charge on the surface i s due to the 
presence of an aromatic p i - e l e c t r o n system wi t h i n i t s molecular 
st r u c t u r e . The adsorbates employed represented a homologous 
se r i e s of n-alkanes (Group A sorbates) and two Group Β adsorbates, 
benzene and naphthalene, which have p e r i p h e r a l p i - e l e c t r o n 
density. 

Table I. Adsorbent/Adsorbate Classes 
U t i l i z e d i n the Chromatographic Experiments 

Adsorbent Type Adsorbate Type 

A 1 2 0 3 (Type I) n-Pentane 

Styrene/Divinylbenzene Resin Benzene 
(Type 2) Naphthalene (Group Β ) 

Data Reduction 

There i s a fundamental r e l a t i o n s h i p described i n chromatographic 
theory between the r e t e n t i o n volume of a e l u t i o n peak and the 
mid-point of a breakthrough curve achieved by operating the 
column under f r o n t a l a n a l y s i s conditions (41). In the Henry's 
Law region of the adsorption isotherm, the net r e t e n t i o n volume 
and i t s measurement can be used to describe the v a r i a t i o n of 
sorbate breakthrough volume as i l l u s t r a t e d i n Figure 8. U t i l i z i n g 
the experimental apparatus described i n the l a s t s e c t i o n , r e t e n t i o n 
volumes were measured as a fu n c t i o n of pressure at 40°C (T = 
1.03) over as wide a range of pressure as p o s s i b l e to permit 
e l u c i d a t i o n of the breakthrough c h a r a c t e r i s t i c s f o r the selected 
sorbates. Examination of the pulse p r o f i l e s i n d i c a t e d a high 
degree of symmetry which was i n d i c a t i v e of the absence of non­
l i n e a r s o r p t i o n isotherm f o r the systems under study. Therefore, 
the reported r e t e n t i o n volume measurements can be equated with 
the breakthrough and/or desorption p a t t e r n of the adsorbate 
during i t s passage through the column bed. 

Retention volume data were computed using Equation 2: 

V = (Τ Ί/Τ ) (Ζ /Ζ _) (ρ - ρ _ /ρ .) F (t - t ) (2) r v c o l ' a' v a' c o l ' V i a ^water'^col' a v r oJ 

where V = r e t e n t i o n volume of the adsorbate r 

Τ , = column temperature c o l * 

T a = ambient temperature 

Z c Q ^ = c o m p r e s s i b i l i t y f a c t o r at p^ 
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c o m p r e s s i b i l i t y f a c t o r at ambient pressure 

ambient pressure 

column pressure 

vapor pressure of water 

ambient flow rate 

r e t e n t i o n time (peak maxima) 

re t e n t i o n time of unretained adsorbate pulse 

The r e t e n t i o n data described by Equation 2 are corrected from 
ambient conditions to the p r e v a i l i n g temperature and pressure 
conditions w i t h i n the sorbent column. Use of the expansion 
valve at the end of th
n e g l i g i b l e pressure dro
s i m p l i f y i n g the pressure c o r r e c t i o n f a c t o r used i n the r e t e n t i o n 
volume computations (23, 39). 

The r e t e n t i o n volume computed by Equation 2, V , can be 
r e l a t e d to the adsorption c o e f f i c i e n t and the surface area value 
of the sorbent bed by: 

Ζ = 

c o l 

rwater 
F 

t = 

t = 

V = Κ Λ A (3) r A s 
where = e q u i l i b r i u m adsorption c o e f f i c i e n t i n the Henry's Law 

region of the adsorption isotherm 

A = t o t a l surface area of the sorbent bed s 
Unfortunately values cannot be d i r e c t l y c a l c u l a t e d from 
r e t e n t i o n volume measurements by Equation 3 since the i n t e r f a c i a l 
surface area i s changing as a f u n c t i o n of pressure due to the 
carbon dioxide s o r p t i o n . However, the r e l a t i v e magnitude of the 
e q u i l i b r i u m s h i f t of the sorbate from the s o l i d adsorbent i n t o 
the gaseous phase can be estimated by c a l c u l a t i n g the capacity 
f a c t o r , k', according to Equation 4 as given below: 

where V i s the column v o i d volume, ο 
Results and Discussion 

The a p p l i c a t i o n of pressure causes a considerable decrease i n 
the r e t e n t i o n or breakthrough volume f o r an adsorbate t r a n s v e r s i n g 
down a sorbent column. This trend i s amply i l l u s t r a t e d i n 
Figure 9 where the r e t e n t i o n volume f o r benzene i n C0 2 has been 
p l o t t t e d as a f u n c t i o n of pressure f o r the c r o s s l i n k e d styrene/ 
divinylbenzene r e s i n at 40°C. In t h i s f i g u r e , there i s a 
considerable decrease i n i t i a l l y i n V over a small pressure 
i n t e r v a l and the breakthrough volume appears to become constant 
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Figure 8. Rel a t i o n s h i p between the mid-point of the f r o n t a l 
breakthrough p r o f i l e and the e l u t i o n peak maxima. 

Figure 9. Breakthrough volume as a fu n c t i o n of carbon dioxide 
pressure f o r benzene on the c r o s s l i n k e d polymeric r e s i n . 
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beyond 200 atmospheres. The observed trend implies that f u r t h e r 
a p p l i c a t i o n of pressure af f o r d s no advantage i n removing benzene 
from the adsorbent column. In general, a l l of sorbates studied 
i n our experiments exhibited a s i m i l a r trend upon i n j e c t i o n i n t o 
the dense C0 2 c a r r i e r gas. 

Close examination of Figure 9 reveals that the rate of 
change f o r the r e t e n t i o n volume with pressure undergoes an 
i n f l e x i o n i n the low pressure region of the graph. Therefore, 
a d d i t i o n a l measurements were taken to confirm t h i s trend at 
pressures below 200 atmospheres. Figure 10 shows the r e s u l t s of 
t h i s extended study f o r benzene on the r e s i n adsorbent. The 
data show that the rate of decrease i n the breakthrough volume 
i s l i n e a r up to a pressure of approximately 70 atmospheres, 
however beyond t h i s degree of gas compression, the sorbate 
r e t e n t i o n volume decreases even more r a p i d l y with i n c r e a s i n g 
pressure. At a pressure below 100 atmospheres, the breakthrough 
volume of benzene approaches a constant value equivalent to the 
v o i d volume of the colum
when V was p l o t t e d as a

To confirm the above observations, an a d d i t i o n a l set of 
experiments were performed using a d i f f e r e n t sorbate probe, 
η-heptane. Once again, as with benzene, the r e t e n t i o n volume 
was found to decrease i n a s i m i l a r manner with i n c r e a s i n g gas 
pressure on the c r o s s l i n k e d r e s i n sorbent. As shown i n both 
Figures 10 and 11, the abrupt decrease i n breakthrough volume 
occurs at a gas pressure close to the ρ or ρ value as 
c a l c u l a t e d by Equation 1 f o r carbon dioxide 0. A sim¥iar i n f l e c t i o n 
has als o been noted by Sie, Van Beersum, and Rijnders (42) when 
the logarithm of the p a r t i t i o n c o e f f i c i e n t i s p l o t t e d as a 
fun c t i o n of pressure i n high pressure g a s - l i q u i d chromatographic 
studies. The above r e s u l t suggests that the uptake of 
s u p e r c r i t i c a l gas by the adsorbent produces a s i g n i f i c a n t change 
i n the breakthrough volume of the sorbate pulse and that observed 
migration enhancement i s i n part due to m o d i f i c a t i o n of the 
g a s - s o l i d i n t e r f a c e by the dense f l u i d . 

S i m i l a r experiments were also conducted on the styrene/ 
divinylbenzene adsorbent i n which the capacity f a c t o r and 
r e t e n t i o n volumes were determined f o r a s e r i e s of n-alkanes 
(n-C 5-C 7) at 40°C. I t was found that the capacity f a c t o r s f o r 
the homologues decreased l i n e a r l y by an order of two magnitudes 
and i n a p a r a l l e l fashion up to a pressure of 1250 p s i g (85 
atm.). At t h i s pressure the solute capacity f a c t o r s began to 
change r a p i d l y with pressure, s i m i l a r to the trend observed i n 
the breakthrough volume f o r benzene and η-heptane reported 
above. I t was als o noted i n t h i s t r a n s i t i o n region, that the 
capacity f a c t o r s f o r the i n d i v i d u a l alkanes tended to merge 
together, and that d i f f e r e n t i a l migration down the column was 
not p o s s i b l e i n t h i s higher pressure regime. Such a r e s u l t 
suggests that f r a c t i o n a t i o n of the above homologues can only be 
accomplished s u c c e s s f u l l y below the ρ value associated with 
the adsorption of the c r i t i c a l f l u i d ar? Xthe g a s - s o l i d i n t e r f a c e . 
Apparently, the formation of a multi molecular layer of adsorbed 
gas with i n c r e a s i n g pressure not only a s s i s t s i n desorbing the 
i n j e c t e d sorbate but s i g n i f i c a n t l y n u l l i f i e s the p o t e n t i a l 
f i e l d of the adsorbent to such an extent that d i f f e r e n t i a l 

In Supercritical Fluids; Squires, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



13. KING Supercritical Fluid Adsorption at the Gas-Solid Interface 165 

In Supercritical Fluids; Squires, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



SUPERCRITICAL FLUIDS 

In Supercritical Fluids; Squires, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



13. KING Supercritical Fluid Adsorption at the Gas-Solid Interface 167 

adsorption of various adsorbates i s no longer p o s s i b l e . S i m i l a r 
conclusions have been reached by other i n v e s t i g a t o r s (43) using 
e l u t i o n chromatographic experiments. 

A d d i t i o n a l evidence f o r the r o l e of the s u p e r c r i t i c a l f l u i d 
i n modifying the i n t e r f a c e i s provide i n Figure 12. Here the 
capacity f a c t o r f o r n-pentane on alumina at 40°C i s shown as a 
fu n c t i o n of pressure up to 700 atmospheres. The considerable 
reduction i n k' below 100 atmospheres p a r a l l e l s the solute 
breakthrough behavior described e a r l i e r on the organic r e s i n . 
Also p l o t t e d i n Figure 12 i s gravimetric adsorption data f o r 
three gases adsorbing on alumina; carbon dioxide, nitrogen, and 
carbon monoxide, as taken from the l i t e r a t u r e . The isotherm 
depicted f o r nitrogen and carbon monoxide were abstracted from 
the study of Menon (44) and represent the d i f f e r e n t i a l adsorption 
of these gases at 50°C. The maximum sor p t i o n of C0 2 on a alumina 
i s designated with an a s t e r i s k i n Figure 12 f o r c l a r i t y , however 
the e n t i r e isotherm can be found i n the paper of Ozawa and Ogino 
(33). The a c t u a l isother
sharp when compared to
a feature i n keeping with the low reduced temperature at which 
the C0 2 i s adsorbed (T = 1.03). The adsorption recorded f o r 
nitrogen and carbon monoxide was taken at reduced temperatures 
of 2.48 and 2.35, r e s p e c t i v e l y , hence a d d i t i o n a l gas compression 
i s required to achieve maximum uptake of the s u p e r c r i t i c a l 
f l u i d . Despite the d i f f e r e n t aluminas used i n the c i t e d 
experimental s t u d i e s , the gravimetric adsorption data i n Figure 
12 suggest that the breakthrough volume i s c o n t r o l l e d by 
competitive adsorption of the s u p e r c r i t i c a l f l u i d at the gas-
s o l i d i n t e r f a c e . The close proximity of the carbon dioxide 
adsorption maximum to the region of maximum change i n V supports 
the above concept. Likewise, the higher pressures required to 
reach the adsorption maxim a i n the CO and N 2 cases, would argue 
that a more gradual change i n the breakthrough volume with 
pressure should occur f o r s i m i l a r sorbates which are desorbed at 
50°C using these s u p e r c r i t i c a l f l u i d s . Maximum desorption due 
to competitive adsorption of the s u p e r c r i t i c a l f l u i d at the 
g a s - s o l i d i n t e r f a c e i s achieved by operating close to the c r i t i c a l 
temperature or ρ of the d i s p l a c i n g gas. 

To t e s t the above concept, a rather r a d i c a l experiment was 
performed employing helium as the c a r r i e r gas at 40°C (T^ = 
59.1) with subsequent measurement of the r e t e n t i o n volumes f o r 
several l i g h t hydrocarbons (n-C 3-C 5) on the alumina column. 
Figure 13 shows the reduction i n the capacity f a c t o r with pressure 
fo r η-butane as a sorbate u t i l i z i n g helium and carbon dioxide as 
c a r r i e r gases. The trend observed i n the capacity f a c t o r f o r 
η-butane as w e l l as the other alkanes i n p r e s s u r i z e d carbon 
dioxide i s i d e n t i c a l to that observed with alkanes of higher 
carbon number on alumina and the c r o s s l i n k e d organic r e s i n . 
However, when helium i s used as the c a r r i e r f l u i d , there appeared 
to be a small i n i t i a l drop i n the capacity f a c t o r followed by a 
more gradual decrease i n k' with i n c r e a s i n g pressure (up to 
10,000 p s i g ) . Examination of Figure 13 suggests that much 
higher pressures must be employed to e f f e c t a f u r t h e r reduction 
i n the breakthrough volume f o r η-butane i n helium on the oxide 
sorbent, at l e a s t comparable to that observed when using carbon 
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Figure 12. Capacity f a c t o r f o r n-pentane on alumina column at 
40°C and the d i f f e r e n t i a l adsorption of three gases as a f u n c t i o n 
of gas compression. 

Figure 13. Capacity f a c t o r f o r η-butane i n carbon dioxide and 
helium as a f u n c t i o n of column pressure. Temp. = 40°C. 
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dioxide as the s u p e r c r i t i c a l f l u i d phase. We b e l i e v e that the 
observed d i f f e r e n c e i n sorbate behavior i n the two candidate 
gases i s a r e f l e c t i o n of the degree of surface m o d i f i c a t i o n 
caused by the d i f f e r e n t amounts of adsorption exhibited by the 
two s u p e r c r i t i c a l gases. Sorption of helium at such a high 
reduced temperature i s very low, but not e n t i r e l y n e g l i g i b l e at 
the pressures employed i n t h i s study. This l a t e r f a c t o r combined 
with the weak solvent power of helium gas [the s o l u b i l i t y parameter 
fo r helium at 14,000 p s i g i s 1.6 Hildebrands (45)] most l i k e l y 
accounts f o r the recorded gradual breakthrough of the n-butane 
pulse from the alumina column. 

Conclusions 

In t h i s study, we have examined the r o l e of a s u p e r c r i t i c a l 
f l u i d adsorbing at the g a s - s o l i d i n t e r f a c e and the p o s s i b l e 
i m p l i c a t i o n s of such a phenomena on adsorption/desorption 
processes. The above
that displacement of a
of the s u p e r c r i t i c a l f l u i d at the i n t e r f a c e i s a major f a c t o r i n 
regenerating adsorbents and i n c o n t r o l l i n g the p a r t i t i o n of the 
solute (sorbate) i n t o the f l u i d phase. A d d i t i o n a l support f o r 
t h i s concept can be found i n the regeneration studies of Eppig 
and co-workers (14) who demonstrated the recovery of ethanol, 
methyl e t h y l ketone, and toluene from a c t i v a t e d carbon beds 
using modest C0 2 pressures ( l e s s than 100 atms.). Adsorption/ 
desorption studies of l i g h t hydrocarbon/C0 2 mixtures on molecular 
sieve (46) als o i n d i c a t e that C0 2 i s p r e f e r e n t i a l l y adsorbed 
over the alkane moieties, supporting a s i m i l a r concept advanced 
i n t h i s study. 

The r e t e n t i o n volume data presented i n t h i s study imply 
that there are d i s t i n c t regions of sorbate breakthrough behavior 
that are i n part defined by the extent of compressed gas 
adsorption at the s o l i d i n t e r f a c e . The region f o r most p r o f i t a b l e 
f r a c t i o n a t i o n of adsorbates would appear to l i e below the ρ 
value as defined by the adsorption isotherm of the s u p e r c r i t i c a l 
f l u i d . P l o t s of r e t e n t i o n volume versus pressure also are of 
great a i d i n d e f i n i n g a maximum pressure beyond which no f u r t h e r 
reduction i n breakthrough volume i s p o s s i b l e through increased 
gas compression. Such data i s of value i n s p e c i f y i n g the most 
e f f i c i e n t conditions f o r the r a p i d and economical s u p e r c r i t i c a l 
f l u i d regeneration of adsorbent beds. I t would appear that the 
ρ value discussed above, i s a minimal pressure which 
i n v e s t i g a t o r s should endeavor to a t t a i n when attempting to 
desorb compounds with s u p e r c r i t i c a l f l u i d media. However, extra 
gas compression may be required above the ρ value to solvate 
and s t r i p s t r o n g l y adsorbed components from adsorbent matrix. 
A d d i t i o n a l experimental studies should be undertaken i n the 
future to b e t t e r define and v e r i f y the concepts presented i n 
t h i s study, p a r t i c u l a r l y u t i l i z i n g other s u p e r c r i t i c a l f l u i d 
d i s p l a c i n g agents and adsorbates of lower v o l a t i l i t y and a p o l a r 
nature. 
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Chapter 14 

Mechanism of Solute Retention in Supercritical Fluid 
Chromatography 

C. R. Yonker, R. W. Wright, S. L. Frye, and R. D. Smith 

Chemical Methods and Separations Group, Chemical Technology Department, Pacific 
Northwest Laboratory, Battelle Memorial Institute, Richland, WA 99352 

The complicated dependence of retention in super­
critical fluid chromatography as a function of tem­
perature and pressure is examined. Simple thermody­
namic relationships are derived and discussed which 
allow the calculatio
tion as a functio
These models are compared to experimental data 
obtained over a wide range of temperatures and 
pressures. 

Solute retention as a function of pressure at 
constant temperature is dependent on the partial 
molar volume of the solute in the stationary 
phase the solubility of the solute in the 
fluid and the isothermal compressibility of the 
fluid. The model was compared to the experimental 
retention data of naphthalene and biphenyl and fit 
the data quite well. 

Solute retention as a function of temperature at 
constant pressure is seen to be dependent on the par­
tial molar enthalpy of solute transfer 
between the mobile and stationary phases, the heat 
capacity of the supercritical fluid mobile phase and 
the volume expansivity of the fluid. The model was 
compared to chromatographic retention data for 
solutes in n-pentane and CO2 as the fluid mobile 
phase and was seen to fit the data well. 

The e f f e c t of temperature, pressure and density on solute r e t e n t i o n 
( k f ) i n s u p e r c r i t i c a l f l u i d chromatography (SFC) has been w e l l 
studied.(1-6) Retention i n SFC depends upon both solute s o l u b i l i t y 
i n the f l u i d and solute i n t e r a c t i o n with the s t a t i o n a r y phase. The 
f u n c t i o n a l r e l a t i o n s h i p between re t e n t i o n and pressure at constant 
temperature has been described by Van Wasen and Schneider. (1_) The 
trend i n r e t e n t i o n i s seen to depend on the p a r t i a l molar volume of 
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the solute i n the mobile and st a t i o n a r y phases coupled with the i s o ­
thermal c o m p r e s s i b i l i t y of the f l u i d mobile phase. 

The e f f e c t of temperature on re t e n t i o n has been described 
experimentally,(4-8) but the f u n c t i o n a l dependence of k' with 
temperature has only r e c e n t l y been described.^9) A thermodynamic 
model was ou t l i n e d r e l a t i n g r e t e n t i o n as a fun c t i o n of temperature 
at constant pressure to the volume expansivity of the f l u i d , the 
enthalpy of solute t r a n s f e r between the mobile phase and the s t a ­
tionary phase and the change i n the heat capacity of the f l u i d as a 
func t i o n of temperature.(9) The s o l u b i l i t y of a s o l i d solute i n a 
s u p e r c r i t i c a l f l u i d has been discussed by Gitterman and Procaccia 
(10) over a large range of pressures. The combination of solute 
s o l u b i l i t y i n a f l u i d with the equation f o r r e t e n t i o n as a funct i o n 
of pressure derived by Van Wasen and Schneider allows one to examine 
the e f f e c t of s o l u b i l i t y on solute r e t e n t i o n . 

In t h i s work we derive simple r e l a t i o n s h i p s between tempera­
ture, solute s o l u b i l i t y and r e t e n t i o n  The simple thermodynamic 
models developed p r e d i c t
pressure, given the s o l u b i l i t
phase at constant temperature and the trend i n k' as a function of 
temperature at constant pressure. Our aim i s to examine the compli­
cated dependence of ret e n t i o n on the thermodynamic and p h y s i c a l 
properties of the solute and the f l u i d , p roviding a basis for 
consideration of more subtle e f f e c t s i n SFC. 

Theory 

In SFC the basic assumption of i n f i n i t e l y d i l u t e s o l u t i o n s of the 
solute i n the mobile and st a t i o n a r y phases i s v a l i d . The concentra­
t i o n of the solute i n these phases r e s p e c t i v e l y i s C^ = X j / V m , where 
X^ i s the mole f r a c t i o n of solute ( i ) and V m i s the molar volume of 
the pure mobile or stat i o n a r y phase. (J^) Solute retention i s deter­
mined from a dimensionless r e t e n t i o n f a c t o r , k 1, where, 

k. = ( c ±

s t a t / c ±

m o h ) . (v s t a t /v m o b ) (1) 

C i
s t a t and C±

mob are the concentration of solute ( i ) i n the s t a t i o n ­
ary and mobile phases r e s p e c t i v e l y , v s t a t and v111 are the volumes 
of the sta t i o n a r y and mobile phase. S u b s t i t u t i n g for concentration 
into eq. 1, 

k- = i x . s t a t / x . r a o b l · (v raob/v s t a t ) . (v s t a , 7v m o b ) ( 2 ) 

Taking the natural logarithm of both sides of eq. 2 one obtains, 

„ i t „ r „ stat,.. mob Ν , r „ mob „stat ... s t a t ..mob ^ / Q x Jink1 = i n iX. /X. J + An (V V /V V (3) ^ ι ι ' K m m J 

At equilibrium; the solute chemical p o t e n t i a l i n the respective 
phases are equal: μ^1^ - μ ^ ^ . Ο Ο Therefore, 

( u . S t a t = ( , . m 0 b = μ"** RT * n x f a t = μ . ™ * + RT in x j° b (4) 
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where μ^°° i s the chosen standard st a t e of uni t molar concentration 
of solute ( i ) i n the two phases. I t should be pointed out that i n 
the case of the solute i n the s t a t i o n a r y phase, t h i s choice of 
standard state i s a hy p o t h e t i c a l one which e x h i b i t s the properties 
of an i n f i n i t e d i l u t e solution.(12) Rearranging eq. 4, 

_ ^ , mob st a t 
*n ( X 1

S t a t / X i
m 0 b ) = ( μ ι

 œ - μ ± " )/RT (5) 

Su b s t i t u t i n g eq. 5 i n t o 3, 

mob s t a t . ^ _ _ _ , 
Jink' = [ H " - H °° ) / RT + Jin ( \ ™ b v S t a t / V m

8 t a t V m 0 b ) (6) 

An assumption can be made that the second term on the right-hand 
side (RHS) of eq. 6 i s independent of pressure except f o r V m

m o b , the 
molar volume of the f l u i d mobile phase  Therefore d i f f e r e n t i a t i o n 
of eq. 6 with respect t

( ô J U * 7 ô P ) T = l/RT [ ( ο μ ™ $ 9 Ρ ) τ - ( δ μ ^ ο Ρ ) Τ ] + (ôAn V m
m 0 b / ô P ) T (7) 

The p a r t i a l molar volume of the solute i s defined as ( ôu^/dP)-j* (_Li_) 
The second term on the RHS of eq. 7 i s the isothermal c o m p r e s s i b i l ­
i t y (K) of the f l u i d mobile phase.(13) Thus, eq. 7 reduces to, 

mob s t a t 

(ôAnk'/dP) T = l/RT [V±

c° - V. °° 1 - Κ (8) 

- mob - s t a t 
where V.̂  and are the p a r t i a l molar volumes of the solute 
( i ) i n the mobile and st 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 . Equation 8 i s the same as obtained by Van Wasen and 
Schneider (1) i n t h e i r d e r i v a t i o n of the trend i n re t e n t i o n as a 
fun c t i o n of pressure f o r SFC. 

The s o l u b i l i t y of a s o l i d i n a s u p e r c r i t i c a l f l u i d has been 
described by Gitterman and Procaccia.(10) The region of i n t e r e s t 
chromatographically w i l l be f o r i n f i n i t e l y d i l u t e s o l u t i o n s whose 
concentration i s f a r removed from the lower c r i t i c a l end point 
(LCEP) of the s o l u t i o n . Therefore the s o l u b i l i t y of the solute i n a 
s u p e r c r i t i c a l f l u i d at i n f i n i t e d i l u t i o n f a r from c r i t i c a l i t y can be 
approximated as, 

, mob 
( ô t o X i

m 0 b / ô P J T = l/RT [V s - V 1 ~] (9) 

where V s i s the molar volume of the pure s o l i d solute.(10) Equa­
t i o n 9 i s based on the assumption that the solute's p a r t i a l molar 
volume at i n f i n i t e d i l u t i o n roughly approximates that of a saturated 
s o l u t i o n at low mole f r a c t i o n values of the solute i n the f l u i d 

- mojj 
phase (see Figures 1 and 5). Solving eq. 9 for , 
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mob , 
V ±

 œ - -RT (ôln X ^ / Ô P J T + V S (10) 

S u b s t i t u t i n g eq. 10 i n t o eq. 8 and rearranging, 

s t a t , 
( ô A n k 7 a P ) T - (V s - V t °° )/RT - (ôAn X . m o b / ô P ) T - Κ (11) 

Equation 11 should be the r e l a t i o n s h i p between r e t e n t i o n - s o l u b i l i t y 
and pressure at constant temperature f o r i n f i n i t e l y d i l u t e s o l u ­
t i o n s . The RHS of eq. 11 co n s i s t s of three terms, the f i r s t term 
w i l l be a constant whose value depends on 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. The second term i s the 
s o l u b i l i t y of the solute i n the s u p e r c r i t i c a l f l u i d mobile phase. 
The l a s t term, the f l u i d ' s isothermal c o m p r e s s i b i l i t y , can be 
reasonably predicted from a two-parameter, cubic equation of state 
(EOS) such as the Redlich-Kwong EOS or the Peng-Robinson EOS.(14,15) 

The f l u i d ' s isotherma
Redlich-Kwong EOS to evaluat
due to the ease of f i n d i n g an a n a l y t i c a l s o l u t i o n , 

( M U v m
m o b / ô p ) T - ( i / v m

m o b ) · (a v m
m o b / ô P ) T - - κ (12) 

From the Redlich-Kwong EOS, 

v mob T0.5 .2 _ ( v mob,2, 
/ v mob, ν _ m J; ^ m J J / , o \ 

1 • = Ρ Τ °·5(3 ( V m
m o b ) 2 - b 2 ) - R T 3 / 2 t2V™b + b) + a 

where R i s the gas constant, Ρ i s pressure, and Τ i s temperature i n 
K. The constants a and b of the Redlich-Kwong EOS are, 

a - 0.4278 R 2 Τ 2 β 5 / Ρ (14a) c c 

b = 0.0867 RT /P (14b) c c 

where P Q and T Q are the c r i t i c a l pressure and temperature of the 
f l u i d . The molar volume of the f l u i d was determined by an EOS, thus 
allowing one to solve for the isothermal c o m p r e s s i b i l i t y of the 
f l u i d . Therefore, using eq. 11, we can c a l c u l a t e the trend i n reten­
t i o n as a fu n c t i o n of pressure at constant temperature given the 
s o l u b i l i t y of the solute i n the s u p e r c r i t i c a l f l u i d , the isothermal 
c o m p r e s s i b i l i t y of the f l u i d and 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 . 

The d e r i v a t i o n of the dependence of the trend i n solute reten­
t i o n with temperature at constant pressure i s s i m i l a r to that 
described above f o r the trend i n solute r e t e n t i o n as a function of 
solute s o l u b i l i t y and pressure at constant temperature. Once again 
making the same assumptions that led to eq. 6 and assuming tempera­
ture has a n e g l i g i b l e e f f e c t on v s t a t , V m

t a t , and V m o b , d i f f e r e n t i a ­
t i o n of eq. 6 with respect to temperature at constant pressure 
y i e l d s 
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aink' 1 δ<ΔμΤ/Τ) ôlnV^ 0 b 

, 0Ink. >, _ -1 r ^ i χ • m ^ ,. ̂  \ 
l ÔT " ô f Jp ί ô f h 

The f i r s t terra on the r i g h t hand s ide of eq . 15 can be evaluated as 
, . m â b s ta t 
(where Δμ ί = μ̂ ^ - μ ί ), 

Δμ. ΔΗ 
— ^ - Δ5° (16) 

where H? and AS? are the p a r t i a l molar enthalpy and entropy of 
t r a n s f e r r i n g the solute molecule from the s t a t i o n a r y phase to the 
mobile phase at i n f i n i t e d i l u t i o n . Taking the d e r i v a t i v e of eq. 16 
with respect to temperature at constant pressure and s u b s t i t u t i n g 
i n t o eq. 15 one obtains

oo oo GO ΤΠΩΠ 
, 0 l n k ' _ -1 - ~ Δ Η ΐ 1 Ο Δ Η ι Ô A S i . - ô l n Vm 
( " l y r - ) p = " R [ ~ T ~ + f ( ^ O T " ^ P " i ^ o T ~ J p J + ( â r ^ ( 1 7 ) 

and upon rearrangement; 

OD oo ,,mob 

Ι ψ - ) Ρ - - T ( - ^ ) p + T 2 ( - ^ ) p ] + - L - ( _ » - ) p (18) 

m 

The second and t h i r d terms i n the bracket on the RHS of eq. 13 are 

equal and opposite because (ôAHj/dT)p = ACpJ and (ôAS ?/dT) p = 

ACpico/T. Thus eq. 18 becomes on s u b s t i t u t i o n , 

fôlJîill) = _ L + J _ r i j 5 _ ) (19) 
Ô T P RT 2 V m ° b ô T P 

m 

Equation 19 i s v a l i d over a l i m i t e d temperature range f a r from the 
c r i t i c a l point of the s o l u t i o n mixture. Therefore, f o r the case of 
t y p i c a l gas and/or l i q u i d chromatographic conditions, eq. 19 becomes 

the l i m i t i n g case where ΔΗ? i s constant and independent of tempera­
ture. Further, assuming that the second term on the RHS of eq. 19 i s 
small or n e g l i g i b l e under normal operating conditions f o r l i q u i d and 
gas chromatography, eq. 19 on rearrangement reduces to the f a m i l i a r 
case described by Van't Hoff (16) 

(Qn4') = I^jl (20) 
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Assuming ΔΗ^°° i s a fu n c t i o n of temperature, ( 1 7 ) 

< - Δ ΗΓ(Το) + T o / ' * p i d T ( 2 1 ) 

where Δ θ ρ ? i s the d i f f e r e n c e i n heat capacity of the solute i n the 
mobile phase as compared to the solute i n the s t a t i o n a r y phase. 
Equation 21 i s v a l i d over the e n t i r e temperature range of i n t e r e s t 
f o r chromatographic separations, i . e . , l i q u i d , s u p e r c r i t i c a l f l u i d 
and gas chromatography. S u b s t i t u t i n g eq. 21 i n t o eq. 19 one obtains, 

Τ - ô V m o b 

m 
Equation 22 describes the r e l a t i o n s h i p between temperature and solute 
r e t e n t i o n at constant pressur

A s i m p l i f y i n g assumptio
solute i n the mobile phase, A C P J ° i n eq. 22 can be approximated by the 
heat capacity of the mobile phase. The dependence of heat capacity 
on temperature and pressure near the c r i t i c a l point of a f l u i d i s 
complicated.(18) In t h i s work we formulate an e m p i r i c a l approxima­
t i o n to the i n t e g r a l i n eq. 22 f o r the heat capacity as a fu n c t i o n of 
temperature near the c r i t i c a l point of the f l u i d mobile phase.(9) 

The second term on the RHS of eq. 22 i s the volume expansivity 
which can be c a l c u l a t e d from a two-parameter, cubic equation of state 
such as the Redlich-Kwong EOS.(14) We chose the Redlich-Kwong EOS 
because the "a" term i s independent of temperature, which s i m p l i f i e s 
the procedure of s o l v i n g f o r the a n a l y t i c a l s o l u t i o n . Using the 
method of i m p l i c i t d i f f e r e n t i a t i o n with the Redlich-Kwong equation of 
st a t e , 

o Vmob ( V m o b ) 2 R + V m 0 b R b +0.5 V r a o b a T ~ l e 5 - 0.5 abT* 1* 5 

r m Ν _ m m _m (23) 
[ ~ * Γ ~ ) ν ^ o - b - 2 ~ 7 v - ï o b R T _ p b 2 _ R T b + a T-0.5 

m m 

where R i s the gas constant, P i s pressure, and Τ i s temperature i n 
K. The constants a and b of the Redlich-Kwong equation have already 
been defined i n eqs. 14a and 14b. The determination of the d e r i v a ­
t i v e i n eq. 23 was accomplished by the use of an EOS to solve for the 
c o m p r e s s i b i l i t y of the f l u i d . The molar volume of the f l u i d mobile 
phase can then be c a l c u l a t e d from i t s c o m p r e s s i b i l i t y . 

The enthalpy of t r a n s f e r ( Δ Η ^ Τ ο ^ ) of the solute between phases 
can be determined from experiment by a Van't Hoff p l o t of Ink 1 versus 
1/T at constant density.(19) Therefore, the RHS of eq. 22 can be 
evaluated f o r a p a r t i c u l a r f l u i d mobile phase-solute combination and 
the slope of Ink 1 at constant pressure as temperature i s varied can 
be predicted. 
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Experimental 

The experimental apparatus and technique has been described i n d e t a i l 
elsewhere.(20,21) The r e t e n t i o n f a c t o r s of naphthalene and biphenyl 
under isothermal conditions at various pressures were obtained using 
c a p i l l a r y columns coated with a c r o s s - l i n k e d phenyl polymethylphenyl-
siloxane s t a t i o n a r y phase with carbon dioxide as the f l u i d mobile 
phase. A Varian 8500 syringe pump was operated under computer con­
t r o l providing accurate, pulsefree c o n t r o l of the f l u i d pressure. 
The r e t e n t i o n times of the solute as a function of pressure were 
determined by a reporting i n t e g r a t o r with an accuracy of a tenth of a 
second. S o l u b i l i t y data for the solutes i n CO2 was obtained from the 
l i t e r a t u r e . ( 2 2 ) 

The e f f e c t of temperature on r e t e n t i o n was studies using 
n-hexadecane on a 20 m, 50μ I.D. fused s i l i c a c a p i l l a r y column coated 
with an OV-17 phase using FID d e t e c t i o n . The OV-17 was c r o s s - l i n k e d 
i n - s i t u to decrease i t s s o l u b i l i t y i n the s u p e r c r i t i c a l f l u i d  The 
s t a t i o n a r y phase f i l m thicknes
enthalpy of t r a n s f e r ( A H w „  (n-heptadecane, 
A l l t e c h Associates) was obtained on a column containing a c r o s s -
l i n k e d OV-17 s t a t i o n a r y phase over a range of temperatures at con­
stant density (0.38 g/cm ). The r e t e n t i o n times of the solutes for 
the Van't Hoff p l o t s and solute r e t e n t i o n as a f u n c t i o n of tempera­
ture were determined by a reporting i n t e g r a t o r . 

Results and Discussion 

Solute r e t e n t i o n as a f u n c t i o n of pressure has been determined 
experimentally for a wide number of solutes over a range of tempera­
tures and pressures.(1,23-25) The trend i n r e t e n t i o n of a solute 
with pressure can be predicted within the l i m i t a t i o n s of our assump­
tions using eq. 11. The c a l c u l a t i o n s are then compared with e x p e r i ­
mental data f o r the r e t e n t i o n of naphthalene and biphenyl at various 
temperatures and pressures were obtained with s u p e r c r i t i c a l C02» 

For naphthalene the temperatures i n v e s t i g a t e d were 35.0°C, 
60.4°C and 64.9°C with pressures ranging from 75 atm to 120 atm. The 
s o l u b i l i t y of naphthalene at these temperatures i n s u p e r c r i t i c a l CO2 
has been reported by McHugh and P a u l a i t i s . ( 2 2 ) This data allows the 
trend i n r e t e n t i o n to be predicted from the c a l c u l a t i o n of the slope 
of ( ô lnk f/ôP) T for naphthalene at these temperatures. A p l o t of the 
data ( l n X m o b versus pressure) from McHugh and P a u l a i t i s (22) i s shown 
i n Figure 1. The slope ( ô l n X m o b / ô P ) T at the above-mentioned 
temperatures was obtained through i n t e r p o l a t i o n between the data 
po i n t s . Where necessary, the data range was extended to lower pres­
sures than given i n reference 22 as shown i n Figure 2 by f i t t i n g the 
data using the method described by Reid et al.(26) This technique 
allows the modeling of the trend i n r e t e n t i o n as a function of pres­
sure at constant temperatures f o r a wider range i n pressures. The 
isothermal 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 CO2 was c a l c u l a t e d f o r 
the temperature and pressure range of i n t e r e s t using eq. 13 and a 
two-parameter cubic equation of state to p r e d i c t the molar volume of 
the f l u i d . The solute p a r t i a l molar volume i n the s t a t i o n a r y phase 
was assumed constant and independent of pressure.(27) The molar 
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Figure 1 The s o l u b i l i t y of naphthalene i n C0 2 as a function of 
pressure. Data from McHugh and P a u l a i t i s . ( 2 2 ) 
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Figure 2 The s o l u b i l i t y of naphthalene i n C0 2 at 35.0°C as a 
fun c t i o n of pressure using the technique of Reid et a l . 
(26) to extend data to lower pressures. 
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ο 
volume of naphthalene was determined to be ~130.8 cm /mole. There­
f o r e , with the above s i m p l i f y i n g assumptions, experimental s o l u b i l i t y 
data and the p r e d i c t i o n of the isothermal c o m p r e s s i b i l i t y of the 
f l u i d as a f u n c t i o n of pressure at constant temperature, the trend i n 
solute r e t e n t i o n could be c a l c u l a t e d based on an appropriate choice 

-s£at 
of which gives the best f i t to the experimental data. The 
experimental data for naphthalene at 35.0°C and 64.9°C are given i n 
Figures 3 and 4, where the experimentally obtained Ink' versus pres­
sure i s p l o t t e d against the predicted slope of the retention of 
naphthalene from eq. 11 ( s o l i d l i n e ) . The simple thermodynamic model 
was found to f i t the data s a t i s f a c t o r i l y f o r t h i s s o l u t e . 

The experimental s o l u b i l i t y for biphenyl i n s u p e r c r i t i c a l C0 2 at 
d i f f e r e n t temperatures as a f u n c t i o n of pressure are shown i n 
Figure 5.(22) The slopes of these p l o t s were used to determine 
( ô l n X m o b / ô P ) T f o r biphenyl i n s u p e r c r i t i c a l C0 2, and these values 
were supplemented with s o l u b i l i t i e s p redicted f o r lower pressures 
from theory as needed.(26
the temperatures 35.8°C
and 7. The s o l i d l i n e i n these f i g u r e s i s the t h e o r e t i c a l p r e d i c t i o n 
of the slope of the r e t e n t i o n of the s o l u t e based on eq. 11 and the 
-s£at 

value which gives the best f i t to the experimental data. Once 
again the agreement between theory and experiment i s seen to be quite 
good for biphenyl, as i t was f o r naphthalene. 

The e f f e c t of 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 can be seen i n Figure 8. This 

-s^at 
f i g u r e shows how a f f e c t s the t h e o r e t i c a l slope of the solute 
r e t e n t i o n as a function of pressure. For the p a r t i c u l a r case of 

- s t a t 
biphenyl at 55.2 C, i n c r e a s i n g V. increases the slope predicted 

- s t a t 1 " s S , a t 

from eq. 11, due to (V - ) becoming more dominant as 
in c r e a s e s . Thus, the combination of s o l u b i l i t y and chromatographic 
data may provide a simple approach to study the p a r t i a l molar volume 
of solutes i n condensed phases. 

On examination of eq. 11, one can deduce that as the isothermal 
c o m p r e s s i b i l i t y of the solvent becomes le s s important (temperature 
and pressure further removed from the c r i t i c a l temperature and pres­
sure), (lnkVôP)T * s P r o p o r t i o n a l to the s o l u b i l i t y of the solute i n 
the f l u i d phase. Therefore, i f s o l u b i l i t y i s found to be a l i n e a r 
f u n c t i o n of density, then r e t e n t i o n w i l l mirror t h i s behavior and 
also be a l i n e a r f u n c t i o n of density. Further, the f a r t h e r one i s 
from the c r i t i c a l pressure and temperature of the solvent, the more 
l i k e l y one obtains a constant slope [ ( blnk 1 / ôP)-p - constant]. 

The e f f e c t of temperature on solute r e t e n t i o n i n SFC has been 
in v e s t i g a t e d experimentally (5,8) and described theoretically·(9) 
The e f f e c t of temperature as discussed i n the theory s e c t i o n , based 
on the assumptions o u t l i n e d , r e s u l t e d i n eq. 22, where the trend i n 
r e t e n t i o n i s dependent on the volume expansivity of the f l u i d , the 
enthalpy of t r a n s f e r of the solute from the mobile phase to the s t a ­
t i o n a r y phase and the change i n the heat capacity of the f l u i d mobile 
phase. 

The volume expansivity leads to the r e t e n t i o n maxima seen i n SFC 
near the c r i t i c a l point of the s u p e r c r i t i c a l f l u i d mobile phase. The 
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Figure 3 Retention as a fu n c t i o n of pressure f o r naphthalene at 
35.0°C. S o l i
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Figure 4 Retention as a fu n c t i o n of pressure f o r naphthalene at 
64.9°C. S o l i d l i n e was predicted from eq. 11. 
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Figure 5 The s o l u b i l i t y of biphenyl i n C0 2 as a fu n c t i o n of 
pressure. Data from McHugh and P a u l a i t i s . ( 2 2 ) 
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Figure 7. Retention as a fun c t i o n of pressure f o r biphenyl at 
55.2 °C. S o l i d l i n e was predicted from eq. 11. 
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Figure 8. Retention as a function of pressure f o r biphenyl at 
55.2 °C. S o l i d linew were predicted from eq. 11 using d i f f e r e n t 
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e f f e c t of temperature on the p a r t i a l d e r i v a t i v e i n the volume 
expansivity of the f l u i d i s shown i n Figure 9. The p a r t i a l d i f f e r ­
e n t i a l of the f l u i d molar volume with respect to temperature i s 
p l o t t e d f o r n-pentane at 35.5 atm (Case 1) and 69.1 atm (Case 2). 
One can see that near the c r i t i c a l point f o r n-pentane (33.3 atm, 
196.4°C) the d i f f e r e n t i a l term becomes dominant. At pressures 
f u r t h e r removed from the f l u i d ' s c r i t i c a l pressure the d i f f e r e n t i a l 
becomes n e g l i g i b l e , as seen i n Figure 9. 

Figure 10 depicts experimental data from reference 5 p l o t t e d as 
Ink' versus temperature. The s o l i d l i n e i s the slope i n r e t e n t i o n 

predicted from eq. 22. The enthalpy of t r a n s f e r [AHw T o\] was 

thermodynamic r e l a t i o n s h i p o u t l i n e d i n the theory s e c t i o n p r e d i c t s 
the major features f o r the temperature dependence of r e t e n t i o n . 
However, furth e r d i s c u s s i o n i s needed regarding the apparent c o r r e ­
l a t i o n between the r e t e n t i o n maximum and molecular weight evident i n 
the data of Klesper and
i n v a r i a n t with temperatur

T f " oo 
solvent. Equation 22 incorporates a c o r r e c t i o n term ( ^ Q J ACp^dT) to 
ΔΗ? which dominates near the c r i t i c a l point of the f l u i d . Therefore, 
two contributions compete near the solvent's c r i t i c a l point; (a) the 

volume expansivity of the solvent and (b) ACp. Density e f f e c t s both 
of these terms through i t s e f f e c t on the solvent molar volume and the 
number of intermolecular i n t e r a c t i o n s occurring i n the c r i t i c a l 
region. As stated e a r l i e r , with conditions of solute i n f i n i t e 
d i l u t i o n which are approximated by SFC, AC" can be assumed to be 
equal to the heat capacity of the mobile phase. For carbon dioxide 
at i t s c r i t i c a l point, the heat capacity follows a sharply i n c r e a s i n g 
gaussian function.(18) Since no simple mathematical r e l a t i o n s h i p 

presently e x i s t s f o r ACp at the pressures relevant to SFC, t h i s term 
can only be estimated crudely.(9) O v e r a l l , t h i s approach p r e d i c t s 
the trend i n r e t e n t i o n quite w e l l . The a d d i t i o n of the c o r r e c t i o n 
term to the enthalpy of solute t r a n s f e r making i t dependent on 
temperature, allows simulation of the e f f e c t of the change i n the 
number of intermolecular i n t e r a c t i o n s between the solute and the 
solvent molecules as the density decreases r a p i d l y near the c r i t i c a l 
point of the solvent. 

Figure 11 contains the experimental data f o r chrysene (_5) 
re p l o t t e d as Ink' versus temperature with the s o l i d l i n e being the 
t h e o r e t i c a l p r e d i c t i o n of the slope from eq. 22. The data i n Figures 
10 and 11 are both with n-pentane as the f l u i d mobile phase; the 
di f f e r e n c e between the two sets of data i s the experimental 
pressure. The model pr e d i c t s the trend i n r e t e n t i o n f o r both cases 
quite w e l l . In Figure 11 one can see the decrease i n importance of 
the volume expansivity and heat capacity of the f l u i d on re t e n t i o n as 
the experimental conditions are furth e r removed from the c r i t i c a l 
temperature and pressure of the f l u i d . 

A d d i t i o n a l evidence supporting the thermodynamic model was 
obtained using a c a p i l l a r y column with s u p e r c r i t i c a l C0 2 and the 

solute hexadecane; modeling was undertaken using a AH"^ T n^ value of 

assumed independent The 
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Figure 9 Plot of ( b V ™ / b T ) p  temperatur  n-pentan
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Figure 10 Experimental data (Ref. 5) and t h e o r e t i c a l model ( s o l i d 
—oo 

l i n e ) for chrysene with n-pentane, 35.5 atm, ΔΗΊ· ( Ύ χ = 
5.0 Kcal/mole. K } 
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-10.6 Kcal/mole obtained from a "Van't Hoff" (Ink 1 vs. 1/T) p l o t of 
heptadecane on the same column. This data i s shown i n Figure 12, 
with the s o l i d l i n e being the t h e o r e t i c a l p r e d i c t i o n from eq. 22. 
Once again the f i t of the experimental data by the model i s quite 
good. 

Conclusion 

The thermodynamic r e l a t i o n s h i p described i n t h i s a r t i c l e have been 
shown to describe the features of 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 as a function of pressure at 
constant temperature (given the s o l u b i l i t y of the solute i n the f l u i d 
mobile phase). The dependence of r e t e n t i o n upon temperature can 
apparently be ascribed to a combination of two e f f e c t s . These 
e f f e c t s include the rapid change i n the number of intermolecular 
i n t e r a c t i o n s of the solute-solvent molecules as one progresses 

through the c r i t i c a l poin
expansivity of the solvent
solvatochromic probes ha y explore
i n t e r a c t i o n s and c l a r i f i e d the nature of the f l u i d phase s o l v a t i o n 
phenomena.(28) 

The RHS of eq. 22 reduces to the l i m i t i n g case for both l i q u i d 

and gas chromatography, where ΔΗ^ i s a constant over a narrow 
temperature range (Δθ ρ? = 0) and the e f f e c t of the volume expansivity 
of the mobile phase i s n e g l i g i b l e . For t h i s case, solute r e t e n t i o n 
i s dominated by the p a r t i a l molar enthalpy of solute t r a n s f e r at 
i n f i n i t e d i l u t i o n (ΔΗ?). The volume expansivity and Δθ~ become 
dominant near the c r i t i c a l temperature of the solvent, c o n t r i b u t i n g 
to the p h y s i c a l and chemical phenomenon c o n t r o l l i n g r e t e n t i o n i n the 
SFC regime. In d e r i v i n g t h i s r e l a t i o n s h i p we have made the s i m p l i f y 
ing assumption that Δ Η ? ^ 0 ^ i s the same i n both the high 
temperature (gas chromatography) and low temperature ( l i q u i d chroma­
tography) regions. While t h i s assumption i s not s t r i c t l y c o r r e c t , 
(29) i t provides a basis for treatment of the intermediate super­
c r i t i c a l f l u i d regime. 

Retention as a function of pressure at constant temperature 
points out the importance of the r e l a t i o n s h i p between solute s o l u ­
b i l i t y i n the f l u i d mobile phase to the trend i n solute r e t e n t i o n . 
The trend i n solute r e t e n t i o n i s demonstrated to be dependent on 
isothermal c o m p r e s s i b i l i t y , s o l u b i l i t y i n the f l u i d and 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. 

This work points to the p o s s i b i l i t y of determining p a r t i a l molar 
volumes of d i f f e r e n t solute molecules i n a wide range of d i f f e r e n t 
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 , determining solute s o l u b i l i t y 
i n the i n f i n i t e d i l u t i o n regime and the f u n c t i o n a l dependence of the 
heat capacity of the f l u i d mobile phase using r e l a t i v e l y simple 
chromatographic experiments. In future work, a more u n i v e r s a l 
approach i n f l u i d s with an EOS i s being considered, which w i l l extend 
the p r e d i c t i o n of the trend i n r e t e n t i o n to a wider range of s o l u t e s . 

In Supercritical Fluids; Squires, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



186 SUPERCRITICAL FLUIDS 

1.6 

1.2 

0.8 — X 

0.4 

0 

-0 .4 

_ χ > 
X 

-0 .8 X xi—• 
X * X 

-1 .2 

-1 .6 1 1 I 1 1 III. 1 ! 1 1 1 1 1 1 1 1 1 1 1 
0 5
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Figure 12 Experimental data f o r hexadecane on OV-17 with C0 2, 
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76.5 atm and t h e o r e t i c a l model ( s o l i d l i n e ) , Δ^^/ Τ ο\ -
-10.6 Kcal/mole. 
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Chapter 15 

Supercritical Fluid Extraction and Chromatography 
of Nonpolar Nonvolatile Coal-Derived Products 

J. W. Jordan, R. J. Skelton, and L. T. Taylor 

Department of Chemistry, Virginia Polytechnic Institute and State University, 
Blacksburg, VA 24061 

In recent years supercritical fluid chromatography 
has gained attention as an alternative technique to 
high performance
separation of nonvolatile or thermally labile 
compounds, whose analysis with gas chromatography is 
impossible. The work presented here demonstrates a 
system that allows supercritical fluid extraction of 
a high boiling coal-derived material with subsequent 
direct introduction of a fraction of each extract 
onto a packed column for analysis via supercritical 
fluid chromatography. Detection of the eluates 
included variable wavelength UV and FTIR 
spectrometry. The coal derived products studied were 
taken from a bench scale coal liquefaction reactor, 
in which the same catalyst was used for twenty-five 
consecutive days. Chemical changes that occur as the 
catalyst decays were of prime interest. Most 
significant changes were noted in the aromatic 
fraction analysis, where a trend towards molecules 
with higher numbers of condensed rings was observed 
as the catalyst decayed. 

I t was suggested i n the l a t e 50 's that s u p e r c r i t i c a l f l u i d s cou ld 
be used as mobi le phases. (1 ) S u p e r c r i t i c a l F l u i d Chromatography 
(SFC) was in t roduced i n 1961 when Klesper (2 ) demonstrated the use 
of a s u p e r c r i t i c a l f l u i d as a mobile phase. These "dense gases" or 
s u p e r c r i t i c a l f l u i d s have the a b i l i t y to s o l u b i l i z e n o n v o l a t i l e 
compounds, and thus cause them to migrate down a column i n 
p a r t i t i o n chromatography. (_3) 

Th is form of chromatography has s e v e r a l advantages that stem 
from the p h y s i c a l p r o p e r t i e s that are e x h i b i t e d by the mobile 
phase. In g e n e r a l , d i f f u s i v i t i e s and v i s c o s i t i e s are in termediate 
between those of a l i q u i d and a gas , a l low ing more r a p i d a n a l y s i s 
when compared to the analogous methods us ing a convent iona l l i q u i d 
mobi le phase. 

0097-6156/87/0329-0189$06.00/0 
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Many of the same p r o p e r t i e s that make s u p e r c r i t i c a l f l u i d s 
advantageous i n chromatography a l s o enhance t h e i r a b i l i t y to 
e x t r a c t compounds from w i th in a sample mat r ix . (4 ) A l s o , s i n c e the 
s o l u b i l i t y of most compounds i s dependent on 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 , s e l e c t i v e e x t r a c t i o n i s p o s s i b l e . ( 5 ) These 
p r o p e r t i e s are w e l l known, and have been e x p l o i t e d i n some cases 
where the e x t r a c t i o n was formerly done wi th a l i q u i d . In many 
c a s e s , the q u a l i t y of e x t r a c t i s h i g h e r , and e x t r a c t i o n s are of 
h igher e f f i c i e n c y than wi th l i q u i d s . S u p e r c r i t i c a l f l u i d s , 
e s p e c i a l l y C 0 2 , are a l s o of ten l e s s expens ive , l e s s t o x i c and l e s s 
flammable than t h e i r o rgan ic l i q u i d phase c o u n t e r p a r t s . 

With the demonstrat ion 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 , an 
obvious extens ion would be to e x t r a c t or d i s s o l v e the compounds of 
i n t e r e s t i n t o the s u p e r c r i t i c a l f l u i d before a n a l y s i s wi th SFC.(6) 
T h i s would be analogous to the case i n HPLC, where the mobi le phase 
so lvent i s commonly used f o r d i s s o l v i n g the sample. The work 
d e s c r i b e d here w i l l employ a system capable of e x t r a c t i n g mate r i a l s 
with a s u p e r c r i t i c a l f l u i
e x t r a c t onto the column
separated m a t e r i a l s w i l l be by o n - l i n e UV spect roscopy and i n f r a r e d 
spectrometry . The opt imized SFE/SFC system has been used to study 
s e l e c t e d n o n v o l a t i l e c o a l - d e r i v e d p r o d u c t s . The work repor ted here 
i n v o l v e d the a l i p h a t i c and aromatic hydrocarbon f r a c t i o n s from t h i s 
residuum m a t e r i a l . Residua at s e v e r a l times were taken from the 
r e a c t o r and examined which prov ided some i n s i g h t i n t o the e f f e c t s 
of c a t a l y s t decay on the products produced i n a p i l o t p l a n t 
o p e r a t i o n . 

Exper imental 

The samples fo r study were obta ined from Conoco Research D i v i s i o n 
i n L i b r a r y , PA, as s o l i d m a t e r i a l s capped under n i t r o g e n gas . 
These m a t e r i a l s which were subsequent ly s to red at 5°C o r i g i n a t e d 
from a Hydrocarbon Research I n s t i t u t e bench s c a l e run (#227-20) of 
the C a t a l y t i c Two-Stage L i q u e f a c t i o n process.(2) The samples, 
which are des ignated " p r e s s u r e - f i l t e r l i q u i d s , " are the s o l i d s f ree 
p o r t i o n of the major second stage products that have been "topped" 
i n the atmospheric s t i l l , then f i l t e r e d . The process u t i l i z e d a 
donor so lvent d e r i v e d from prev ious runs and new c a t a l y s t m a t e r i a l . 
I l l i n o i s 6, Burning Star c o a l was used. The process was run f o r 25 
consecut ive days , wi th opera t ing c o n d i t i o n s held c o n s t a n t , except 
f o r the i n i t i a l s t a r t - u p p e r i o d ( i . e . days 1-3) . S ince c o n d i t i o n s 
were cons tan t , any change i n the products formed, should be a 
f u n c t i o n of c a t a l y s t age. The f i l t e r e d products were d i s t i l l e d by 
Conoco i n t o 2 f r a c t i o n s , those b o i l i n g under 8 5 0 ° F , and those 
above. (Actua l f r a c t i o n a t i o n was a t 320°C P o t / 2 7 0 ° C Column/5 Tor r 
( 8 5 0 ° F ) ) . Fur ther d e t a i l s of the c o a l l i q u e f a c t i o n process are 
a v a i l a b l e e lsewhere . (7 ,8 ) 

The m a t e r i a l s b o i l i n g above 8 5 0 ° F , were subsequent ly separated 
i n t o four f r a c t i o n s by a p r e p a r a t i v e s c a l e chemical c l a s s 
separa t ion i n our l a b o r a t o r y . T h i s was done as f o l l o w s : 2 gms of 
the r e s i d u a l m a t e r i a l were ground and d i s s o l v e d i n te t rahydro furan 
(HPLC grade, F i s h e r P roduc ts , Fa i r lawn N J ) . Ten grams of 30-40ym 
s i l i c a g e l ( " S e p r a l y t e " , Analyt ichem I n t . , Harbor C i t y , CA) , which 
was p r e v i o u s l y washed with methanol and d r i e d , was added to the THF 
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s o l u t i o n . T h i s s l u r r i e d m a t e r i a l was then r o t a r y evaporated t o 
d r y n e s s . The d r i e d s i l i c a g e l with adsorbed c o a l - d e r i v e d product 
was p laced at the top of a g l a s s column which was p r e v i o u s l y 
s l u r r y - p a c k e d with 40 gms of the same s i l i c a g e l us ing hexane. A 
f i l t e r paper was used to separate the l a y e r s . The g l a s s column had 
a diameter which a l lowed the he ight (4.5") of the packed p o r t i o n of 
the column to equal 3 t imes i t s diameter (1 .5" ) . The m a t e r i a l s 
were e lu ted with three column volumes each of hexane, to luene , 
ch loroform and te t rahydrofuran ( c a . 300 mL each) . The hexane and 
to luene f r a c t i o n s were taken to be s tud ied here . Three separa t ions 
of t h i s type were done, r e p r e s e n t i n g the 1 s t , 14th and 25th day of 
the r u n . These are samples l a b e l e d 44, 57 and 68, r e s p e c t i v e l y . 

The f r a c t i o n s were f i l t e r e d wi th a 5 ym f i l t e r apparatus 
( M i l l i p o r e , B e d f o r d , MA) to remove any s i l i c a o r i g i n a t i n g from the 
p repara t i v e s c a l e column. The f r a c t i o n s were then r o t a r y 
evaporated to near dryness i n ta red round bottom f l a s k s . These 
were subsequent ly d r i e d overn ight i n a vacuum oven at 60°C and 
weighed. The hexane an
mL, r e s p e c t i v e l y , w i th C C l
i n t h i s so lvent as w e l l as i n THF. 

A n a l y s i s of these two f r a c t i o n s was performed by s u p e r c r i t i c a l 
f l u i d ex t rac t ion /chromatography , u t i l i z i n g the sampling procedures 
p r e v i o u s l y d e s c r i b e d . ( 6 ) T h i s was done by evaporat ing the so lvent 
from the f r a c t i o n i n the presence of d r y , washed, i g n i t e d sand 
which was then used to f i l l the e x t r a c t i o n apparatus . D i r e c t 
i n j e c t i o n of some samples (THF s o l u t i o n ) was a l s o done f o r 
comparison. Experiments were c a r r i e d out us ing a Hewlett Packard 
1082B L i q u i d Chromatograph modi f ied f o r use with s u p e r c r i t i c a l 
f l u i d s . Columns u t i l i z e d inc lude a Hewlett Packard 15cm χ 4.6mm 
i . d . C^g column with 5ym packing and a Dupont 25cm χ 4.6mm i . d . NH^ 
column, a l s o wi th 5ym pack ing . Pure CO^ was used as the mobi le 
phase (Scot t S p e c i a l t y Gases, P l u m s t e a d s v i l l e , PA) . A l l o n - l i n e 
extract ion/chromatograms u t i l i z e d a 100yL loop s i z e . T r a d i t i o n a l 
sampling u t i l i z e d a 10yL syr inge and 20yL l o o p . 

A l l experiments u t i l i z e d a v a r i a b l e wavelength UV d e t e c t o r . 
A n a l y s i s of the hexane f r a c t i o n was c a r r i e d out us ing both the UV 
detec tor and an o n - l i n e N i c o l e t 6000 FTIR. The FTIR f low c e l l 
i n t e r f a c e has been d e s c r i b e d i n d e t a i l e lsewhere. (9) T h i s same 
FTIR was a l s o used to gather s t a t i c s p e c t r a on the v a r i o u s 
f r a c t i o n s , u t i l i z i n g a l i q u i d c e l l wi th KBr windows. 

Resu l ts and D i s c u s s i o n 

Table I shows the r e s u l t s of the c l a s s separa t ion of residuum with 
abso lu te and percent recovery f o r each of the four f r a c t i o n s f o r 
day 1, 14 and 25. In g e n e r a l , the c o n c e n t r a t i o n of the l e s s p o l a r 
(hexane and toluene) f r a c t i o n s decreased or remained constant with 
t ime; w h i l e , the more p o l a r (CHCl^ and THF) f r a c t i o n s i n c r e a s e d i n 
percentage . T h i s i s best noted from data f o r days 14 and 25. Data 
from day 1 are somewhat v a r i a n t from t h i s t r e n d . T h i s i s probably 
due to the i n c o n s i s t e n c y i n opera t ing c o n d i t i o n s that occur red 
dur ing the s t a r t - u p p e r i o d . Such assumptions should be viewed 
c a u t i o u s l y s i n c e the percent weight recovery from day 14 and 25 i s 
not c o n s t a n t . 
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The hexane f r a c t i o n s from runs 44 and 68 have i d e n t i c a l s p e c ­

t r a l i n CCI . These show a l i p h a t i c C-H (CH- sym s t r = 2872 cm \ 
-1 -1 -1 asym = 2962 cm ; C H 0 sym s t r * 2853 cm , asym = 2926 cm ) and 

2 -± - ι -1 
bending modes (1470 cm - 1350 cm ) as w e l l as a band at 1600 cm 
which may be an aromatic r i n g v i b r a t i o n . No other f u n c t i o n a l i t i e s 

Table I. Resu l ts of Residuum C l a s s S e p a r a t i o n * 

F r a c t i o n Res id 44 R e s i d 57 R e s i d 68 
(Day 1) (Day 14) (Day 25) 

Hexane 0.075
(3.8%)

Toluene 1.071 gms. 0.939 gms. 0.857 gms. 
(54.2%) (48.0%) (48.4%) 

CHC1 0.085 gms. 0.082 gms. 0.103 gms. 
(4.3%) (4.0%) (5.8%) 

THF 0.743 gms. 0.755 gms. 0.7 76 gms. 
(37.6%) (38.5%) (43.8%) 

T o t a l 1.974 gms. 1.958 gms. 1.772 gms. 
Weight 
Recovered 

% Sample (98.7%) (97.8%) (88.5%) 
Recovered 

•Number i n paren thes is equals percent of recovered m a t e r i a l . 

are present which can be de tec ted . In both c a s e s , the amount of CH^ 
s t r e t c h i n g i s much grea ter than C H 3 s t r e t c h i n g . T h i s i n d i c a t e s 1 that 
the a l i p h a t i c u n i t s are e i t h e r long i n length or are in the form of 
sa tura ted r i n g s . 

The to luene f r a c t i o n s from d i f f e r e n t days are a l s o very s i m i l a r 
to each o ther . A g a i n , by f a r the most in tense modes of absorbance 
are a l i p h a t i c C-H s t r e t c h i n g and bending, however a great deal of 
aromat ic C-H s t r e t c h i n g between 3000 cm 1 and 3100 cm 1 a l s o e x i s t s . 
There i s a l s o a very smal l amount of absorbance i n the N~H s t r e t c h ­
i n g (3740 cm 1 ) and 0-H s t r e t c h i n g (3610 cm 1 and 3550 cm 1 ) r e g i o n s . 
In g e n e r a l , compounds wi th these f u n c t i o n a l i t i e s should e l u t e i n the 
l a s t two f r a c t i o n s . However, very h indered f u n c t i o n a l i t i e s o f ten 
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e l u t e i n the aromatic f r a c t i o n , and i t i s probable that absorbances 
i n these regions are due to these molecules. Again, there i s more 
CH 2 than CH^ absorbance. There i s a l s o some increase i n aromatic 
C-H i n sample 68 (day 25) when compared to sample 44 (day 1). 
Further separation of these m a t e r i a l s i s needed f o r a b e t t e r 
understanding of t h e i r composition. SFC of Hexane F r a c t i o n s . The 
hexane f r a c t i o n s were analyzed with an amino-propyl d e r i v a t i z e d 
s i l i c a column under moderate density C0 2 c o n d i t i o n s . Other columns 
i n v e s t i g a t e d included cyano, phenyl, and C d e r i v a t i z e d s i l i c a . 

- L O 

No modifiers were used i n any of these separations. Figure 1 shows 
the chromatograms achieved f o r sample 57 (Day 14) wherein the top 
chromatogram was produced by monitoring 254 nm and the bottom 
chromatogram by monitoring 280 nm. Detection at 210 nm was a l s o 
employed, but no absorbances were seen  Later e l u t i n g peaks are 
more intense i n a l l case
( e a r l y peaks decrease i
i n t e n s e l y f o r the same amount i n j e c t e d ) . This would i n d i c a t e that 
the l a t e r e l u t i n g materials probably have more extensive 
conjugation, and represent molecules l i k e the PAHs. There i s , 
however, very l i t t l e aromatic C-H s t r e t c h i n g i n the s t a t i c i n f r a r e d 
spectra of the whole f r a c t i o n , although there i s the band centered 
at approximately 1600 cm which i s associated with aromatic r i n g 
v i b r a t i o n . The absence of C-H aromatic s t r e t c h i n g could be 
explained i f : (a) there i s a considerable number of a l i p h a t i c 
s ubstituents on the aromatic n u c l e i or nucleus or (b) many 
saturated ring s are fused to an aromatic nucleus. An extensive 
number of a l i p h a t i c substituents may have caused increased 
s o l u b i l i t y i n hexane, which enabled these materials to e l u t e from 
the s i l i c a . 

To gain f u r t h e r information concerning the hexane f r a c t i o n s , 
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/SFC was coupled with on-line 
FTIR d e t e c t i o n . FTIR should have an advantage i n that i t i s more 
s e n s i t i v e to a l i p h a t i c hydrocarbons than the UV detector. 
B a s i c a l l y , a flow c e l l i s placed i n the FTIR instrument and 
i n f r a r e d spectra are gathered i n the form of interferograms ca. 
every 0.5 second. The data obtained can be used to create a 
chromatogram, u t i l i z i n g absorbance over the e n t i r e i n f r a r e d 
spectrum, rather than a s i n g l e wavelength. This a n a l y s i s was done 
on samples 44 and 68 (1st and 25th day). Figure 2 shows one of 
these "chromatograms" (day 25), known as Gram-Schmidt 
Reconstructions (GSR). One major peak i s seen, which, when 
compared with the UV chromatographic trace obtained simultaneously, 
shows maximum IR absorbance well before any absorbance i n the UV. 
A spectrum c o n s i s t i n g of 8 coadded f i l e s taken near the peak 
maximum reveals that the o n - l i n e spectrum i s almost e x a c t l y the 
same as the s t a t i c spectrum of the whole jample. The exception i s 
the disappearance of the band at 1600 cm i n the f i l e spectrum. 
This observation along with the lack of UV response in t h i s e l u t i o n 
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0 1 4 · · 10 M 14 η Ι· 90 
T I M E . M I N U T E S 

F i g u r e 1. SFC separa t ion (3 mL/min) of hexane f r a c t i o n Day 14 
(Sample 57) on an aminopropyl d e r i v a t i z e d 5 ym s i l i c a column (25 
cm χ 4.6 mm, i . d . ) a t 40° C . Mobi le phase i s C 0 2 at an average 
pressure of 2800 p s i . Top t r a c e corresponds to d e t e c t i o n at 254 
nm; bottom t r a c e - 280 nm. 

Data P o i n t s 

F igure 2. Gram-Schmidt R e c o n s t r u c t i o n obta ined from 
SFE/SFC/FTIR of hexane f r a c t i o n of Day 25 sample. 
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volume i n d i c a t e s that these components are t o t a l l y a l i p h a t i c i n 
na ture ; whereas, the l a t e r e l u t i n g m a t e r i a l s are aromat ic and are 
of i n s u f f i c i e n t c o n c e n t r a t i o n to be detected by o n - l i n e FTIR 
d e t e c t i o n . 

Al though only one peak i s i n d i c a t e d by the GSR, a comparison 
of s p e c t r a obta ined from the f r o n t of the peak with those which 
e l u t e i n the l a t e r ha l f of the peak can be made. When t h i s 
technique was a p p l i e d to these d a t a , i t was found that c e r t a i n 
changes i n the s p e c t r a were observed . F igure 3 shows the f i r s t 6 
s p e c t r a i n the C-H s t r e t c h i n g reg ion obta ined over the major peak 
i n the GSR. Each of these s p e c t r a represent 8 coadded f i l e s , 
r e s u l t i n g i n a time r e s o l u t i o n of about 4 seconds per f i l e . 
I n f ra red s p e c t r a taken from the f r o n t of the peak show the lowest 
methyl to methylene r a t i o . As each subsequent f i l e i s r a t i o e d to 
keep the methylene peak c o n s t a n t , the absorbances due to methyls 
i n c r e a s e over the width of the peak. Subsequent f i l e s show a 
l e v e l i n g of t h i s r a t i o . 

u n f o r t u n a t e l y , a n a l y s i
not r e v e a l any s i g n i f i c a n
p o s s i b l e that the r e l a t i v e amount of each component produced i s 
e q u i v a l e n t , but that the t o t a l p roduct ion s u f f e r s as the c a t a l y s t 
becomes l e s s e f f e c t i v e . 

SFC of Toluene F r a c t i o n s 

To a i d i n understanding the components in the to luene f r a c t i o n , a 
l i m i t e d SFC study of model condensed- r ing aromatic systems was 
performed. Because few f u n c t i o n a l i t i e s are IR d e t e c t a b l e i n t h i s 
f r a c t i o n other than C-H u n i t s , the to luene e l u t e d f r a c t i o n of the 
residuum probably c o n s i s t s p r i m a r i l y of aromatic r i n g s wi th shor t 
a l i p h a t i c s u b s t i t u e n t s and/or fused sa tura ted r i n g s . Because of 
the d i s t i l l a t i o n parameters employed, compounds with 4 or fewer 
fused r i n g s should have been removed. The toluene f r a c t i o n s h o u l d , 
t h e r e f o r e , represent compounds wi th at l e a s t 5 r i n g s . F i g u r e 4 
shows a separa t ion of s e v e r a l PAH compounds on a 15cm ODS column 
with a C 0 2 mobi le phase. A l l compounds with three or g rea te r r i n g s 
are separated to b a s e l i n e r e s o l u t i o n . R e l a t i v e l y h igh d e n s i t y C 0 2 

and a high f low ra te were used to e l u t e la rge molecules f a s t e r . 
These compounds e l u t e l o g a r i t h m i c a l l y with i n c r e a s i n g r i n g numbers 
which i s expected f o r a homologous s e r i e s wi th i s o c r a t i c e l u t i o n . 

The to luene f r a c t i o n s of the residuum samples were subjected 
to the same a n a l y s i s c o n d i t i o n s as the PAH model compounds. The 
chromatogram corresponding to Day 14 i s shown i n F i g u r e 5. 
T r a d i t i o n a l o f f - l i n e sampling (top) and an o n - l i n e CO. e x t r a c t i o n 
(bottom) were employed. De tec t ion at 300 nm wavelength was used to 
emphasize the l a r g e r PAHs which were expected to be p r e s e n t . Th is 
wavelength was chosen for the chromatographic p r e s e n t a t i o n here; 
however, dur ing development, other wavelengths were used . At 254 
nm, fo r example, the e a r l y e l u t i n g peaks absorb i n t e n s e l y , 
i n d i c a t i n g that nonconjugated systems are a l s o p r e s e n t . Severa l 
i n t e r e s t i n g fea tures are seen i n these chromatograms. The l a t e r 
e l u t i n g peaks become more in tense at l a t e r r u n - d a y s . T h i s i s most 
r e a d i l y noted i n the second grouping of peaks i n each chromatogram. 
The t h i r d grouping of peaks, which e l u t e where coronene e l u t e s , are 
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WAVENUMBERS 

F igure 3. Stack p l o t of C-H s t r e t c h reg ion f o r the 7 f i l e s 
(Nos. 30-36) taken across the major GSR peak i n F igure 2. 
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F igure 4. Separa t ion of some PAH compounds: ODS column (5 μιη), 
p r e s s u r e : 4200 i n l e t , 3700 o u t l e t . Mobi le phase: C 0 2 at 3.7 
mL/min. D e t e c t i o n : 300 nm, 500 nm r e f e r e n c e . Column: 15cm χ 
4.6 mm ODS. 
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TIME. MINUTES 

F igure 5. SFC separa t ion (2 mL/min) of to luene f r a c t i o n of 
residuum Day 14 comparing o n - l i n e (bottom) and t r a d i t i o n a l 
(top) sampling methods. ODS (5 ym) column (15 cm χ 4.6 mm, 
i . d . ) , 4 0 ° C , C 0 2 (3800 p s i ) , 300 nm. 

Ο Ϊ 2 5 4 S t 7 · ft ' it 12 M Μ • » 22 24 26 

TIME, MINUTES 

F i g u r e 6. SFC separa t ion a f t e r SFE of to luene f r a c t i o n of 
residuum Day 25 (Sample 68) : NH 2 column (5 ym, 25 cm χ 4.6 mm, 
i . d . ) , 2 mL/min, 4 0 ° C , CO (3200 p s i ) , 300 nm. 
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probably s i x - r i n g compounds. A broad l a t e e l u t i n g peak ( c a . 15 
minutes) i s probably a s e v e n - r i n g compound. Retent ion time f o r 
t h i s component f i t s to the p r e v i o u s l y a l l u d e d l o g a r i t h m i c p l o t very 
w e l l . The second group of peaks, which e l u t e s before the s i x - r i n g 
compounds are p o s s i b l y f i v e - r i n g compounds whose r i n g s are o r i e n t e d 
i n a " s t r e t c h e d " o r i e n t a t i o n , or the e l u t e d m a t e r i a l may be 
components which c o n t a i n f i v e aromatic r i n g s and one p a r t i a l l y 
hydrogenated r i n g . Other d e t e c t o r s , such as diode a r ray UV and 
f l u o r e s c e n c e de tec to rs may y i e l d more s e l e c t i v e in fo rmat ion about 
these s t r u c t u r e s . 

The inc rease i n apparent c o n c e n t r a t i o n of the l a r g e r aromatics 
as a f u n c t i o n of time i s probably a d i r e c t r e s u l t of c a t a l y s t 
f o u l i n g . The new c a t a l y s t demonstrated the g rea tes t a b i l i t y to 
hydrogenate the fragments formed by t h e r m o l y s i s ; however, t h i s 
process probably becomes l e s s e f f i c i e n t wi th t ime, a l l o w i n g f o r 
re format ion of C-C bonds which r e s u l t s i n h igher a r o m a t i c i t i e s and 
l a r g e r PAH compounds. 

The chromatograms generate
s p e c i f i c a l l y used to determin
show a h igh degree of r e s o l u t i o n . An aminopropyl column was used 
at a somewhat lower dens i ty to spread the peaks of the to luene 
f r a c t i o n out over a l a r g e r p e r i o d of t ime . Other workers have 
shown t h i s m a t e r i a l to separate compounds in the order of r i n g 
number a l s o . F i g u r e 6 shows the chromatogram achieved with the 
f r a c t i o n from Day 25. T h i s was obta ined with UV 254nm d e t e c t i o n , 
r a t h e r than 300nm, as l a rge aromat ics w i l l not e l u t e i n a 
reasonable amount of time under these c o n d i t i o n s . There are s t i l l 
many unresolved peaks, which a l l u d e s to the extreme complexi ty of 
the sample. Large aromatic molecules have many isomers , and 
e x c e l l e n t r e s o l u t i o n of these with a packed column may be 
i m p o s s i b l e . 

The o n - l i n e e x t r a c t i o n technique does not perform as we l l as 
t r a d i t i o n a l methods fo r the to luene f r a c t i o n i n c o n t r a s t to the 
hexane f r a c t i o n . The l a t e r e l u t i n g peaks are much more in tense f o r 
the t r a d i t i o n a l sampling i n a l l c a s e s . I t seems that CO favors 
the lower molecu lar weight mo lecu les , even at h igh d e n s i t i e s . On 
l i n e FTIR d e t e c t i o n d i d not y i e l d any new in format ion fo r the 
aromat ic f r a c t i o n s . H igh ly aromatic m a t e r i a l does not absorb 
i n f r a r e d r a d i a t i o n g r e a t l y . In c o n t r a s t , UV de tec to rs are q u i t e 
s e n s i t i v e and y i e l d s i g n i f i c a n t in format ion fo r aromat ic compounds. 
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Chapter 16 

Supercritical Carbon Dioxide Extraction of Lemon Oil 

Steven J. Coppella1 and Paul Barton 

Department of Chemical Engineering, Pennsylvania State University, 
University Park, PA 16802 

Vapor-liquid-equilibrium was measured for lemon oil 
and carbon dioxide from 303 to 313 Κ and from 4 to 9 
MPa using a nonvisual, constant-volume static cell. 
Two-phase behavior was verified visually in separate 
experiments. Phase samples were depressurized into 
cold traps; carbo
test meter, and liquids were analyzed by gas 
chromatography. The Peng-Robinson equation of state 
reproduced the P-x diagram by modeling the system as 
a carbon dioxide-limonene binary with a 
temperature-dependent interaction parameter. 
Solubilities of oil in the vapor phase were in the 
range of 1 to 3 wt%. Relative volati l i ty of 
limonene to geranial decreased from 2.2 to 1.3 over 
this solubility range; relative volatility for 
geranial to β-caryophyllene decreased from 1.5 to 
1.1. 

I n 1 9 8 3 - 1 9 8 4 , A r i z o n a and C a l i f o r n i a p r o d u c e d a n n u a l l y o v e r 1 0 6 kg 
o f c o l d - p r e s s e d l e m o n o i l . A f t e r b e i n g c o n c e n t r a t e d by d i s t i l l a ­
t i o n o r l i q u i d e x t r a c t i o n , l e m o n o i l i s u s e d a s a f l a v o r i n g a n d / o r 
f r a g r a n c e a g e n t i n b e v e r a g e s and c o s m e t i c s . H o w e v e r , d i s t i l l a t i o n 
t h e r m a l l y d e g r a d e s l e m o n o i l , a n d e x t r a c t i o n w i t h o r g a n i c s o l v e n t s 
o n l y p a r t i a l l y r e d u c e s t h e r m a l d e g r a d a t i o n ( s i n c e t h e s o l v e n t s m u s t 
be r e c o v e r e d by d i s t i l l a t i o n ) a n d i n t r o d u c e s s o l v e n t c o n t a m i n a t i o n . 
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 c a r b o n d i o x i d e n e a r i t s c r i t i c a l 
p o i n t ( 3 0 4 . 3 Κ , 7 . 3 8 M P a , 0 . 4 6 7 g / c m 3 ) o f f e r s a c h e a p , n o n t o x i c 
s o l v e n t t h a t d o e s n o t i m p a r t f l a v o r s n o r t h e r m a l l y d e g r a d e t h e 
p r o d u c t . S u p e r c r i t i c a l e x t r a c t i o n i s a h y b r i d u n i t o p e r a t i o n i n 
t h e domain be tween e x t r a c t i v e d i s t i l l a t i o n a n d l i q u i d e x t r a c t i o n . 
S o l v e n t r e c o v e r y i s a c c o m p l i s h e d by d e p r e s s u r i z a t i o n a t a m b i e n t 
t e m p e r a t u r e . 

yCurrent address: Department of Chemical Engineering, University of Delaware, 
Newark, D E 19716 
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P r o c e s s e s f o r s u p e r c r i t i c a l e x t r a c t i o n o f o i l s h a v e b e e n 
d e s c r i b e d i n numerous l i t e r a t u r e r e f e r e n c e s , i n c l u d i n g P a u l a i t i s e t 
a l . ( 1 ) , E l y a n d B a k e r ( 2 ) , G e r a r d ( 3 ) , S t a h l e t a l . ( 4 ) , a n d Robey 
and Sunder ( 5 ) . The l i t e r a t u r e l a c k s d e t a i l e d p h a s e e q u i l i b r i u m 
d a t a o n m u l t i c o m p o n e n t e s s e n t i a l o i l s w i t h s u p e r c r i t i c a l s o l v e n t s 
i n t h e p r o x i m i t y o f t h e s o l v e n t c r i t i c a l t e m p e r a t u r e . 

The p u r p o s e s o f o u r r e s e a r c h w e r e t o e v a l u a t e t h e f e a s i b i l i t y 
o f s u p e r c r i t i c a l c a r b o n d i o x i d e e x t r a c t i o n o f l e m o n o i l n e a r 
a m b i e n t t e m p e r a t u r e , g e n e r a t e e q u i l i b r i u m d a t a f o r c a r b o n d i o x i d e 
w i t h m u l t i c o m p o n e n t e s s e n t i a l o i l c o n s t i t u e n t s , a n d e v a l u a t e t h e 
a b i l i t y o f t h e P e n g - R o b i n s o n e q u a t i o n o f s t a t e (6) t o m o d e l t h i s 
mul t i component s u p e r c r i t i c a l s y s t e m . 

C o n c e n t r a t i n g Lemon O i l 

S t a r o s c i k a n d W i l s o n (7) h a v e a n a l y z e d v a r i o u s l e m o n o i l s a n d 
i d e n t i f i e d 38 compounds  T h e s e c o m p o u n d s c a n be s u b d i v i d e d i n t o 
t h r e e m a j o r c l a s s i f i c a t i o n s
f r a c t i o n ( o x y g e n a t e d C
h y d r o c a r b o n s ) . L e m o n o i l i s u s u a l l y c o n c e n t r a t e d t o remove t h e 
t e r p e n e s and s e s q u i t e r p e n e s f r o m t h e d e s i r e d C 8 - C 1 2 o x y f r a c t i o n 
(8). 

When c o n c e n t r a t i n g t h e l e m o n o i l by m u l t i s t a g e f r a c t i o n a l 
d i s t i l l a t i o n u n d e r v a c u u m , c o l u m n p e r f o r m a n c e c o u p l e d w i t h 
c o n d e n s e r p r e s s u r e , c o l u m n p r e s s u r e d r o p , r e b o i l e r d e s i g n , a n d mode 
o f o p e r a t i o n ( b a t c h o r c o n t i n u o u s ) d i c t a t e s t h e d e g r e e o f t h e r m a l 
e x p o s u r e . O v e r h e a d t e m p e r a t u r e s r a n g e f rom 320 t o 340 K , r e b o i l e r 
t e m p e r a t u r e s r a n g e f r o m 330 t o 370 K , a n d e x p o s u r e t i m e s o f 1 5 t o 
20 h o u r s may be e x p e c t e d d u r i n g b a t c h d i s t i l l a t i o n . I n c o n t i n u o u s 
d i s t i l l a t i o n , e x p o s u r e t i m e s a r e l o w e r b u t r e b o i l e r t e m p e r a t u r e s 
may be h i g h e r . 

I n e x t r a c t i v e d i s t i l l a t i o n w i t h a s u p e r c r i t i c a l s o l v e n t , 
e x t r a c t i o n r a t h e r t h a n vacuum i s u s e d t o v o l a t i l i z e t h e c o m p o n e n t s 
i n t o t h e v a p o r p h a s e . O p e r a t i n g t e m p e r a t u r e s can be l o w e r t h a n i n 
c o n v e n t i o n a l d i s t i l l a t i o n , and t h e d e s i r e d C 8 - C l 2 o x y f r a c t i o n w i l l 
t h e n h a v e b e e n s u b j e c t e d t o l e s s t h e r m a l d e g r a d a t i o n . C a r b o n 
d i o x i d e has a c r i t i c a l t e m p e r a t u r e t h a t mee t s t h i s g o a l . 

I n o r d e r t o m a k e d a t a c o r r e l a t i o n p r a c t i c a b l e i n 
s u p e r c r i t i c a l c a r b o n d i o x i d e e x t r a c t i o n , i t i s c o n v e n i e n t t o 
r e p r e s e n t e a c h m a j o r c h e m i c a l c l a s s i f i c a t i o n b y a s i n g l e c o m p o u n d . 
E a c h s e l e c t compound s h o u l d have a v a i l a b l e good v a p o r p r e s s u r e d a t a 
and s h o u l d be a p r e d o m i n a n t c o n s t i t u e n t i n i t s g r o u p w i t h r e g a r d t o 
s t r u c t u r e and c o n c e n t r a t i o n . F o r c o r r e l a t i o n p u r p o s e s , we s e l e c t e d 
l i m o n e n e , g e r a n i a l , a n d 3 ~ c a r y o p h y l l e n e . T h e i r s t r u c t u r e s a r e 
shown i n F i g u r e 1. 

S t a h l e t a l . ( £ ) p r e s e n t e d s o l u b i l i t y d a t a f o r l i m o n e n e and 
c a r y o p h y l l e n e w i t h c a r b o n d i o x i d e ; G e r a r d (3) i n c l u d e d c a r v o n e . 
T e m p e r a t u r e s i n t h e r a n g e o f 279 t o 377 K , a n d p r e s s u r e s i n t h e 
r a n g e o f 1 . 5 t o 11 MPa were c o v e r e d . Robey and Sunde r ( 5 ) p r o v i d e d 
s o l u b i l i t y a n d r e l a t i v e v o l a t i l i t y d a t a f o r c a r b o n d i o x i d e w i t h 
c o n c e n t r a t e d l e m o n o i l a n d w i t h l i m o n e n e a n d c i t r a l ( g e r a n i a l / 
n e r a l ) f rom 323 t o 353 Κ and 9 . 4 t o 10.6 M P a . 

G e r a r d (3) d e s c r i b e d a c o n t i n u o u s m u l t i s t a g e c o l u m n p r o c e s s 
f o r c a r b o n d i o x i d e e x t r a c t i o n ( d i s t i l l a t i o n ) o f e s s e n t i a l o i l s a t 
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ambient temperature and 8 MPa, with solvent recovery at 273 Κ and 3 
MPa. Robey and Sunder ( 5 ) proposed a lemon o i l f r a c t i o n a t o r 
w h i c h w o u l d o p e r a t e a t 3 3 3 Κ and 1 0 MPa w i t h an e f f i c i e n c y 
equivalent to 12 stages; solvent recovery would be at 293 Κ and 5 . 5 
MPa. 

Experimental Section 

C o l d - p r e s s e d o i l from A r i z o n a e a r l y desert lemons was su p p l i e d by 
Α. M. Todd Company, Kalamazoo, MI. Degassed lemon o i l and dry 
carbon d i o x i d e were charged i n t o the o n e - l i t e r isothermal constant 
volume c e l l shown i n Figure 2 . A f t e r the operating temperature was 
r e a c h e d , the system was s t i r r e d f o r one hour, then a l l o w e d t o 
s e t t l e f o r 15 minutes b e f o r e s a m p l i n g . A couple of experiments 
were made w i t h l o n g e r m i x i n g and s e t t l i n g times to confirm that 
e q u i l i b r i u m had been r e a c h e d . P a r a l l e l phase v i s u a l i z a t i o n 
e x p e r i m e n t s were c o n d u c t e d i n a s i g h t gauge t o i n s u r e t h a t 
operation was i n the two-phas
adequate. Experiment
to 9 MPa. 

A sample of the e q u i l i b r a t e d l i q u i d phase was removed (after 
purging) by de p r e s s u r i z a t i o n through a valve and hypodermic t u b i n g 
i n t o a two-stage t r a p cooled by dry ice-acetone. A wet t e s t meter 
measured the carbon dioxide o f f - g a s . A sample of the vapor phase 
was then s i m i l a r l y removed. Purge and sample s i z e s were kept small 
to minimize disturbances of e q u i l i b r i u m . P r e s s u r e changes i n the 
c e i l were 0 - 0 . 1 MPa d u r i n g sampling of l i q u i d phase and 0 - 1 . 2 MPa 
d u r i n g s a m p l i n g of vapor phase. S p e c i a l h i g h - p r e s s u r e sample 
v a l v e s w i t h m i c r o l i t e r - s i z e d t r a p s were t r i e d i n an e f f o r t to 
reduce pressure disturbance, but r e l i a b i l i t y was inadequate. 

Estimated r e l a t i v e e r r o r s are 0.2% f o r temperature, 5% f o r 
p r e s s u r e , H% f o r carbon dioxide mole f r a c t i o n i n the l i q u i d phase, 
and 10% f o r lemon o i l mole f r a c t i o n i n the vapor phase. R e l a t i v e 
e r r o r i s d e f i n e d as e x p e r i m e n t a l e r r o r d i v i d e d by sample average 
val ue. 

The recovered lemon o i l samples were analyzed by gas chromato­
graphy. A 0 . 5 mm i . d . χ 30 m t h i n f i l m ( 0 . 1 ym) S E - 3 0 g l a s s 
c a p i l l a r y column ( S u p e l c o , Inc., B e l l e f o n t e , PA) was used with a 
flame i o n i z a t i o n detector. The temperature was programmed from 3 4 8 
to 473 K. Peak i d e n t i f i c a t i o n was based on information of Supelco, 
Inc., A. M. Todd Company, and S t a r o s c i k and Wilson ( 7 ) . S t a r o s c i k 
( 9 ) p r o v i d e d us w i t h the r e s p o n s e v a l u e s used i n h i s work and we 
assumed t h a t our d e t e c t o r would g i v e p r o p o r t i o n a t e r e s p o n s e s . 
S t a r o s c i k found i n h i s work t h a t r e l a t i v e standard deviations of 
the response values were generally l e s s than 3%. 

Results 

Lemon o i l - c a r b o n d i o x i d e e q u i l i b r i u m was measured at 3 0 3 , 3 0 8 , and 
313 Κ and i n the pressure range of 4 to 9 MPa. Below 6 MPa, t h e r e 
was i n s u f f i c i e n t lemon o i l i n the vapor phase t o o b t a i n good 
samples f o r a n a l y s i s . Above 9 . 0 MPa at 313 K, above 7 . 8 MPa at 3 0 8 
K, and above 7 . 4 MPa at 303 K, the system exhibited a s i n g l e phase. 
Nine experiments provided two-phase, v a p o r - l i q u i d e q u i l i b r i u m data 
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s u i t a b l e f o r c o r r e l a t i o n s and for generating c o e f f i c i e n t s f o r the 
Peng-Robinson equation. D e t a i l e d experimental data can be found i n 
Coppella (JTj). 

The r e s u l t s of an e x p e r i m e n t at 308 Κ and 6.98 MPa a r e 
d e t a i l e d here. The l i q u i d phase c o n t a i n e d 48 wt% (74 mole %) 
carbon d i o x i d e and the vapor phase contained 99.5 wt% (99.8 mole %) 
carbon d i o x i d e . A gas chromatogram f o r the lemon o i l from the 
l i q u i d phase sample i s shown i n F i g u r e 3. Peak i d e n t i f i c a t i o n , 
r e t e n t i o n , response value, and concentration are g i v e n i n T a b l e I . 
C o m p o s i t i o n of the lemon o i l i n the vapor phase i s also l i s t e d . 
Average molecular weight of lemon o i l i s 137.9 i n the l i q u i d and 
136.4 i n the vapor . 

The r e l a t i v e v o l a t i l i t y , or s e l e c t i v i t y f a c t o r , f o r each 
component i n the presence of carbon dioxide i s a l s o g i v e n i n T a b l e 
I. R e l a t i v e v o l a t i l i t y i s d e f i n e d as the r a t i o of K-value f o r 
component i to K-value f o r limonene. The K-value f o r component i 
i s d e f i n e d as mole f r a c t i o n i i n the vapor (extract) phase to mole 
f r a c t i o n i i n the l i q u i

3y comparing the r e l a t i v
the ease of s e p a r a t i o n between these components can be determined. 
For example, a key terpene-oxy separation involves t e r p i n o l e n e with 
a r e l a t i v e v o l a t i l i t y w i t h r e s p e c t t o l i m o n e n e o f 0.7 and 
c i t r o n e l l a l with r e l a t i v e v o l a t i l i t y w i t h r e s p e c t t o limonene of 
0.4. The r e l a t i v e v o l a t i l i t y of terpinolene to c i t r o n e l l a l i s then 
0.7/0.4 or 2. 

The second cut point i n the separation i s between geranylace-
tate and g-caryophyllene. This s e p a r a t i o n f a c t o r i s 0.06/0.07 or 
0.9. T h i s i s o p p o s i t e t h a t f o r g e r a n i a l to 3 - c a r y o p h y l l e n e : 
0.2/0.07 or 3. Since there i s some overlap i n the v o l a t i l i t i e s of 
C i 2 o x y g e n a t e d h y d r o c a r b o n s a n d s e s q u i t e r p e n e s , some 
β-caryophyllene w i l l be e x t r a c t e d i n t o the d e s i r e d C 8 - C l 2 oxy 
product. 

S o l u b i l i t y and S e l e c t i v i t y 

S o l u b i l i t y diagrams were prepared for the phases that separated i n 
the lemon o i l e x t r a c t i o n s performed i n t h i s s t u d y w i t h c a r b o n 
d i o x i d e . Such diagrams can serve only as guides, since s o l u b i l i t y 
i s composition-dependent and i s a f u n c t i o n of the amount e x t r a c t e d . 
The d a t a are shown i n F i g u r e s 4, 5, and 6 at 303, 308, and 313 K, 
r e s p e c t i v e l y . 

E x t r a c t i o n s or e x t r a c t i v e d i s t i l l a t i o n s with s u p e r c r i t i c a l 
solvent need to be performed at as high as p o s s i b l e a s o l u b i l i t y of 
o i l i n the e x t r a c t or vapor phase i n order to reduce the solvent or 
c a r r i e r gas requirement. From our lemon o i l - c a r b o n d i o x i d e phase 
diagrams, i t appears that the highest p r a c t i c a l s o l u b i l i t y l e v e l i s 
0.9 mole % (2.8 wt%) e s s e n t i a l o i l . T h i s i s o b t a i n a b l e at 313 Κ. 
At l o w e r t e m p e r a t u r e , s e n s i t i v i t y of s o l u b i l i t y t o p r e s s u r e 
requires that s o l u b i l i t y be lower (e.g., 0.3 mole % at 308 K). 

At 313 Κ and 8.4 MPa, the slope of e x t r a c t phase s o l u b i l i t y 
v e r sus p r e s s u r e i s 0.06 weight f r a c t i o n oil/MPa. For a 15-m t a l l 
e x t r a c t i o n tower operated at a d e n s i t y of 0.5 g/cm 3, the p r e s s u r e 
at the bottom i s higher than t h a t at the top by 0.075 MPa. The 
s o l u b i l i t y at the bottom w i l l then be 0.15 wt£ higher at the bottom 
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T a b l e I . Lemon O i l V a p o r - L i q u i d Analyses at E q u i l i b r i u m i n CO2 

Re t e n t i o n 3 V o l a t i l i t y 
R e l a t i v e Weight 0 R e l a t i v e 

Peak to R e l a t i v e Mole % to 
No. Compound Limonene Response Vapor L i q u i d Limonene 

ref acetone 0.00 — ~ 

1 α-thuj ene 0.55 0.75 0.61 0.35 1.8 
2 a-pinene 0.58 0.75 2.80 1.68 1.7 
3 camphene 0.63 0.70 0.09 0.06 1.6 
4 sabinene 0.76 0.74 17.27 13.06 1.34 

3-pinene J 

5 myrcene 0.79 1.87 1.59 1.2 
6 octanal 

phellandrenej 
7 a-terpinene 0.92 1.19 1.21 1.10 1.1 

8 limonene 1.00 
9 Ύ-terpinene 1.09 

10 terpinolene"^ 1.19 
1 i nalool I 
nonanal 

11 c i t r o n e l l a l 1.40 
12 terpinenen-4-01 1.51 
13 a-t e r p i n e o l 1.55 
14 decanal 1.60 
15 nera l 1.70 

0.75 67.14 68.22 1.0 
0.78 7.59 8.45 0.91 
0.78 0.47 0.67 0.7 

1.06 0.02 0.04 0.4 
0.92 0.02 0.04 0.4 
0.92 0.06 0.20 0.3 
0.97 0.01 0.08 0.1 
0.96 0.24 0.92 0.3 

16 ge r a n i a l 1.80 0.96 0.29 1.45 0.2 
17 nonyl acetate 1.95 1.24 0.00 0.03 — -

18 ne r y l acetate 2.12 1.02 0.03 0.25 0.1 
19 geranyl acetate 2.18 1.02 0.009 0.15 0.06 
20 3-caryophyllene 2.36 0.78 0.013 0.18 0.07 

21 t r ans-ot­
her gam ot ene 2.40 0.78 0.016 0.26 0.06 

22 α-humalene 2.53 0.71 0.00 0.05 
23 β-bisabolene 2.60 0.77 0.013 0.38 0.03 

d e t e n t i o n time f o r limonene averaged 8.7 minutes 
°Peak area m u l t i p l i e r 

In Supercritical Fluids; Squires, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



16. COPPELLA AND BARTON Carbon Dioxide Extraction of Lemon Oil 209 

0.001 0.01 
Mole fraction lemon oil 

0.1 1.0 

Figure 4. Phase E q u i l i b r i u m f o r Carbon Dioxide:Lemon O i l at 
303 Κ. Experimental Two-Phase: 0 - Vapor t - L i q u i d . 
Δ - Experimental One-Phase. Peng-Robinson eq. 
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Figure 5. Phase Eq u i l i b r i u m f o r Carbon Dioxide:Lemon O i l at 
308 Κ. Experimental Two-Phase: 0 - Vapor · - L i q u i d . 
A - Experimental One-Phase. Peng-Robinson eq. 
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Figure 6. Phase Eq u i l i b r i u m for Carbon Dioxide:Lemon O i l at 
313 Κ. Experimental Two-Phase: 0 - Vapor · - L i q u i d . 
Λ - Experimental One-Phase. - - Peng-Robinson eq. 
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( i g n o r i n g composition e f f e c t s ) . At 308 Κ and 7.69 MPa, an increase 
i n pressure of 0.15 MPa causes the two-phase system t o r e v e r t to a 
one-phase system. I t i s imperative that temperature and pressure 
p r o f i l e s i n the s u p e r c r i t i c a l e x t r a c t i o n tower be m a i n t a i n e d 
a c c u r a t e l y . Windows i n the tower are recommended to confirm that 
operation remains i n the two-phase domain. 

The s e l e c t i v i t i es i n t h e s u p e r c r i t i c a l c a r b o n d i o x i d e 
e x t r a c t i o n of terpenes from the oxy f r a c t i o n , and the oxy f r a c t i o n 
from sesquiterpenes, f o r lemon o i l are shown i n F i g u r e s 7 and 8, 
r e s p e c t i v e l y . F i g u r e 7 shows the r e l a t i v e v o l a t i l i t y , or 
s e l e c t i v i t y f a c t o r , of limonene to g e r a n i a l as a f u n c t i o n of o i l 
s o l u b i l i t y i n the vapor phase. Operation of the extractor at 308 Κ 
and 1 wtyÊ s o l u b i l i t y ( t h e h i g h e s t p r a c t i c a l l e v e l a t t h i s 
temperature) provides a r e l a t i v e v o l a t i l i t y of 2. Operation at 313 
Κ and 2.8 ut% s o l u b i l i t y p r o v i d e s a r e l a t i v e v o l a t i l i t y of 1.3-
The s e l e c t i v i t y f a c t o r s are an o r d e r of magnitude lower than the 
vapor pressure r a t i o s at 303 to 313 K

F i g u r e 8 shows t h
β-caryophyllene as a fu n c t i o
At 313 Κ and 1 wtj s o l u b i l i t y , r e l a t i v e v o l a t i l i t y i s 1.4. At 308 
Κ and 1 wt56 s o l u b i l i t y , these constituents are inseparable by super­
c r i t i c a l carbon dioxide e x t r a c t i o n . The r a t i o of vapor p r e s s u r e s 
f o r t h i s p a i r i s i n t h e v i c i n i t y of 2 (at 392 Κ, the lowest 
temperature with vapor pressure data). 

Modeling of E q u i l i b r i a 

The carbon d i o x i d e / l e m o n o i l P-x b e h a v i o r shown i n Figures 4, 5, 
and 6 i s t y p i c a l of binary carbon dioxi de: hydrocarbon systems, such 
as those c o n t a i n i n g heptane (Im and Kurata, V\), decane (Kulkarni 
et a l . , 1_2), or benzene (Gupta et a l . , 1_3 ). Our lemon o i l samples 
c o n t a i n e d i n excess of 64 mole % limonene; so we modeled our data 
as a r e d u c e d b i n a r y o f l i m o n e n e and c a r b o n d i o x i d e . T he 
Peng-Robinson (6^) e q u a t i o n was used, w i t h c r i t i c a l temperatures, 
c r i t i c a l pressures, and a c e n t r i c f a c t o r s o btained from Daubert and 
Danner (V4 ) , and R e i d et a l . (J5_). For carbon dioxide, ω = 0.225; 
f o r limonene, ω = 0.327, T c = 656. 4 Κ, P c = 2.75 MPa. I t was 
n e c e s s a r y t o vary the i n t e r a c t i o n parameter w i t h temperature i n 
order to c o r r e l a t e the data s a t i s f a c t o r i l y . The v a l u e s of d-| 2 are 
0.1135 at 303 K, 0.1129 at 308 Κ, and 0.1013 at 313 K. Comparisons 
of c a l c u l a t e d and experimental r e s u l t s are g i v e n i n F i g u r e s 4, 5, 
and 6. 

Attempts to model the r e l a t i v e v o l a t i l i t i e s of the minor 
organic constituents to limonene u s i n g the Peng-Robinson e q u a t i o n 
proved u n f r u i t f u l . 

Proposed Process 

Lemon o i l can be c o n c e n t r a t e d by 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 i n the temperature range of 308 to 313 K. P r e s s u r e i n 
the e x t r a c t o r w i l l be i n the range of 7.7 to 8.5 MPa. S o l u b i l i t i e s 
of o i l i n the e x t r a c t or vapor phase w i l l range from 1 to 3 wt%. 
S e l e c t i v i t y f a c t o r s near 1.4 w i l l be obtained for the terpene-oxy 
s p l i t and the o x y - s e s q u i t e r p e n e s p l i t . The o p e r a t i o n can be 
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Figure 7. Lemon O i l : Car bon Dioxide Vapor-Liquid E q u i l i b r i a 
Δ - 303 K, • - 308 Κ, 0 - 313 Κ. 
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Figure 8. Lemon Oil:Carbon Dioxide Vapor-Liquid E q u i l i b r i a 
Δ - 303 Κ, π - 308 Κ, 0 - 313 Κ. 
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p e r f o r m e d i n a m u l t i s t a g e e x t r a c t o r wi th r e f l u x . Operat ion can be 
e i t h e r i n the b a t c h or c o n t i n u o u s mode. S o l v e n t r e c o v e r y i s 
p e r f o r m e d at condi t ions s l i g h t l y below the c r i t i c a l point of carbon 
d i o x i d e . F l a s h evaporat ion can be used; r e f l u x i n g i n an e n r i c h i n g 
column can be added t o d e c r e a s e the o i l c o n t e n t i n the r e c y c l e d 
carbon d i o x i d e . R e s i d u a l c a r b o n d i o x i d e i n the p r o d u c t o i l s i s 
removed by f l a s h i n g to atmospheric pres sure . 

S o l u b i l i t y l i m i t a t i o n s r e q u i r e t h a t the s o l v e n t - t o - o i l f e ed 
r a t i o be h i g h ; an economic a n a l y s i s i s needed to e s t a b l i s h process 
f e a s i b i l i t y . The use of cosolvents or h i g h e r t e m p e r a t u r e s can be 
used t o i n c r e a s e o i l s o l u b i l i t y and to decrease s o l v e n t - t o - o i l feed 
r a t i o . These p r o c e s s m o d i f i c a t i o n s , however , cause a d d i t i o n a l 
t h e r m a l d e g r a d a t i o n . W i t h c o s o l v e n t s , thermal degradat ion occurs 
d u r i n g the d i s t i l l a t i o n s t e p needed to r e m o v e t h e s e u n w a n t e d 
components (and f l a v o r s ) from the d e s i r e d e x t r a c t . 
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Chapter 17 

Near-Critical Separation of Butadiene-Butene 
Mixtures with Mixtures of Ammonia and Ethylene 

D. S. Hacker 

Amoco Chemicals Company, Naperville, IL 60566 

The results of an experimental investigation are 
presented for the separation of mixtures of 
1,3-butadiene and 1-butene at near critical conditions 
with mixed and single solvent gases. Ammonia was used 
as an entrainer t
non-polar solvent
ethane and carbon dioxide, as well as mixtures of each 
of these gases with ammonia in concentrations of 2, 5, 
8 and 10% by volume. Each solvent and solvent mixture 
was studied with respect to its ability to remove 
1-butene from an equimolar mixture of 1,3-butadiene/ 
1-butene. Maximum selectivities of 1.4 to 1.8 were 
measured at a pressure of 600 psia and a temperature 
of 20 C in mixtures containing 5%-8% by volume of 
ammonia in ethylene. All other solvents showed little 
or no success in promoting separation of the mixture. 
The experimental results are reported for ethylene/ 
ammonia mixtures and are shown to be in fair agree­
ment with VLE flash calculations predicted indepen­
dently by a modified two parameter R-K type of 
equation of state. 

A separation process i s sought that can s a t i s f y both our present 
economic and enviromental c o n s t r a i n t s . I t would also provide an 
a l t e r n a t i v e to present p r a c t i c e that r e l i e s on expensive azeo-
t r o p i c or e x t r a c t i v e d i s t i l l a t i o n processes used i n the recovery 
of products from low r e l a t i v e v o l a t i l i t y streams. As an example, 
v i r t u a l l y a l l i n d u s t r i a l butadiene recovery processes now r e l y on 
e x t r a c t i v e d i s t i l l a t i o n using a c e t o n i t r i l e or other equivalent 
agent to enhance the r e l a t i v e v o l a t i l i t y of the C4 components. The 
use of s u p e r c r i t i c a l or near c r i t i c a l separation of these streams 
may s a t i s f y these requirements provided c e r t a i n pressure, temper­
ature and recompression c r i t e r i a can be met. Such a process would 
al s o reduce the need f o r a complex t r a i n of d i s t i l l a t i o n towers. 
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214 SUPERCRITICAL FLUIDS 

L i q u i d ammonia has been suggested as a solvent f o r the C4 
s e p a r a t i o n ( l ) . A drawback to i t s use i n the l i q u i d s t a t e , however, 
i s the need f o r c o s t l y r e f r i g e r a t i o n . I t s use as a s u p e r c r i t i c a l 
solvent would also be acceptable were i t not f o r i t s high c r i t i c a l 
temperature (405.45 K). High temperature favors the polymeriza­
t i o n of the butadiene; hence, i t s l i m i t a t i o n i n t h i s r o l e . In t h i s 
study, a method was developed that seeks to circumvent t h i s problem 
and yet achieve the des i r e d separation of the C4's. Prausnitz(2) 
discusses the use of a mixture of s u p e r c r i t i c a l solvents whose 
pr o p e r t i e s provide the optimal p h y s i c a l conditions f o r e f f i c i e n t 
e x t r a c t i o n . I t i s equally p o s s i b l e to prepare mixtures of solvents 
that not only modify those c r i t i c a l p r o p e r t i e s of the i n d i v i d u a l 
solvent component, but also introduce the chemical features needed 
to maximize the separation of the feed mixture. 

In view of the i n t e r e s t i n t h i s f i e l d , an experimental i n v e s t i ­
g a t i o n was undertaken to determine the a p p l i c a b i l i t y of super­
c r i t i c a l phenomena to the separation of butadiene from C4 mixtures. 
In p a r t i c u l a r , the separatio
key f a c t o r i n the separatio
considered i n l i g h t of p r e d i c t i o n s obtained from a representative 
equation of state i n the retrograde region of the SC sol v e n t - s o l u t e 
VLE envelope. 

T h e o r e t i c a l Discussion 

The a b i l i t y to separate s p e c i f i c s o l u t i o n components from the l i q u i d 
phase with a s u p e r c r i t i c a l or n e a r - c r i t i c a l solvent component has 
been demonstrated f o r a few s e l e c t e d systemsQ). Generally, the s o l ­
vents are s i n g l e component inorganic gases or l i g h t hydrocarbons. 
In common use have been carbon dioxide, ammonia, ethane, ethylene 
or propane. Weinstock and Elgin(4) used p r e s s u r i z e d ethylene to 
promote the separation of a number of m i s c i b l e aqueous-organic l i q u i d 
mixtures. More r e c e n t l y , P a u l a i t i s and others have used carbon 
dioxide to dehydrate ethanol(5.6). The separation of asphaltines 
with s u p e r c r i t i c a l propane has been commercially demonstrated by 
Kerr-McGee(7). S t a r l i n g , et a l . , have suggested that the retrograde 
regime may be e x p l o i t e d by the a d d i t i o n of s u f f i c i e n t solvent to 
separate a l i g h t l i q u i d hydrocarbon mixture(8). 

In a d d i t i o n , several equations of state have been developed to 
p r e d i c t the VLE behavior of a s u b c r i t i c a l l i q u i d mixture with a 
s u p e r c r i t i c a l component. These t h e o r e t i c a l models are of current 
research i n t e r e s t . In ad d i t i o n , several approaches have been form­
u l a t e d to extend the an a l y s i s to multicomponent systems u t i l i z i n g 
concepts of continuous thermodynamics(9. 10). 

Reid and others(11. 12) have shown that s u p e r c r i t i c a l solvents 
e x h i b i t v a r y i n g degrees of s p e c i f i c i t y towards a p a r t i c u l a r specie. 
Furthermore, the small number of SC solvents a v a i l a b l e l i m i t s the 
p o t e n t i a l use SC e x t r a c t i o n . The use of entrai n e r s or mixtures of 
solvents, may remove the l i m i t a t i o n imposed by the narrow choice of 
l i k e l y solvents. Moreover, i t i s p o s s i b l e that through the proper 
choice of entraîner and solvent the de s i r e d chemical a c t i v i t y can be 
adjusted to improve the s e l e c t i v i t y of the solvent. For example, 
mixtures of solvent gases with entrainers can permit a m o d i f i c a t i o n 
of c r i t i c a l p r o p e r t i e s as w e l l as chemical p r o p e r t i e s , so that Ρ and 
Τ adjustment can be used to maximize some p h y s i c a l property of the 
system(2). 
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Brunner(13) studied the influence of entrai n e r s on model 
mixtures by introducing acetone into a p o l y g l y c e r i d e mixture, thus 
enhancing i t s separation with carbon dioxide. The entraîner served 
as a source of hydrogen bonding to augment the separation of the 
desi r e d component. The p r i n c i p l e of the entraîner has been widely 
known i n l i q u i d e x t r a c t i o n processes i n improving separation and 
was described by Treybal(14). 

I t i s known that the a d d i t i o n of a stro n g l y i n t e r a c t i v e t h i r d 
component to a mis c i b l e binary mixture can a l t e r the phase behavior 
of t h i s normally stable system. This occurs by a minimization of 
the Gibbs free energy. By modifying the p a i r p o t e n t i a l s between 
the components comprising the system, changes i n the pairwise 
a c t i v i t y c o e f f i c i e n t s w i l l r e s u l t ( 1 5 ) . The a d d i t i o n of a fou r t h 
solvent component, i f properly selected, can f u r t h e r a l t e r the 
a c t i v i t y c o e f f i c i e n t s of the solute, p r e f e r e n t i a l l y i n c r e a s i n g i t s 
concentration i n a given phase(16. 17). An extension of these 
p r i n c i p l e s to multicomponent s o l i d or l i q u i d systems i s s t i l l to be 
determined i n the s u p e r c r i t i c a

We have applied som
1-butene from a binary mixture of 1,3-butadiene/1-butene. Various 
mixtures of sc solvents (e.g., ethane, carbon dioxide, ethylene) 
are used i n combination with a strongly polar solvent gas l i k e 
ammonia. The p h y s i c a l p r o p e r t i e s of these components are shown i n 
Table I. The experimental r e s u l t s were then compared with VLE 
pr e d i c t i o n s using a newly developed equation of state (18). The key 
feature of t h i s equation i s a new set of mixing r u l e s based on 
s t a t i s t i c a l mechanical arguments. We have been able to demonstrate 
i t s agreement with a number of binary and ternary systems described 
i n the l i t e r a t u r e , containing various hydrocarbon compounds, a 
number of selected polar compounds and a s u p e r c r i t i c a l component. 
I t p r e d i c t s quite well vapor-liquid-phase e q u i l i b r i a f o r a m u l t i -
component system i n the retrograde region but cannot p r e d i c t the 
formation of a second l i q u i d phase. 

The mixing r u l e s used i n the equation of state are defined as 
follows : 

a- - (a., χ a ) 1 / 2 (1-k- ) lm 11 mm lm 

and (1) 

where a and b are the average Van der Waal c o n f i g u r a t i o n a l 
c o e f f i c i e n t s f o r mixtures, and 1 and m are the pairwise species which 
can be adjusted f o r the dipole c o n t r i b u t i o n of ammonia-butene through 
the i n t e r a c t i o n parameters, k. and . A l l other k and b values 
of the i n t e r a c t i o n c o e f f i c i e n t s were set to 0 and 1, r e s p e c t i v e l y . 
This model has some serious l i m i t a t i o n s i n representing the e f f e c t s 
of p o l a r compounds, since quadrupole and strong i n t e r a c t i o n forces 
are ignored. Nevertheless, one can obtain a " b a l l park" estimate 
of the l i k e l y degree of separation. 
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17. HACKER Separation of Butadiene-Butène Mixtures 217 

Experimental Apparatus and M a t e r i a l s 

A l l solvent gases were supplied as c y l i n d e r gases having a s p e c i f i e d 
minimum p u r i t y of 99.0%. Butene, butadiene and ammonia were used 
as r e c e i v e d without f u r t h e r p u r i f i c a t i o n . 

E x t r a c t i o n experiments were c a r r i e d out i n a o n e - l i t e r , s t i r r e d , 
s t a i n l e s s s t e e l Autoclave vessel(A) rated at 5000 p s i g at 600 F. A 
complete schematic of the assembly i s shown i n F i g . 1. A l l 
connections with s t a i n l e s s s t e e l 0.025 I.D. tubing were made with 
Autoclave Engineering Speedbite f i t t i n g s . The présure v e s s e l was 
maintained at constant temperature by means of e x t e r n a l e l e c t r i c a l 
h eating and an i n t e r n a l c o o l i n g c o i l . Cooling was f u r n i s h e d by 
water c h i l l e d and c i r c u l a t e d by a Blue-M freon r e f r i g e r a t i o n u n i t . 
An Autoclave magnetic s t i r r i n g u n i t powered by an a i r motor (M) was 
used to ensure adequate mixing of the c e l l contents. The presence 
of phase i n t e r f a c e s were viewed through the windows of a 50 cc 
Jerguson gauge(J) (rated at 5000 p s i g at 72 F), i n p a r a l l e l with 
the main c e l l . The s i g h
l e v e l i n d i c a t o r , had an
measure the t o t a l volumes of the l i q u i d s i n the c e l l . 

Butene and butadiene were pumped i n t o the the r e a c t o r through 
a common LP10 Whitey displacement pump(Cl). A 30-pound ni t r o g e n 
head was used to p r e s s u r i z e each hydrocarbon c y l i n d e r to maintain 
adequate pumping e f f i c i e n c y . Ammonia was pumped as a l i q u i d 
through a second Whitey pump(C2), equipped with a r e f r i g e r a t e d 
head to avoid v a p o r i z a t i o n during compression. The ammonia l i n e 
was independently cooled to prevent v a p o r i z a t i o n during t r a n s f e r to 
the r e a c t o r . A s l i g h t helium pressure was maintained i n the v e s s e l 
during charging to f u r t h e r ensure a minimum of v a p o r i z a t i o n at the 
l i q u i d surface and ease the measurement of the l i q u i d l e v e l . 

Ethylene, carbon dioxide, or ethane were compressed to the 
d e s i r e d pressure through a Haskel Model AG-62, gas compressor(C3), 
with a 25-1 compression r a t i o and a maximum rated o u t l e t pressure 
of 9000 p s i g . The mass of the gases used i n each run was 
determined by weight l o s s of the gas c y l i n d e r mounted on a Dayton 
d i g i t a l s c a l e . A redundant volume check was made by measuring the 
d i f f e r e n c e between the l i q u i d l e v e l s before and a f t e r gas a d d i t i o n 
to the l i q u i d charge and the t o t a l volume of the v e s s e l . The 
pressure of the system and i n each of the r e c e i v e r v e s s e l s , E l and 
E2, was measured with c a l i b r a t e d high pressure p r e c i s i o n Bourdon 
tube gauges of appropriate range (G1,G2,G3). 

The e x t e r i o r of the Autoclave v e s s e l w a l l was d i v i d e d i n t o 
three heating zones, each c o n t r o l l e d by one Eurotherm 103 
temperature c o n t r o l l e r ( T C ) . The remaining sections were heat 
traced with s e l f - l i m i t i n g "Autotrace" heating tapes to prevent 
vapor condensation i n the l i n e s . Heating c o n t r o l s were adjusted 
manually and a l l temperatures were measured with copper-constantan 
thermocouples attached to the c e l l and r e c e i v e r v e s s e l s . The 
thermocouple output voltages were i n d i c a t e d on a 10-point Acromag 
d i g i t a l voltmeter. A c a l i b r a t e d platinum-10% rhodium thermocouple 
was used to measure the temperature of the contents i n the 
autoclave r e a c t o r . 
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Figure 1. Experimental Apparatus 
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Procedure. Sampling and A n a l y s i s 

Each experiment was conducted as follows: The system was evacuated 
to remove r e s i d u a l f l u i d s . Nitrogen was then fl u s h e d through the 
system and the system once again evacuated. The hydrocarbon and 
ammonia were then pumped int o the c e l l as l i q u i d s . The d e s i r e d 
l i q u i d was monitored from the l e v e l on the s i g h t g l a s s . The composi­
t i o n was determined by volume percent of the hydrocarbons and 
entraîner added. The solvent gas was then introduced. The tempera­
ture of the contents i n the c e l l was adjusted to the d e s i r e d value 
and s t i r r e d v i g o r o u s l y . The pressure of the solvent gas was slowly 
increased u n t i l the l i q u i d i n t e r f a c e disappeared and an opalescence 
regime appeared, i n d i c a t i n g the attainment of the c r i t i c a l region. 
The gas pressure was then reduced by a s l i g h t d e p r e s s u r i z a t i o n i n 
the chamber u n t i l the i n t e r f a c e j u s t reappeared. I t was e s t a b l i s h e d 
that t h i s procedure permitted the contents to be adjusted l e s s than 
2 to 3 percent of the c r i t i c a l pressure. S t i r r i n g was discontinued 
about two minutes befor
the vapor and l i q u i d phases

An estimate of the volume of solvent added to the hydrocarbon 
mixture was obtained by c a l c u l a t i n g the d i f f e r e n c e i n the l i q u i d 
l e v e l before and a f t e r gas a d d i t i o n , which i s approximately equal 
to the volume of gas d i s s o l v e d i n the l i q u i d phase. This value i s 
added to the volume above the l i q u i d i n t e r f a c e to obt a i n the t o t a l 
solvent volume added to the system. The r a t i o of ethylene/ammonia 
solvent mixture added to the volume of butadiene/butene s o l u t i o n 
was approximately 5:1. 

The contents of the reactor were sampled before and a f t e r the 
i n t r o d u c t i o n of the solvent gas. This was done by trapping approx­
imately 0.5 cc of the mixture from the reactor volume i n a p r e c a l -
i b r a t e d loop of 1/16 inch i . d . sample l i n e l o c a t e d between two high 
pressure valves(S) adjacent to the v e s s e l . The volume of the sample 
withdrawn was s u f f i e n t l y small to minimize any changes i n the pres­
sure (< 0.1 p s i ) of the main contents of the v e s s e l . The high 
pressure sample was f u r t h e r expanded in t o a pre-evacuated 300 cc 
Hoke c y l i n d e r ( E l ) to about 5 atm. This volume of sample was again 
expanded to about 1 atm i n a pre-evacuated, f i n a l 70-cc Hoke 
c y l i n d e r ( E 2 ) . Portions of t h i s volume were then i n j e c t e d by means 
of an automated Valco valve(VI) in t o the Varian 920 gas chromato­
g r a p h i c ) . A l l sample loops were also heat traced to prevent conden­
s a t i o n i n the l i n e s . This procedure was a l s o followed i n sampling 
the l i q u i d phase from the bottom of v e s s e l as w e l l . Syringe sam­
p l i n g through diaphram ports located at s t r a t e g i c p o s i t i o n s i n the 
system provided a d d i t i o n a l checks on the automated sampling 
procedures. 

A l l samples were analyzed i n an A l l T e c h 1/8"I.D, 20 foot column, 
packed with VZ-7 r e s i n , using helium as the c a r r i e r gas. This column 
proved more e f f e c t i v e f o r the measurement of the C4 components than 
the Poropak- Ν column. Ammonia was not detected by t h i s column and 
as a r e s u l t some of the assumptions employed to t r e a t the solvent 
phase are described i n a l a t e r paragraph. The G.C. was run with the 
i n j e c t o r chamber set at 115 C, the column oven temperature at 60 C 
and the filament current set at 150 ma. Column analyses were per­
formed by an Autolab Integrator. A Leeds and Northrup s t r i p chart 
recorder was used to p l o t the output of the i n t e g r a t o r and to 
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provide a v i s u a l determination of the time trace and the magnitude 
peak heights f o r r a p i d comparison of the r e l a t i v e e f f e c t i v e n e s s of 
the separation. A sample s t r i p chart record of the G.C. output i s 
shown i n F i g . 2. 

Results 

T i e l i n e s of the system can be generated from the e q u i l i b r i u m 
compositions f o r each run and s e l e c t i v i t i e s computed. The r e s u l t s 
of measurements obtained f o r the 5% by volume of ammonia/ethylene 
are represented i n the b i n o d a l diagram i n F i g . 3. Butene i s 
represented as the d i s t r i b u t e d component between the solvent phase 
and the butadiene-rich phase. The ammonia-solvent gas mixture was 
considered to behave as a pseudo-solvent of f i x e d composition. The 
r a t i o of the i n t e g r a t e d peaks f o r butene(i) and butadiene(j) was 
used to compute the s e l e c t i v i t y , Β (beta), defined on a solvent-
f r e e b a s i s , as: 

(y.)solven
Β 3 (2) 

(x^)heavy phase χ ( v j ) solvent phase 

Representative r e s u l t s are shown i n Table II and I I I f o r ethylene 
and ethylene/ammonia and ethane and ethane/ammonia solvent mixtures. 
Since our d e t e c t i o n c a p a b i l i t y was l i m i t e d to hydrocarbons gases 
only, ammonia could not be d i r e c t l y measured i n e i t h e r phase. 
However, the s e l e c t i v i t y as defined i n Eqn. 2 can be considered as 
a measure of the r a t i o of the d i s t r i b u t e d components only; hence, 
independent of the absolute concentration of the solvent components. 

A l l e x t r a c t i o n runs were made with equimolar mixtures of 
butene/butadiene u s i n g ethylene, ethane or carbon dioxide as the 
solvent with various concentrations of ammonia from 0 - 1 0 v o l % . 
In the absence of ammonia, separation of the mixture of hydro­
carbons was n e g l i g i b l e . Table IV summarizes the data f o r pure 
solvents and shows a comparison with some s e l e c t e d data f o r ammonia 
/pure gas mixtures. Ammonia/ethylene mixtures appear to be more 
e f f e c t i v e as solvent mixtures, with a marked separation of butene 
achieved. 2,3-Butadiene i s concentrated i n the heavy phase, i n 
agreement with the f i n d i n g s reported f o r l i q u i d ammonia (1). 

A s e r i e s of experiments was conducted to determine whether 
there e x i s t s an ammonia concentration f o r which maximum separation 
could be a t t a i n e d . At a pressure of 600 p s i a and 20 degrees C. and 
between 5 and 8 v o l % ammonia, a maximum i n the s e l e c t i v i t y i s 
obtained and i s shown i n F i g . 4. The s e l e c t i v i t y , however, 
decreases with i n c r e a s i n g temperature, with other v a r i a b l e s h e l d 
constant as shown i n F i g . 5. The trend observed these experiments 
are i n agreement with the f i n d i n g s of Brignole, et a l . ( u ) . An 
e r r o r of +/- 5% was estimated i n the c a l c u l a t i o n of the experi­
mental s e l e c t i v i t i e s . The experimental r e s u l t s were compared with 
p r e d i c t i o n s obtained from the equation of sta t e , assuming that the 
i n t e r a c t i o n parameter, k^ m » 0.2 f o r ammonia and 1-butene dominated 
the n o n - i d e a l i t y of the system. A comparison of the c a l c u l a t e d 
s e l e c t i v i t i e s obtained f o r the ethylene/ammonia mixtures are given 
i n Table II with the r e s u l t s i n Table I I I f o r the ethane system. 
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Figure 2. T y p i c a l Gas Chromatographs from a VZ-& Column with 
Column Temperature at 98 C. Ammonia Not Detected i n t h i s Column. 

Figure 3. Ternary Phase Diagram f o r the System. 8% Ammonia 
Concentration i n Ethylene. Pressure = 600 p s i a , Temp = 20 °C. 
Experimental Points Shown as Dots. 
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TABLE I I . Butadiene-Butene-Ethylene-Ammonia Equilibrium Composition 

PHASE PHASE 
PRES- SOLVENT BUTA- BUTADIENE BUTA-

TEMP SURE NH3 C 2H 4 BUTENE DIENE C 2H 4 BUTENE DIENE BETA 
C PSIA % y i y y k X l x x f c β 

20 600 

20 800 

20 1100 

40 600 

60 600 

0 88. 351 3. 768 7. 881 45.940 17. 47 36. 584 1.00 
0 88. 425 3. 763 7. 839 38.338 19. 765 41. 901 0.99 
0 69. 694 14. 932 15. 374 71.997 13.092 14. 911 1.10 

2.3 82. 199 8. 828 8. 973 58.461 17. 483 20. 879 1.17 

5.0 89. 063 6. 936 4. 001 52.675 23. 890 23. 435 1.70 
5.0 88.879 6. 903 4. 218 40.109 30.149 29. 742 1.61 
5.0 76. 970 15.069 7. 961 58.039 22. 047 19. 914 1.71 
5.0 75. 469 15. 505 8.448 55.886 23. 201 20.913 1.61 
5.0 89. 132 8. 805 2.064 38.799 47. 751 13.450 1.20 
5.0 90.259 8 066 1 675 34.527 50 693 14.780 1.40 
5.0 90. 003 

8.0 91.066 2. 629 6. 305 46.473 12. 884 39. 303 1.27 
8.0 85. 908 3. 288 8. 151 44.928 13. 157 40. 645 1.24 
8.0 86. 668 11. 710 1. 622 47.847 41. 382 10. 771 1.88 
8.0 86. 775 11. 737 1. 488 49.963 39. 604 10.433 2.08 
8.0 69. 579 19.803 10. 618 49.100 27. 951 22. 949 1.53 
8.0 70. 150 19. 600 10. 249 61.617 21. 157 17. 226 1.56 
8.0 92. 786 2. 932 4. 238 48.052 17. 872 34.075 1.30 
8.0 92. 468 3. 101 4. 430 52.335 16. 484 31. 182 1.32 
8.0 90.478 7. 865 1. 657 37.229 48. 002 14. 769 1.46 
8.0 90.092 8. 193 1. 716 38.954 46. 955 14.091 1.43 
8.0 71.455 8. ,932 19. ,613 44.076 13. ,800 42. 124 1.39 
8.0 70. 326 8. ,981 20. ,693 42.661 14. ,033 43. 306 1.34 
8.0 71. 296 9. ,006 19, .698 40.781 14.424 33. ,795 1.42 

10.0 59. ,583 27, .028 13, .389 39.981 36 .671 23, .348 1.29 
10.0 60, ,217 26 .028 13 .389 41.815 35 .692 22.493 1.32 
10.0 74, .642 19 .423 5 .984 66.140 25 .400 8 .451 1.10 
10.0 74.960 19.222 5.818 65.523 25 .784 8 .694 1.10 

2.3 70 .166 13 .873 15 .960 34.716 28 .791 36 .493 1.10 
2.3 69 .498 14 .112 16 .389 43.984 24 .539 31 .477 1.10 

5.0 76 .947 12.740 10.312 74.065 14 .520 11.415 1.05 
5.0 77 .599 12 .566 9.835 74.093 14 .494 11.413 1.00 
5.0 85 .538 3.497 10 .965 68.631 7 .017 24.352 1.11 
5.0 85 .908 3 .354 10.738 68.631 7 .017 24 .392 1.06 

10.0 81 .026 7 .044 11 .930 67.741 11 .236 21 .021 1.10 
10.0 80 .266 3 .354 12 .183 67.009 11 .767 21 .224 1.12 

0 69 .694 14 .932 15 .374 71.997 13.092 14 .911 0.90 
0 81 .759 8 .583 8 .713 73.607 12 .124 14 .270 0.86 

5.0 84 .760 8 .380 6 .860 77.316 11 .457 11 .227 0.84 
5.0 84 .074 8 .457 7.451 74.816 12 .849 12 .335 0.92 

5.0 85 .128 8 .416 6 .456 34.556 34.501 30 .943 1.17 
5.0 86 .617 7 .812 5 .571 29.325 37 .302 33 .372 1.25 

5.0 75 .099 11 .814 8 .756 19.215 42 .621 38 .163 1.21 
5.0 74 .163 12 .412 9.471 20.693 41 .856 37 .451 1.17 
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TABLE III. Butadiene-Butene-Ethane-Ammonia Composition 

223 

Solvent Phase Butadiene Phase 

Temp Pressure NH3 C2H6 Butene Butadiene C2H6 Butene Butadiene Beta 
C psia % wi wj wk x i xj xk 

20 900 4.18 76.258 10.925 12.817 74.367 11.568 14.065 1.0 
4.18 76.505 10.834 12.661 74.993 12.079 12.929 1.09 
4.18 74.654 11.232 14.113 75.137 12.667 12.169 1.31 

620 6.97 90.406 3.998 5.596 85.647 5.830 8.523 1.04 
640 6.97 90.107 4.123 5.770 83.324 6.804 9.871 1.03 

17 725 6.97 87.224 5.220 7.556 88.497 4.817 6.686 1.00 
725 6.97 87.387 5.181 7.432 88.766 4.497 6.737 1.05 

1060 6.97 88.840 4.489 6.689 93.178 2.751 4.071 1.00 
1060 6.97 88.90 4.443 6.657 93.086 2.801 4.113 1.00 

19 675 6.97 85.525 
675 6.97 86.137 

18 600 6.97 88.024 6.135 5.841 85.503 7.379 7.117 1.01 
600 6.97 87.722 6.201 6.077 85.812 7.185 7.002 1.00 

16 550 6.97 95.867 2.252 1.977 76.208 11.624 12.168 1.19 
18 600 6.97 83.134 10.507 6.358 80.277 11.959 7.577 1.05 

600 6.97 82.572 10.834 6.594 80.176 12.228 6.044 1.02 
20 700 6.97 87.532 7.907 4.561 84.122 9.834 6.044 1.06 

700 6.97 87.295 8.009 4.696 83.794 10.026 6.180 1.05 

22 525 1.85 89.169 5.166 5.664 69.808 15.252 14.939 1.0 
525 1.85 93.286 3.828 2.886 67.462 16.489 16.049 1.28 
525 1.85 92.362 3.900 3.737 78.235 11.064 10.701 1.01 

1100 1.85 88.100 6.345 5.555 78.508 11.205 10.288 1.04 
1100 1.85 87.700 6.328 5.973 78.581 11.078 10.341 1.00 

23 550 0 82.754 8.164 3.668 53.113 22.449 24.438 1.00 
550 0 92.243 9.091 4.089 55.308 21.121 23.570 1.00 

1075 0 77.928 10.663 11.438 72.545 13.088 14.367 1.00 
1075 0 77.279 11.078 11.693 75.175 12.095 12.730 1.01 

TABLE IV. Separation of Equimolar Mixtures of Butene-Butadiene 
with Various Solvents 

Experimental Values 

TEMP 
C 

PRESSURE 
psia 

SOLVENT SELECTIVITY 

6.0 750 C2H4 1.23 
40.0 1100 C02 1.0 
22.0 1000 ft 1.0 
22.0 700 ft 1.0 
20.0 500 « 1.0 
23.0 1100 C2H6/5* NH3 1.0 
18.0 700 C2H6/7* NH3 1.06 
20.0 900 C2H6/4$ NH3 1.09 
23.0 550 C2H6 1.0 

In Supercritical Fluids; Squires, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



224 SUPERCRITICAL FLUIDS 

Entraîner Concentration-% Ammonia; Ethylene-(free basis) 

Figure 4. S e l e c t i v i t y as a Function of Ammonia Concentration at 
Temp - 20 C, Pressure - 600 p s i a . 

Figure 5. The Influence of E x t r a c t i o n Temperature on the 
S e l e c t i v i t y of 5% Ammonia - Ethylene Solvent on Mixtures of 
Butene and Butadiene. 
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Solvent to feed r a t i o s as w e l l as the e f f e c t of ammonia 
concentration i n the solvent were independently v a r i e d to match the 
experimental data. The e f f e c t of i n c r e a s i n g ammonia concentration 
at constant pressure and temperature i n both ethylene/ammonia and 
ethane/ammonia solvent mixtures are shown i n Table V. 

Disc u s s i o n 

This study i s by no means comprehensive and covers only a narrow 
range of v a r i a b l e s . However, i t does demonstrate the in f l u e n c e of 
entraîner i n the improvement of separation over a s i n g l e super­
c r i t i c a l solvent. The increase i n s e l e c t i v i t y (1.4 to 1.8) f o r 
butene/butadiene mixtures i s compared with the value of 1.63 
obtained with l i q u i d ammonia f o r the same binary system(l). More­
over, i t has been demonstrated that a mixture of a pure solvent and 
an entraîner permits an improvement i n the separation at temperatures 
and pressures lower than would have been otherwise p r e d i c t e d with a 
s i n g l e gas solvent(20)
component, such as ammonia
the large s e l e c t i v i t i e s observed i n these experiments. At present, 
a l l t h eories are inadequate i n e x p l a i n i n g the chemical i n t e r a c t i o n s 
between the entraîner and the mixture. The stat e of the a r t i s 
comparable to l i q u i d phase solvent e x t r a c t i o n . 

The d i s t r i b u t i o n of the mixed solvents between the phases 
might provide some a d d i t i o n a l understanding of the reason f o r the 
e f f e c t i v e n e s s of the ammonia as an enhancing agent. The s o l u b i l i t y 
of l i q u i d ammonia i n the l i q u i d hydrocarbon phase has been shown to 
be high(21) because of i t s strong b a s i c i t y as compared with the 
non-polar hydrocarbon gases such as ethane and ethylene at normal 
con d i t i o n s ( 2 2 ) . At higher pressures, however, s o l u b i l i t i e s of a l l 
compounds increase d r a m a t i c a l l y and, accordingly, the d i f f e r e n c e s 
between the p o l a r and non-polar s o l u b i l i t i e s are somewhat 
reduced(22). Nevertheless, even f o r a r e l a t i v e l y d i l u t e p o l a r 
mixture i n a non-polar gas, the s o l u b i l i t y of the p o l a r component 
exceeds the non-polar component. At these pressures, i t i s l i k e l y 
to be completely absorbed p r e f e r e n t i a l l y i n t o the l i q u i d phase. As 
a r e s u l t , i t i s estimated that the composition of the s u p e r c r i t i c a l 
phase w i l l c ontain l i t t l e ammonia and predominantly solvent gas 
with extracted s o l u t e . For t h i s mixture the solvent phase w i l l 
c o n s i s t of ethylene or ethane and butene with a small concentration 
of ammonia. This i s confirmed i n the VLE f l a s h c a l c u l a t i o n s f o r a 
10:1 solvent e x t r a c t i o n with a equimolar mixture of ethylene and 
ammonia. The d i s t r i b u t i o n of ammonia to ethylene i n the l i q u i d 
phase i s 2.5:1, whereas i n the vapor i t i s 1:2. 

The separation of the l i q u i d components i n the presence of a 
s u p e r c r i t i c a l solvent occurs much as i t does i n l i q u i d e x t r a c t i o n 
with the entraîner, ammonia, concentrating i n the l i q u i d to increase 
the r e l a t i v e v o l a t i l i t y of the butene to butadiene. The butadiene 
migrates to the ammonia-rich phase while the solvent gas phase or 
"vapor" w i l l c ontain the butene. 

The explanation f o r the higher s e l e c t i v i t y of the ethylene/ 
ammonia mixture over the ethane/ammonia system i s somewhat 
s u r p r i s i n g . The e f f i c i e n c y of sc e x t r a c t i o n of a given solvent 
toward a p a r t i c u l a r solute i s r e l a t e d to the s u p e r c r i t i c a l 
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Table V 

Separation of 1-Butene 2,3-Butadiene Mixtures 
Computational Results by the Ely-Mansoori 

Equation of State 

k.. = 0.2, a l l other k =0. 
wèire i = ammonia , j 2 ni-butene 

Mixture Solvent-Fee  Temp  Vapo  L i q u i y 
Ratio Ratio C p s i a y i x i Β 

NH3/Ethylene 
0.25 20 27 735 0. .011 0.405 1. .54 

37 735 0, .0208 0.460 1. .87 
10 29 735 0. .0175 0.385 1. ,29 

32 735 0. .024 0.393 1. ,37 
37 735 0. .0317 0.407 1. ,40 

0.50 10 47 735 0. .0332 0.641 2. ,86 
57 735 0. .426 0.786 3. ,10 
37 588 0. .339 0.635 3. ,94 
47 588 0. .433 0.834 4. ,29 

NH3/Ethane 
0.0 2 22 294 0. .5501 0.228 1. ,04 
0.50 10 47 588 0, .0250 0.544 1. ,96 

57 735 0, .252 0.606 1. .65 
77 853 0. .0348 0.931 1. .10 

20 42 588 0, .0129 0.579 2. .26 
47 588 0, .0173 0.679 2. .48 

1.0 10 117 1190.7 0, .0331 0.900 0. .91 
97 955 0 .3636 0.512 1, .13 
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s o l u b i l i t y parameter, defined i n terms of the reduced p r o p e r t i e s of 
the solute and solvent(23). The reduced temperature, defined i n 
terms of the temperature at which e x t r a c t i o n i s c a r r i e d out, should 
be c l o s e to u n i t y to maximize separation(24). 

Since both ethylene and ethane have reduced temperatures 
n e a r l y equal to u n i t y at the e x t r a c t i o n conditions of 20 C, (T = 
.98) and ethylene (T — 1.04), t h e i r r e s p e c t i v e solvent capaciïies 
f o r butene should be about the same. This i s the case as i s 
r e f l e c t e d i n the same values f o r the s e l e c t i v i t y against butene f o r 
a l l pure solvent gases. One can conclude that the primary e f f e c t 
of the non-polar solvent i s to increase the ca p a c i t y of the "vapor" 
phase f o r the extracted solute near the c r i t i c a l . The in f l u e n c e of 
the second solvent provides only the option of modifying the 
p h y s i c a l parameters; namely, pressure and temperature, under which 
the optimal e x t r a c t i o n i s to be conducted. The evidence f o r t h i s 
i s the e f f e c t of the ammonia on the s e l e c t i v i t y as c a l c u l a t e d by 
the EOS i n Table V. The higher values f o r the s e l e c t i v i t i e s i n the 
ethylene mixtures are pronounced
solvent mixture i n t e r a c t i o
of butene i n the vapor phase. 

The simple model used i n the EOS, however, does not completely 
i n d i c a t e the presence of a maximum i n the quantity of ammonia used 
as an entraîner. That t h i s i s i n contrast to our experimental 
observations suggests that other f a c t o r s such as chemical syner­
g i s t i c e f f e c t s cannot be ignored and are l i k e l y to have a greater 
e f f e c t than a n t i c i p a t e d . While t h i s feature of the system was 
e n t i r e l y unexpected, i t does suggest that the Η-bonding or other 
strong p o l a r i n t e r a c t i o n that occurs with many s e l e c t i v e solvents 
and solutes i n l i q u i d e x t r a c t i o n , may be equ a l l y a p p l i c a b l e i n sc 
e x t r a c t i o n where strong p o l a r - po l a r i n t e r a c t i o n s (as between 
ammonia and 1-butene) e x i s t . 

Conclusions 

1. A maximum value i n the s e l e c t i v i t y of 1.4 - 1.8 can be achieved 
with a 5 - 8 v o l % ammonia concentration i n ethylene f o r the 
butadiene - butene separation. The higher s e l e c t i v i t y found i n 
the s u p e r c r i t i c a l e x t r a c t i o n i s comparable to the s e l e c t i v i t y 
reported f o r the same separation with l i q u i d ammonia. 

3. Ethylene/ammonia mixtures appear to be a more e f f e c t i v e as 
solvents f o r the separation of a butadiene-butene mixture than 
are ethane/ammonia mixtures with the same concentration of 
ammonia. This i s v e r i f i e d independently by the p r e d i c t i o n s of 
the Ely-Mansoori equation of s t a t e . The combination of 
enhanced s o l u b i l i t y of the ethylene/ammonia mixture, according 
to J o s h i and Prausnitz, as a solvent and the s y n e r g i s t i c 
chemical e f f e c t between the h i g h l y polar ammonia and ethylene 
may e x p l a i n the observed o v e r a l l increased e f f e c t i v e n e s s of the 
solvent mixture. 
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Chapter 18 

Fractional Destraction of Coal-Derived Residuum 

Robert P. Warzinski 

U.S. Department of Energy, Pittsburgh Energy Technology Center, P.O. Box 10940, 
Pittsburgh, PA 15236 

An apparatus has been developed to fractionate 
coal-derived residuum by exploiting the solvent 
power of fluids near their critical points. 
Termed Fractional Destraction, the method 
fractionates residuum according to the solubility 
of its constituent components in a supercritical 
fluid. The novel aspect of the approach is the 
incorporation o
less-soluble components onto a packed bed. 
Fractionation of residuum will facilitate the 
determination of previously unattainable 
information concerning the composition and 
process-related behavior of this complex material. 
This paper describes operation of the unit to 
fractionate a residuum sample produced at the 
Wilsonville Advanced Coal Liquefaction Test 
Facility. 

D e s c r i b i n g the behavior of undefined mixtures, whether from 
n a t u r a l or s y n t h e t i c sources, o f t e n begins with the separation 
of these complex systems i n t o e f f e c t i v e pseudocomponents by 
d i s t i l l a t i o n (1)· Each pseudocomponent i s then c h a r a c t e r i z e d as 
i f i t were a pure compound, and i t s c h a r a c t e r i z a t i o n data are 
used i n appropriate c o r r e l a t i o n s . The presence of n o n v o l a t i l e 
residuum poses a serious l i m i t a t i o n to such methodology. For 
co a l - d e r i v e d l i q u i d s , heavy crude o i l s , t a r sands, and shale 
o i l , more than 50 percent of the f l u i d may not be d i s t i l l a b l e 
(1_). Since t h i s n o n v o l a t i l e residue cannot be separated using 
conventional techniques, new methods of separation and 
c h a r a c t e r i z a t i o n must be developed to provide the necessary 
i n f o r m a t i o n f o r design and operation of plants u t i l i z i n g the 
f o s s i l f u e l s mentioned above ( 2 ) . 

Apart from the need to f r a c t i o n a t e residuum-containing 
f o s s i l f u e l s f o r the measurement and p r e d i c t i o n of 
thermophysical p r o p e r t i e s , other important problems could be 
reso l v e d b e t t e r through the study of residuum pseudocomponents. 
Two examples i n the area of coa l l i q u e f a c t i o n are the r o l e of 
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residuum (a) i n hydrogen u t i l i z a t i o n and hydrogen t r a n s f e r and 
(b) i n the manifestation of harmful b i o l o g i c a l e f f e c t s . 

Work at the Pittsburgh Energy Technology Center has been 
d i r e c t e d at the development of novel technology f o r the 
separation of f o s s i l f u e l residuum into e f f e c t i v e 
pseudocomponents. In t h i s respect, 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 s i n a manner s i m i l a r to that reported by Zosel (3) i s 
being developed. This approach i s s i m i l a r to conventional 
d i s t i l l a t i o n i n that an apparatus i s used not only to extract 
the residuum but a l s o to cause part of the residuum i n the f l u i d 
phase to return as r e f l u x onto a packed bed. This l i q u i d r e f l u x 
i s caused by in c r e a s i n g the temperature of the s u p e r c r i t i c a l 
f l u i d phase at constant pressure, thereby decreasing the density 
of the s u p e r c r i t i c a l f l u i d and i t s c a r r y i n g capacity f o r the 
residuum. Operation of a system i n t h i s region of retrograde 
condensation has r e c e n t l y been reported i n the l i t e r a t u r e ( 4 ) . 
Other recent i n v e s t i g a t i o n s support the hypothesis that 
s u p e r c r i t i c a l s o l u b i l i t
absence of strong a s s o c i a t i n
method i s c a l l e d e i t h e
suggested, F r a c t i o n a l D e s t r a c t i o n . This report describes the 
use of t h i s technology to f r a c t i o n a t e a coal-derived residuum 
from the W i l s o n v i l l e Advanced Coal L i q u e f a c t i o n Test F a c i l i t y . 

Experimental 

The experimental u n i t , c a l l e d the F r a c t i o n a l Destraction Unit 
(FDU), has been designed to contact a 3-4 kg charge of residuum 
with a continuous flow of s u p e r c r i t i c a l f l u i d at conditions up 
to 673 Κ and 27.6 MPa. The heart of the FDU i s the F r a c t i o n a l 
Destraction Vessel (FDV) shown i n Figure 1. The FDV co n s i s t s of 
a modified 3.8-L 316 s t a i n l e s s s t e e l pressure v e s s e l onto which 
i s attached a 78-cm column f a b r i c a t e d of 316 s t a i n l e s s s t e e l 
(6.03-cm o.d., 1.11-cm w a l l ) . The column contains a packed bed 
and a condenser s e c t i o n . In the experiments reported here, the 
30-cm bed section was packed with 0.41-cm s t a i n l e s s s t e e l Pro-
Pak protruded metal d i s t i l l a t i o n packing from S c i e n t i f i c 
Development Co., State College, Pa. This i s the same packing 
used i n a conventional Podbelniak d i s t i l l a t i o n column. The 
condenser c o n s i s t s of a removable 38-cm f i n g e r made of 316 
s t a i n l e s s s t e e l (2.67-cm o.d., 0.78-cm wall) that i s heated by 
an i n t e r n a l c a r t r i d g e heater to promote r e f l u x . A t r i p l e zone 
furnace i s used to c o n t r o l the temperature i n the e x t r a c t i o n 
zone. Temperature c o n t r o l on the column i s accomplished with 
independently c o n t r o l l e d band heaters on the packed bed and 
condenser s e c t i o n s . 

The desired charge of residuum i s placed i n the e x t r a c t i o n 
s e c t i o n of the FDV, and the e n t i r e unit i s purged with nitrogen. 
The FDU i s then brought up to the operating temperature before 
beginning solvent flow. The d e s t r a c t i o n f l u i d i s then pumped as 
a l i q u i d through a preheater to r a i s e i t s temperature above the 
c r i t i c a l point before i t i s introduced i n t o the FDV through the 
sparging device at the bottom. The pressure i s c o n t r o l l e d by a 
high-temperature Badger-Meter c o n t r o l valve located near the 
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Figure 1. Sectional view of fractional destraction unit. 
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o u t l e t of the FDV. A f t e r t r a v e l i n g up the column, the f l u i d 
stream, which now contains destracted residuum, e x i t s at the top 
of the FDV and i s p a r t i a l l y depressurized through the heated 
c o n t r o l valve i n t o a separator constructed of a 2.25 L 
(approximately 10.2-cm o.d., 42.5-cm long) 304 s t a i n l e s s s t e e l 
c y l i n d e r . The separator i s operated s l i g h t l y above the c r i t i c a l 
temperature of the solvent (TR=1.02) at a pressure of 0.8 MPa. 
Separation of the residuum from the s u p e r c r i t i c a l f l u i d i s 
accomplished by the r e d u c t i o n i n pressure. The residuum i s 
drained and c o l l e c t e d from the bottom of the separator at 
p e r i o d i c i n t e r v a l s , w h i l e the solvent i s f l a s h e d to atmospheric 
pressure, condensed, and recovered as a l i q u i d . The operation 
of the FDU w i l l be reported i n d e t a i l i n a l a t e r p u b l i c a t i o n . 

Toluene ( T c = 591.7 K, P c = 4.115 MPa) and cyclohexane ( T c 

= 553.4 K, P c = 4.074 MPa) were used as the s u p e r c r i t i c a l f l u i d s 
i n the work reported here. They were obtained i n drum 
q u a n t i t i e s at greater than 99 percent p u r i t y and used as 
r e c e i v e d . Owing to i n e f f i c i e n c
d e s t r a c t e d residuum i
m a t e r i a l i s recovered i n a r o t a r y evaporator. The d i s t i l l e d 
solvent i s then reused i n the FDU. In the f i g u r e s i n t h i s 
report that d e p i c t residuum overhead data, c o r r e c t i o n has been 
made f o r the residuum recovered i n the spent s o l v e n t . 

The residuum used i n the work reported here was c o l l e c t e d 
from the T102 vacuum d i s t i l l a t i o n tower during Run 242 at the 
W i l s o n v i l l e Advanced Coal L i q u e f a c t i o n Test F a c i l i t y . This run 
was made using I l l i n o i s No. 6 coal from the Burning Star mine i n 
what i s termed a Short-Contact-Time Integrated Two-Stage 
L i q u e f a c t i o n (SCT-ITSL) mode ( 6 ) . During the time t h i s 
p a r t i c u l a r sample was c o l l e c t e d , the T102 u n i t was operated at 
594 Κ and 3.4 KPa. The residuum was crushed to minus 0.64 cm 
and mixed by r i f f l i n g before use. 

Di s c u s s i o n 

Operation of the FDU w i t h c o a l - d e r i v e d residuum was preceded by 
t e s t s on pure compounds and d i s t i l l a b l e c o a l l i q u i d s using n-
pentane as the s u p e r c r i t i c a l f l u i d ( 7 ) . The r e s u l t s of t e s t s 
w i t h the c o a l - d e r i v e d d i s t i l l a t e showed that the FDU was 
b a s i c a l l y performing as expected. L i q u i d r e f l u x was generated 
by means of the hot f i n g e r when the device was operated at a 
temperature s l i g h t l y above the c r i t i c a l temperature of the 
tra n s p o r t f l u i d . When r e f l u x was e s t a b l i s h e d , f r a c t i o n a t i o n 
based upon v o l a t i l i t y was observed. Poorer separation was 
achieved i n the absence of r e f l u x . 

The f i r s t work on the T102 bottoms involved operation i n 
the non-reflux mode to o b t a i n b a s e - l i n e data on the transport of 
t h i s residuum i n various hydrocarbon s o l v e n t s . Using n-pentane, 
cyclohexane, and toluene at a TR of 1.02 and at a PR of 2, the 
residuum brought overhead was 23, 54, and 67 percent of that 
charged, r e s p e c t i v e l y . Based on t h i s i n f o r m a t i o n , f u r t h e r 
st u d i e s were performed using cyclohexane as the s u p e r c r i t i c a l 
f l u i d , since a la r g e p o r t i o n of the residuum could be destracted 
at a temperature s i m i l a r to or l e s s than that i n the T102 
separator. 
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A two-step d e s t r a c t i o n procedure was developed to maximize 
the amount of T102 residuum brought overhead. In the f i r s t 
step, toluene i s used i n a manner s i m i l a r to conventional 
s u p e r c r i t i c a l e x t r a c t i o n to produce a n e a r l y ash-free m a t e r i a l 
f o r subsequent f r a c t i o n a t i o n . This f i r s t step i s c a l l e d the 
non-reflux mode because the column of the FDV i s maintained at 
the same temperature as the e x t r a c t i o n s e c t i o n . In the second 
step, c a l l e d the r e f l u x mode, the column and f i n g e r are heated 
to a higher temperature than the e x t r a c t i o n s e c t i o n , which 
causes the d e n s i t y of the f l u i d to decrease as i t t r a v e l s up the 
column and thus promotes r e f l u x of the l e s s - s o l u b l e components. 
These two steps are described below. 

In the non-reflux mode, the FDU was used to process f i v e 
800-gram charges of the T102 bottoms. R e p e t i t i v e operation of 
the u n i t was performed to produce s u f f i c i e n t q u a n t i t i e s of the 
f i n a l f r a c t i o n s f o r subsequent c h a r a c t e r i z a t i o n and 
experimentation. Figure 2 summarizes the operation of the FDU 
during these f i v e d e s t r a c t i o n s
brought overhead as a
2. As p r e v i o u s l y mentioned, the residuum overhead data i n c l u d e 
residuum recovered from both the separator and the spent 
s o l v e n t . The FDV was maintained at a T R of 1.02, wi t h o v e r a l l 
variance i n temperature f o r the f i v e t e s t s being ί 5 K. 
Temperature variance during any one t e s t was ί 2 K. The 
d i f f e r e n c e s observed, e s p e c i a l l y i n the f i n a l amounts 
d e s t r a c t e d , appear to be due to t h i s small temperature variance 
betweeen runs. The higher y i e l d s were c o n s i s t e n t l y obtained at 
temperatures nearer the c r i t i c a l p o i n t . This phenomenon appears 
to be p a r t i c u l a r l y s e n s i t i v e to the temperature of the 
e x t r a c t i o n zone when the f l u i d i s f i r s t introduced. The f a c t 
that the i n i t i a l d i s s o l u t i o n of the residuum i n the f l u i d 
i n f l u e n c e s the o v e r a l l y i e l d suggests that components i n the 
residuum may be a c t i n g as coso l v e n t s . 

Table I contains the elemental a n a l y s i s of the T102 
bottoms, the m a t e r i a l brought overhead w i t h toluene, the residue 
remaining a f t e r the toluene d e s t r a c t i o n , and the s t a r t i n g c o a l 
used at W i l s o n v i l l e during Run 242. The toluene overhead 
represented 66.8 percent of the m a t e r i a l charged to the FDU, and 
the residue accounted f o r 27.9 percent. Other m a t e r i a l 
c o l l e c t e d from the FDU includes 4.2 percent i n the spent solvent 
and 2.7 percent recovered during c l e a n i n g of the FDV and 
separator w i t h t e t r a h y d r o f u r a n . The t o t a l m a t e r i a l balance i s 
101.6 percent. This number a l s o includes any r e s i d u a l toluene 
or tetrahydrofuran i n the various samples. The overhead 
c o l l e c t e d from the f i v e d e s t r a c t i o n s was ground and combined 
before use i n the r e f l u x mode experiments. 

As p r e v i o u s l y mentioned, cyclohexane was chosen f o r the 
f r a c t i o n a t i o n solvent f o r the second step, since i t could 
tr a n s p o r t s u f f i c i e n t q u a n t i t i e s of residuum at reasonable 
temperatures. In the r e f l u x mode, the column of the FDV i s 
operated at a higher temperature than the e x t r a c t i o n zone. As 
the carry-over of residuum decreases, the temperature of the 
column i s reduced to cause the d e n s i t y i n t h i s region to 
increase and consequently more residuum i s transported overhead. 
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TABLE I. An a l y s i s of Feed Coal to Run 242, T102 Bottoms A f t e r 
Grinding and Mixing, and M a t e r i a l s Produced by S u p e r c r i t i c a l 

E x t r a c t i o n of T102 Bottoms With Toluene i n the Non-Refl ux Mode 

ILLINOIS 3 RUN 242& TOLUENE TOLUENE 
NO. 6 COAL T102 BOTTOMS OVERHEAD RESIDUE 

C 68.4 79.1 87.4 60.3 
H 4.4 5.9 6.7 3.5 
0 11.9 C 4.0 C 4.0 d 7.Id 
Ν 1.4 1.3 1.3 1.4 
S 3.2 1.0 0.7 0.9 
Cl 0.1 

ASH 10.6 8.7 0.1 29.4 

H/C 0.77 0.89 0.91 0.69 
M N 

(VPO, 353 K, 
PYRIDINE) 

a A n a l y s i s from W i l s o n v i l l e report, see reference ( 6 ) . 
^Approximately 8 percent unconverted coal content, 
d e t e r m i n a t i o n by d i f f e r e n c e . ^ D i r e c t determination. 
e I n s u f f i c i e n t s o l u b i l i t y i n p y r i d i n e . 

This i s repeated u n t i l the column i s at the same temperature as 
the e x t r a c t i o n zone. In t h i s work, four f r a c t i o n s were brought 
overhead by operating the column i n i t i a l l y at 593 Κ and then 
decreasing the temperature to 578, 573, and 563 Κ as the 
residuum carry-over approached 1.0 gram per gram-mole of 
cyclohexane. This concentration value i s c a l c u l a t e d from the 
amount of residuum c o l l e c t e d from the bottom of the separator 
a f t e r a 30-minute c o l l e c t i o n period and from the amount of 
cyclohexane pumped during that period. The column temperatures 
were selected both from density estimation and from actual 
experimentation. A more d e t a i l e d d i s c u s s i o n of the development 
of the opera t i o n a l parameters for the r e f l u x mode w i l l be 
presented i n a future paper. 

Figure 3 i l l u s t r a t e s the d i f f e r e n c e between operation of 
the FDU i n the non-reflux and the r e f l u x modes with cyclohexane. 
This f i g u r e depicts the r e s u l t s i n terms of the overhead 
concentration of residuum. The r e f l u x mode data represent one 
of three r e p l i c a t e f r a c t i o n a t i o n s that were performed on the 
T102 toluene d e s t r a c t i o n overhead. Each point represents a 30-
minute sample c o l l e c t i o n p e r i o d . Owing to the l i m i t e d quantity 
of toluene overhead produced, no non-reflux mode experiments 
were conducted using t h i s m a t e r i a l . From the e a r l i e r 
development work, however, several non-reflux mode experiments 
were performed on the T102 residuum sample from Run 242. The 
non-reflux mode data i n Figure 3 were derived from one of these 
experiments and adjusted f o r comparability to the data from the 
r e f l u x mode. The adjustment compensates f o r separator 
i n e f f i c i e n c y and f o r residuum i n s o l u b l e i n s u p e r c r i t i c a l 
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Figure 2. Comparison of f i v e replicate destractions (non-reflux 
mode) of Wilsonville Run 242 T102 residuum using toluene. 

T H E E F F E C T O F REFLUX O N T H E 
O V E R H E A D C O N C E N T R A T I O N O F RESIDUUM 
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• 593 Κ , Fraction I 
• 578 K,Fraction 2 

0 20 40 60 
CUMULATIVE WEIGHT PERCENT OVERHEAD 

Figure 3. Comparison of non-reflux and reflux modes of operation 
using cyclohexane. Temperatures indicated are those of the 
column in the reflux mode. Pot temperature was 563 Κ in both 
modes. 
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toluene. A l l but the l a s t three data points i n the non-reflux 
mode data represent 15-minute sample periods. The only other 
d i f f e r e n c e between the two t e s t s was the solvent d e l i v e r y r a t e , 
which was 0.24 mole per minute f o r the non-reflux mode, and 0.43 
mole per minute i n the r e f l u x mode. 

As shown i n Figure 3 the temperature of the column was 
i n i t i a l l y 30 degrees higher than the pot, which produced the 
reduced carry-over r a t e by causing r e f l u x to occur. An expanded 
view of the carry-over concentration i s shown i n Figure 4. This 
view shows more c l e a r l y how residuum carry-over i s manipulated 
by changes i n the column temperature. Figure 5 contains the 
same information f o r the three r e p l i c a t e cyclohexane 
f r a c t i o n a t i o n s performed on the toluene overhead. Conditions i n 
a l l three experiments were s i m i l a r ; however, the small 
deviations due to inherent l i m i t a t i o n s of the process 
c o n t r o l l e r s produced some overlap between successive f r a c t i o n s . 
The amount of overlap i s estimated at 2.6 percent between 
Fractions 1 and 2, 2.
3.0 percent between Fr a c t i o n
should have been i n the 573 Κ f r a c t i o n were i n a d v e r t e n t l y 
c o l l e c t e d i n the 578 Κ f r a c t i o n . The resp e c t i v e f r a c t i o n s and 
residues from the three f r a c t i o n a l d e s t r a c t i o n s were ground and 
combined before c h a r a c t e r i z a t i o n . 

Table II contains the a n a l y s i s of the four overhead 
f r a c t i o n s and the residue. The o v e r a l l material balance was 
96.1 percent, with 57.2 percent of the charge being brought 
overhead (includes residuum recovered from spent solvent) and 
31.7 percent remaining i n the residue. An a d d i t i o n a l 7.2 
percent was recovered upon cleaning the unit with 
tetrahydrofuran. The trends evident from the elemental a n a l y s i s 
i n d i c a t e that the components that have lower molecular weights, 
higher hydrogen-to-carbon r a t i o s , and lower heteroatom contents 
are concentrated i n the e a r l i e r f r a c t i o n s . Also note that the 
separator i n e f f i c i e n c y i s highest f o r the e a r l i e r f r a c t i o n s , 
i n d i c a t i n g that the more v o l a t i l e components are more r e a d i l y 
c a r r i e d through the separator with the solvent. The material 
c a r r i e d through the separator with the solvent was not mixed 
with the respective f r a c t i o n s c o l l e c t e d from the separator. 
Independent c h a r a c t e r i z a t i o n of these samples w i l l provide 
valuable i n s i g h t i n t o the operation of the separator. 

The molecular weight data i n Table II were determined by 
vapor pressure osmometry (VPO) and gel permeation chromatography 
(GPC). The molecular weight increases r e g u l a r l y from F r a c t i o n 1 
to the residue. In comparison, the VPO molecular weights f o r 
si x f r a c t i o n s c o l l e c t e d i n the non-reflux mode cyclohexane 
d e s t r a c t i o n shown i n Figure 3 range from 441 to 471, with no 
consistent trend. The p o l y d i s p e r s i t y values (M^/M^) shown f o r 
the four f r a c t i o n s i n Table II are l e s s than those f o r the non-
r e f l u x mode f r a c t i o n s , which ranged from 1.47 f o r the f i r s t 
f r a c t i o n to 1.88 f o r the s i x t h f r a c t i o n . This number i s a 
measure of the breadth of the molecular weight d i s t r i b u t i o n (9) 
and shows that operation i n the r e f l u x mode produces f r a c t i o n s 
with narrower molecular weight d i s t r i b u t i o n s than those prepared 
without r e f l u x . 
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Figure 4. Fractional destraction of toluene overhead using 
cyclohexane. 
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Figure 5. Comparison of three replicate fractional destractions 
(reflux mode) of toluene overhead using cyclohexane. 
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TABLE I I . 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 Produced From the 
Cyclohexane F r a c t i o n a l Destraction of the Toluene Overhead 

Sample i n Table I. 

FRACTION DESIGNATION* 
593 Κ 578 Κ 573 Κ 563 Κ RESIDUE 

c 87.8 87.3 87.4 87.0 87.0 
H 7.6 7.5 7.2 6.5 5.9 
Ob 3.5 3.7 3.3 3.7 4.9 
Ν 0.9 0.9 1.2 1.4 1.8 
S 0.5 0.6 0.6 0.7 0.9 

ASH 0.1 

H/C 1.03 1.02 0.98 0.89 0.81 
RESIDUAL 0.5 0.5 0.8 0.6 0.5 

CYCLOHEXANE, % c 

RECOVERY, % d 

SEPARATOR 
INEFFICIENCY, % e 

MELTING RANGE, Κ 333-338 363-373 393-403 448-463 573 

MN, VPO f 393 479 578 645 1226 
MN, GPCS 407 449 527 564 715 
MW,_GPC 504 601 851 1010 1996 
MW/MN 1.24 1.34 1.62 1.79 2.79 

aThe temperature r e f e r s to the r e f l u x and packed bed zone. The 
residue i s the ma t e r i a l remaining i n the e x t r a c t i o n zone. 
^D i r e c t determination, d e t e r m i n a t i o n by Headspace 
Chromatography, see reference (8). d T o t a l recovery of material 
based upon weight of toluene overhead charged to the u n i t . 
Except f o r the residue t h i s includes both residuum recovered 
from the f r a c t i o n r e c e i v e r and from the spent solvent. ePercent 
of t o t a l m a terial overhead recovered i n the spent solvent, 
fDetermination i n p y r i d i n e at 353 K. ^Determination on PLgel 
IOOX column with THF eluent. 

In Figure 6 the GPC traces f o r the four f r a c t i o n s and f o r 
the residue from each of the three cyclohexane f r a c t i o n a l 
d e s tractions are o v e r l a i d . The trend to higher molecular weight 
d i s t r i b u t i o n s as the f r a c t i o n a t i o n proceeded i s evident, as well 
as the r e p r o d u c i b i l i t y of the f r a c t i o n a t i o n process. A d d i t i o n a l 
c h a r a c t e r i z a t i o n of s i m i l a r samples produced i n the FDU i s the 
subject of another paper (10). 

Conclusions 

The main conclusion to be drawn from the experimental data 
presented here i s that f r a c t i o n a t i o n of residuum through the use 
of a s u p e r c r i t i c a l f l u i d system inco r p o r a t i n g i n t e r n a l r e f l u x 
produced by retrograde condensation r e s u l t s i n sharper f r a c t i o n s 
than those obtained by ordinary s u p e r c r i t i c a l e x t r a c t i o n . The 
c a p a b i l i t y of the FDU to process coal-derived residuum i n the 
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RETENTION TIME, min. 

Figure 6. Comparison of the GPC results for the three replicate 
fractional destractions of toluene overhead using cyclohexane. 
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i n t e r n a l r e f l u x mode has been demonstrated. The d e n s i t y - d r i v e n 
separa t ion does appear to f r a c t i o n a t e the residuum on the bas i s 
of v o l a t i l i t y , with lower molecular weight species preceding 
l a r g e r ones. 

Other methods of f r a c t i o n a t i o n with s u p e r c r i t i c a l f l u i d s 
are c o n c e i v a b l e . One such p o s s i b l i l i t y could i n v o l v e 
manipula t ion of the pressure dur ing the d e s t r a c t i o n or upon 
subsequent separat ion of the f l u i d and res iduum. The r e l a t i v e 
mer i t s of such p o s s i b i l i t i e s remain to be e x p l o r e d . Success fu l 
development of such technology w i l l r e s u l t i n the a b i l i t y to 
f r a c t i o n a t e and c h a r a c t e r i z e m a t e r i a l c u r r e n t l y i n t r a c t a b l e by 
convent iona l methods. 

D i s c l a i m e r 

Reference i n t h i s report to any s p e c i f i c produc t , process , or 
s e r v i c e i s to f a c i l i t a t e understanding and does not n e c e s s a r i l y 
imply i t s endorsement
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Chapter 19 

Isotope Effects in Supercritical Water: Kinetic Studies 
of Coal Liquefaction 

David S. Ross1, Georgina P. Hum 1, Tiee-Chyau Miin1, Thomas K. Green2, and 
Riccardo Mansani3,4 

1Fuel Chemistry Program, SRI International, Menlo Park, CA 94025 
2Western Kentucky University, Bowling Green, KY 42102 

3Eniricerche S.p.A., 20097 S. Donato Milanese (MI), Milan, Italy 

Coal liquefaction studies with Illinois No. 6 coal in 
supercritical water/C
suitable model for liquefactio
Thus coal is partitioned between reducing (i.e. liquefy­
ing) steps, and steps where strictly thermal reactions 
consume convertible sites and yield unconvertible char. 
In supercritical H2O it was found that the toluene­
soluble products (TS) profile leveled off at about 50%. 
However in supercritical D2O, liquefaction was consis­
tently superior to that in the protio medium, and the 
ultimate convertibility was about 60%. This inverse 
isotope effect can be explained by a model in which the 
limits to conversion are solely based on the competition 
between the kinetics of the parallel routes to TS and 
char, respectively. Conversion is thus limited by the 
kinetics of the conversion system, this limitation being 
even more severe in conventional donor systems which are 
inherently less effective for liquefaction than is 
water/CO. In principle the conversion of coal virtually 
completely to TS in a single step is feasible in a system 
with sufficient reducing potential. 

The chemistry of coal l i q u e f a c t i o n i s not very w e l l understood, even 
a f t e r more than two decades of research i n t o the k i n e t i c s and mecha­
nism of the process. There have been a number of models f o r conver­
sion proposed, most of them focused on the several l i q u e f a c t i o n 
products, i n c l u d i n g preasphaltenes, asphaltenes, o i l s , and gases. A 
survey of some of the models has been presented (1), and a common 
feature among them i s the m u l t i p l i c i t y of paths connecting a l l of 
the components. 

K i n e t i c model studies have i n v a r i a b l y been c a r r i e d out i n 
organic donor media, and while the use of these media may be con­
venient i n large scale conversion systems, they do not lend them-

4Current address: EniChem Polimeri, Milanofiori-Strada 2-Palazzo F7, Milan, Italy 

0097-6156/87/0329-0242$06.00/0 
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selves well to laboratory study of conversion. Not the l e a s t s i g n i ­
f i c a n t of the problems to be faced i n such a study i s the unavoid­
able p a r t i c i p a t i o n of various i n t e r r e l a t e d and i n t e r l o c k e d free 
r a d i c a l chain r e a c t i o n s , most of which having no d i r e c t bearing on, 
and perhaps only a secondary r e l a t i o n s h i p with, the l i q u e f a c t i o n 
process. The complications presented by t h i s network of i n c i d e n t a l 
r e a c t i o n s , coupled with the mul t i p l e r e a c t i o n paths to products, 
prompted the study of the k i n e t i c s of coal l i q u e f a c t i o n using super­
c r i t i c a l water as the medium. 

BACKGROUND 

The a c t i o n of CO/water to reduce both low rank and bituminous coals 
to upgraded products has been known for more than h a l f a century, 
having been introduced i n the work of F i s c h e r and Schrader (2). A 
review of the CO/water conversion process has appeared (3), and a 
summary of the c h a r a c t e r i s t i c s of the medium i s presented here  The 
c r i t i c a l temperature and
and 221.3 bar, at which poin
Not s u r p r i s i n g l y , at temperatures and pressures around that point, 
the medium can be a good solvent for organic solutes otherwise not 
soluble at ambient c o n d i t i o n s . The high s o l u b i l i t i e s , however, are 
maintained at s u b s t a n t i a l l y lower temperatures; the s o l u b i l i t i e s of 
benzene and toluene for example are 12% and 7% r e s p e c t i v e l y at 280°C 
(4). The c r i t i c a l curve for benzene/water passes through 294°C and 
200 atm, at which point the components form a s i n g l e phase, and the 
density of the medium i s 0.74 g/mL, l i k e that of a true l i q u i d . 

S i m i l a r behavior i s reported for t e t r a l i n and naphthalene, 
where s i n g l e phases with water are seen i n the 300-340°C range. In 
these cases the c r i t i c a l temperatures for the two organics are 
greater than that of water. Thus the c r i t i c a l temperature of water 
i s lowered by the a d d i t i o n of aromatics l i k e those i n coal and c o a l 
products. 

Hydrothermal systems such as these can also support the d i s s o ­
l u t i o n of i o n i c s a l t s . There i s a tendency for the organic compo­
nents i n these systems to be s a l t e d out of s o l u t i o n ; however con­
d i t i o n s e x i s t where a homogeneous system would contain both the d i s ­
s o c iated i o n i c component and an aromatic component such as benzene 
(2). 

At ambient temperatures CO i s only s l i g h t l y soluble i n water. 
This behavior i s i n contrast to the case for carbon dioxide, which 
d i s s o l v e s and i s e a s i l y hydrated to carbonic a c i d and i t s conjugate 
bases. The simple s o l u t i o n of CO i n water i n accord with i t s 
Henry's law constant continues to about 250°C. At that temperature 
the rate of hydration becomes s i g n i f i c a n t , and formic a c i d i s 
formed. However the a c i d i s thermally unstable, and subsequently 
decomposes to CO2 and 

EXPERIMENTAL 

The coal used i n t h i s work was an I l l i n o i s No. 6 c o a l , PSOC 1098, 
supplied by Pennsylvania State U n i v e r s i t y . The coal was ground and 
sieved under dry N 2 to pass -60 T y l e r mesh and then dried under 
vacuum at 105°C overnight. 
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A l l r eactions were performed i n a 300-mL Magne-drive s t i r r e d 
H a s t e l l o y C autoclave. The autoclave was loaded with about 5 g of 
dry coal and 30 g deionized water. Weighed q u a n t i t i e s of KOH were 
added to the water to adjust the i n i t i a l pH to the desired value. 
The system was sealed and purged with 500 p s i g " N 2 . I t was then 
purged twice and charged with the appropriate pressure of desired 
gas. 

The autoclave was heated with s t i r r i n g to 400°C (± 5°C) for 20 
min (± 1 min). Maximum pressures attained were i n the range 4000-
5000 p s i g . The f u l l heat-up and cool-down times were both about 1 h. 

The f i n a l , cold pressures were measured a f t e r r e a c t i o n . Quan­
t i t a t i v e analyses of the product gases CO, C0 2, and H 2 were made 
with a Carle gas chromatograph using standard gases. The aqueous 
phase was pipetted from the autoclave and f i l t e r e d . The n o n v o l a t i l e 
products were q u a n t i t a t i v e l y removed with tetrahydrofuran (THF) and 
t r a n s f e r r e d to a 500-mL round bottomed f l a s k . THF was removed by 
rotary evaporation and 400-mL of toluene was added. This mixture 
was refluxed with s t i r r i n
d i s t i l l a t i o n removed an
f i l t e r e d through a medium porosity f i l t e r (10-15 |im) to separate the 
toluene-insoluble (TI) from the toluene-soluble (TS) m a t e r i a l . The 
toluene was removed by rotary evaporation, and both the TS and TI 
portions were dr i e d overnight under vacuum at 105°C and weighed. 
The conversion to TS m a t e r i a l i n a dry, mineral-matter-free basis 
was c a l c u l a t e d as 

%TS=(wt TS/wt DMMF coal) χ 100 

RESULTS 

Working Model. Our working model evolved from consideration of the 
p r o f i l e s t y p i c a l l y noted i n the modeling l i t e r a t u r e . Products are 
seen to grow with time, and then l e v e l o f f at some l e v e l below quan­
t i t a t i v e conversion. At the same time the q u a n t i t i e s of "unreacted 
c o a l " d e c l i n e , and also l e v e l o f f . A p i c t u r e of the coal organic 
matrix derived from t h i s view of conversion would depict a c o l l e c ­
t i o n of organic u n i t s , connected to each other through a ser i e s of 
l i n k s i n c r e a s i n g l y more d i f f i c u l t to break. 

On t h i s b a s i s , conversion i s l i m i t e d by coal s t r u c t u r e . And i n 
terms of the conventional homolytic scission/H-capping view of 
conversion, increased y i e l d s of coal l i q u i d s are therefore obtain­
able only through increases i n conversion temperature or residence 
time. Unfortunately, increases i n the thermal s e v e r i t y of the 
process r e s u l t i n products r e f l e c t i n g the r i s e of d e a l k y l a t i o n and 
aromatization reactions at higher temperatures. Thus increased 
product y i e l d s are brought about at a considerable cost to product 
q u a l i t y ( 5 ) . 

The fa c t that the p r o f i l e s of both the desired soluble product 
and the i n s o l u b l e product l e v e l o f f at intermediate values suggest a 
simpler model for conversion. This scheme, presented i n Figure 1, 
i s our working model, and i s tested i n the study described here. In 
the scheme coal i s p a r t i t i o n e d i n p a r a l l e l , competitive routes 
between i ) r e a c t i o n with some reducing component i n the system to 
y i e l d TS, and i i ) thermal loss of c o n v e r t i b l e s i t e s to y i e l d char. 
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In t h i s work we have avoided consideration of s p e c i f i c mechanism for 
decrease i n molecular weight with l i q u e f a c t i o n , i n c l u d i n g i n 
p a r t i c u l a r the perceived need for thermal s c i s s i o n of C-0 and C-C 
bonds during conversion. Thus we view conversion simply as a 
process r e q u i r i n g some kind of n o n s p e c i f i c reduction chemistry. 

This two-reaction scheme, i f t r u l y operative, suggests a view 
of the p o t e n t i a l u t i l i t y of l i q u e f a c t i o n more o p t i m i s t i c than that 
derived from the conventionally accepted scheme. The y i e l d of TS i s 
a f u n c t i o n of the rates of the two r e a c t i o n s . Therefore an increase 
i n the rate of the TS route, or a decrease i n the rate of char f o r ­
mation, would bring about increased TS y i e l d s . In turn, an increase 
i n the rate of TS formation could be brought about with an increase 
i n the reducing capacity of the system, rather than through an 
increase i n r e a c t i o n temperature. And thus i n p r i n c i p l e , increases 
i n TS y i e l d to product q u a n t i t i e s representing a l l of the conver­
t i b l e p ortion of the s t a r t i n g coal could be obtained, and at no cost 
to product q u a l i t y . 

CO/Water Conversions
reducing capacity a v a i l a b l
CO/water system o f f e r e d considerable l a t i t u d e . We had e a r l i e r 
demonstrated that changes i n the i n i t i a l pH of the system brought 
about wide v a r i a t i o n i n the TS y i e l d s for I l l i n o i s No. 6 c o a l (6). 
In accord with the findings of several other groups i n c l u d i n g 
A p p e l l , et a l . (7), the conversions were found to be base promoted. 
The present study included a range of i n i t i a l pH values, and focused 
on a comparison of the r e s u l t s i n H 20 with those from a s u b s t i t u t i o n 
i n p a r a l l e l experiments of D 20. 

The r e s u l t s for several runs i n the two media are presented i n 
Figure 2. The f i g u r e presents a plot of %-toluene soluble products 
vs quantity of CO consumed. There i s a range of TS y i e l d s up to 
around 50% for the protio medium. These conversions were attained 
by ranging the i n i t i a l pH from 7 to 13. 

We have pointed out that the water gas s h i f t r e a c t i o n 

CO + H 20 • C0 2 + H 2 

p a r a l l e l s the conversion ( 6 ) . Also presented i n the f i g u r e are 
r e s u l t s for runs with H 2 i n place of CO, and the r e s u l t s of these 
runs show c l e a r l y that H 2 i s les s e f f e c t i v e i n conversion. It i s 
thus the CO, rather than the H 2 produced during the CO-conversions, 
that i s responsible for the production of toluene-soluble product. 
E f f e c t s of mineral matter are also shown i n the. f i g u r e . Mineral 
matter i s apparently necessary for the small degrees of conversion 
seen for the H 2/H 20 system, while the TS y i e l d s i n the CO/water 
system are independent of the presence of mineral matter. 

The major f i n d i n g i n t h i s work i s the isotope e f f e c t , as d i s ­
played i n the f i g u r e . The deuterio system provides s i g n i f i c a n t l y 
greater TS y i e l d s than does the p r o t i o system. Moreover, the 
deuterio r e s u l t s l e v e l off at a s u b s t a n t i a l l y higher conversion 
l e v e l . This r e s u l t , an inverse isotope e f f e c t , i s not very common 
i n isotope e f f e c t studies, and has r e c e n t l y been discussed by Keeffe 
and Jeneks (8). 

Products of Conversion. Conversion product analyses are 
presented i n Figure 3. The procedure used here i s that developed by 
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REDUCT. 

COAL 

TS 

CHAR 

Figure 1. Workin

80 

CO/D.O 

C0 /H 90 

H 2 / H 2 O J 

500 
CO CONSUMED OR H 2 CHARGED 

(cold, mmole) 

Figure 2. Conversions of PSOC-1098 and PSOC-26 at 400°C/20 minutes. 
OC0/D 20; Ο · C0/H20; • • Η 2 / Η 2 0 ; Δ A N 2/H 20 

(The f i l l e d symbols represent data for the demineralized coal.) 
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F a r c a s i u (9), with which we have separated the toluene-soluble f r a c ­
tions i n t o subfractions of increasing p o l a r i t y . The TS f r a c t i o n s 
f o r d i f f e r e n t coals y i e l d d i f f e r e n t p r o f i l e s , and yet we f i n d here 
for the I l l i n i o s No. 6 coal that the TS f r a c t i o n s for conversion i n 
water of 29% and 60% are v i r t u a l l y the same. Further, the TS f r a c ­
t i o n from the t e t r a l i n run i s also e s s e n t i a l l y i d e n t i c a l i n i t s 
p r o f i l e . 

The H/C r a t i o of products from several CO/R^O conversions are 
presented i n Table 1. Within the sca t t e r of the data, both the TI 
and TS f r a c t i o n s have r a t i o s unchanging with over a range of con­
versions from 29 to 60%. 

Table I . H/C Ratios for C0/H20 Conversion at 400°C 

H/C 
%TS TI TS 

29 
30 0.56 0.95 
30 0.53 0.92 

44 0.63 0.95 
45 0.64 0.92 

59 0.61 0.94 
60 0.63 0.93 

DISCUSSION 

Taken alone, the conversion p r o f i l e from the p r o t i o work i s consis­
tent with the view that the conversion of coal i s l i m i t e d by i t s 
s t r u c t u r e . Thus i f the organic p o r t i o n of coal contained a l i m i t e d 
network of breakable l i n k s , the s c i s s i o n of which would l i b e r a t e 
about 50% of the material to TS product, then runs with increasing 
conversion capacity would show increased conversion, l e v e l i n g o f f at 
about 50% TS y i e l d . 

The inverse isotope e f f e c t , however, requires a d i f f e r e n t 
p i c t u r e . Thus a simple change to the heavy medium brings about not 
only increased conversions, but a l e v e l i n g o f f of conversion at a 
s i g n i f i c a n t l y higher l e v e l . Whatever the reduction mechanism, i t i s 
highl y u n l i k e l y that i s o t o p i c switch from 1H to 2H would increase 
the inherent bond breaking capacity of the system. And so we con­
clude that the s t a r t i n g c o a l must contain many more breakable l i n k s 
than supposed above, but that some portion of the l i n k s are l o s t 
through other r e a c t i o n s . The proposed model i n Figure 1 i s consis­
tent with t h i s conclusion. 

The f u l l scheme for conversion i s presented i n Figure 4. In 
th i s scheme, formate i s p a r t i t i o n e d between re a c t i o n with c o a l , and 
a hydrogen ion tr a n s f e r r e a c t i o n with water to y i e l d formic a c i d . 
The acid i s unstable at the conversion temperatures (10), decom­
posing r a p i d l y to carbon dioxide and hydrogen. Thus with the switch 
from p r o t i o to deuterio, the formic a c i d formation experiences a 
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normal deuterium e f f e c t , i . e . p r o t i o > d e u t e r i o , and i s slowed. The 
r e s u l t i s an increase i n the s t eady-s ta te concentra t ion of formate, 
and an accordant increase i n the TS y i e l d . 

These r e s u l t s , i n c l u d i n g most e s p e c i a l l y the product data , con­
t r a s t dec idedly with those d iscussed by Whitehurst et a l . , noted 
above (5). In the present work, we f i n d that with increased 
reducing capac i ty and at constant temperature, the system gives 
increased y i e l d s of product , and at no_ cost to product q u a l i t y . 

In summary, we f i n d that convers ion i s not l i m i t e d by c o a l 
s t r u c t u r e , but ra ther by the k i n e t i c s of the reducing s t e p ( s ) . 
Systems with even greater reducing c a p a c i t y , and where the water gas 
s h i f t r e a c t i o n can be suppressed, should provide even higher conver­
s ions to t o l u e n e - s o l u b l e products . The products i n turn should be 
no l ess r i c h i n hydrogen than those from lower convers ion runs . 

I t i s s t i l l necessary to br ing about an understanding of the 
s p e c i f i c reducing chemis try . From our present data we can conclude 
that the convent iona l thermal s c i s s i o n / H - c a p p i n g sequence does not 
apply here . And s ince th
d i f f e r e n t from those fro
the reduct ion i n convent ional donors breaks the same l i n k s broken by 
the hydrothermal system. 

Thus the ques t ion of the nature of c r i t i c a l l i n k s c i s s i o n i n 
convent iona l conversions must be r e c o n s i d e r e d . Brower has r e c e n t l y 
quest ioned the convent iona l scheme (11 a , b ) , and i t i s c l e a r that 
the d e t a i l e d mechanism of c o a l convers ion i s yet to be developed. 
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Chapter 20 

Effect of Solvent Density on Coal Liquefaction Kinetics 

G. V. Deshpande1, G. D. Holder2, and Y. T. Shah 

Department of Chemical and Petroleum Engineering, University of Pittsburgh, 
Pittsburgh, PA 15261 

Supercritical fluid extraction is an attractive 
process primarily because the density and solvent 
power of a fluid changes dramatically with pressure at 
temperatures near the critical. In complex 
supercritical extractions, such as the extraction of 
coal, the density of the supercritical fluid should 
also change th
experiment a relatively inert supercritical fluid, 
toluene, was studied to determine the effect of 
density on the coal extraction/reaction process. 
Extractions were carried out for two to 60 minutes at 
reduced densities between 0.5 and 2.0 and at 
temperatures between 647 and 698K. The data obtained 
can be explained by the hypothesis that coal 
dissolution is required preceding liquefaction 
reactions and that the degree of dissolution depends 
upon solvent density and temperature. 

E a r l i e r e f f o r t s aimed at understanding s u p e r c r i t i c a l e x t r a c t i o n of 
coa l used both flow and batch r e a c t o r s . In the flow reactors 01)-
(_5), coal was packed i n t o the reactor and the s u p e r c r i t i c a l f l u i d 
was passed through the bed of coal u n t i l the condensed e f f l u e n t was 
c l e a r . The conversion was defined as the t o t a l weight loss of the 
coal due to e x t r a c t i o n by the solve n t . However, part of the co a l 
w i l l be soluble i n the e x t r a c t i n g f l u i d at s u p e r c r i t i c a l conditions 
but w i l l be i n s o l u b l e i n standard e x t r a c t i n g solvents such as 
toluene or p y r i d i n e . Conversions measured i n flow systems are over 
estimated because they include t h i s normally i n s o l u b l e f r a c t i o n . 
In batch systems (7)-(12), the c o a l and solvent were placed i n a 
reactor and heated together to the re a c t i o n temperature. The 
conversion of coal thus takes place during heat-up and during c o o l -
down and the n e c e s s a r i l y non-isothermal k i n e t i c models which are 
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appropriate f o r such conditions cannot be developed with any degree 
of confidence. Thus both of these methods have l i m i t a t i o n s i n 
evaluating r e a c t i o n k i n e t i c s because the a c t u a l r e a c t i o n time and 
the conversions are u n c e r t a i n . The general trends observed i n 
these studies do, however, provide some important i n s i g h t s ; higher 
temperatures and higher d e n s i t i e s r e s u l t i n higher conversions 
p a r t i a l l y because more coal d i s s o l v e s i n the s u p e r c r i t i c a l solvent 
as temperature and density are increased. A more thorough review 
of the l i t e r a t u r e on s u p e r c r i t i c a l e x t r a c t i o n of coal has been done 
by Deshpande (13). 

More recent studies (14),(15) have employed a rapid i n j e c t i o n 
autoclave, where coal i s i n j e c t e d i n t o a preheated s u p e r c r i t i c a l 
s o l v e n t . A f t e r the rea c t i o n i s over, the products are quenched by 
passing water through i n t e r n a l c o o l i n g c o i l s . This method allows 
p r e c i s e measurement of the r e a c t i o n times corresponding to the 
conversions. It i s used i n t h i s study. 

Amestica and Wolf (12) i n a study c l o s e l y r e l a t e d to the one 
described herein, measure
toluene and ethanol. Thei
increased with temperature and solvent density but were not 
d e t a i l e d enough to show the time dependence of the conversion. 
However, a r e s u l t important to t h i s study was that toluene converts 
coal to l i q u i d s without s i g n i f i c a n t l y r e a c t i n g i t s e l f . A f t e r 
r e a c t i o n , 98% of the toluene used was recovered versus only 73 -
85% of the ethanol i n runs using i t . Ethanol i s a hydrogen donor 
and reacts e x t e n s i v e l y with the c o a l . While toluene probably 
reacts with coal to a small extent, i t s e f f e c t was p r i m a r i l y 
p h y s i c a l i n nature. As such, i t i s a good candidate f o r studying 
the e f f e c t s of a s u p e r c r i t i c a l solvent on c o a l l i q u e f a c t i o n 
k i n e t i c s since the enhancement e f f e c t of s u p e r c r i t i c a l conditions 
i s p h y s i c a l i n nature. 

Further evidence of the importance of the p h y s i c a l nature of 
the solvent i s found i n the work of Belssing and Ross (6) who 
c o r r e l a t e d the coal conversion ( p y r i d i n e s o l u b l e s ) with the 
Hildebrand s o l u b i l i t y parameter, δ, which they defined as 

δ = 1.25 P c
1 / 2 P r / P A (1) 

Here P c i s the c r i t i c a l pressure of the medium i n atmospheres, p r 

i s i t s reduced density and i s generalized reduced density of 
l i q u i d s , taken to be 2.66. They found the product p y r i d i n e 
s o l u b i l i t y to be a l i n e a r f u n c t i o n of δ. This implies that higher 
d e n s i t i e s should produce higher y i e l d s and t h i s concept i s the 
motivation f o r the present study. 

Experimental 
Bruceton bituminous, a Pittsburgh Seam coal was used i n the 
experiment. The chemical analyses of c o a l i s given i n Table I. 
The coal was d r i e d i n vacuum @ 343 Κ p r i o r to use and stored i n 
glass containers under nit r o g e n . 
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Table I. Analyses of Coals Used 

253 

Bruceton Bituminous Coal 

Old New 

A s h a , X 4.90 3.88 
V o l a t i l e Matter 3, % - 37.01 
Carbon b, % 82.69 83.68 
Hydrogen b, % 5.56 5.40 
S u l f u r b , % 1.46 1.11 
N i t r o g e n 5 , % 1.72 1.01 
Oxygen b> c, % 8.57 8.80 

a - Moisture free basi
b - Moisture and as
c - By d i f f e r e n c e 

S u p e r c r i t i c a l Coal L i q u e f a c t i o n Procedure. The experimental 
apparatus i s shown i n Figure 1 and c o n s i s t s of a 1-L s t a i n l e s s 
s t e e l autoclave equipped with a Magnedrive s t i r r e r and a coal 
i n j e c t i o n system. The reactor i s charged with a known quantity of 
toluene depending on the f l u i d density desired for the experiment 
and i s heated at 3-4 K/min to the temperature d e s i r e d . Once t h i s 
temperature i s reached, ambient c o a l i s i n j e c t e d i n t o the reactor 
from a coal r e s e r v o i r using high-pressure Argon. The average 
weight of i n j e c t e d c o a l was 30g. Reaction times are measured from 
the time at tfhich the c o a l i s i n j e c t e d . 

The l i q u i d and s o l i d contents were c o l l e c t e d from the reactor 
and placed i n an e x t r a c t i o n thimble which was then placed i n a 
soxhlet u n i t . The contents were then extracted with toluene u n t i l 
the extractant was c l e a r a f t e r which the thimble was d r i e d and 
weighed. The weight of the d r i e d product i s designated as toluene 
i n s o l u b l e s . 

In t h i s work, the conversion ref e r s to the amount of toluene 
solubles present at the end of the r e a c t i o n . The conversion 
products thus include gases, o i l s and asphaltenes (GOA). Some of 
the conversion products are due to simple d i s s o l u t i o n or to heating 
of the c o a l , and some are due to conversion of toluene i n s o l u b l e s 
to toluene s o l u b l e s . Only the l a t t e r p o r t i o n of the conversion 
products should be a f f e c t e d by the toluene d e n s i t y . The former are 
i n h e r e n t l y toluene s o l u b l e s , having nothing to do with the density 
or presence of s u p e r c r i t i c a l toluene. These are only combined with 
the products obtained by r e a c t i o n f o r experimental convenience. 

The conversion i s experimentally determined as, 

G0A% = Coal i n j e c t e d ( g ) - toluene i n s o l u b l e s ( g ) χ 1 Q Q ^ 
Coal i n j e c t e d ( g ) 
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where toluene i n s o l u b l e s r e f e r to the t o t a l mass of r e a c t i o n 
products which are i n s o l u b l e i n toluene at i t s b o i l i n g p o i n t . 
Toluene s o l u b l e s , conversion products, and GOA are used 
interchangeably· 

Toluene i s a non-donor solvent and as such i t s e f f e c t on coal 
i s one p r i m a r i l y of p h y s i c a l d i s s o l u t i o n . 

D i s c u s s i o n . Experiments were c a r r i e d out with Bruceton c o a l and 
toluene at s u p e r c r i t i c a l toluene d e n s i t i e s i n the range of 0.157-
0.601 g/cc. The temperature range studied was 647-698 Κ and the 
r e a c t i o n time was v a r i e d from two minutes to 60 minutes. The 
experimental r e s u l t s are explained by a k i n e t i c model, the d e t a i l s 
of which can be found elsewhere (16). 

The model i s summarized b r i e f l y here. As coal i s heated, part 
of i t d i s s o l v e s i n the s u p e r c r i t i c a l toluene and part does not. 
Note that a d i s t i n c t i o n must be made between the toluene solubles 
(GOA) i n Equation 2 and the material soluble at r e a c t i o n 
c o n d i t i o n s , because th
soluble at toluene's b o i l i n
material soluble at the r e a c t i o n temperature which i s about 300 Κ 
higher. Thus, while 40% of the coal might be d i s s o l v e d , f o r 
example, i n the high temperature toluene j u s t p r i o r to quenching, 
the t o t a l conversion (GOA), as measured by Equation 2, may only be 
15%. It i s meaningful, therefore, to hypothesize that only the 
d i s s o l v e d p o r t i o n of the coal undergoes conversion from toluene 
i n s o l u b l e s to toluene s o l u b l e s . As discussed below, t h i s 
hypothesis o f f e r s a p h y s i c a l explanation of why the rate of 
conversion increases with toluene density, and i t does not require 
that toluene be h i g h l y r e a c t i v e . The model equations are 

f r - - V 1 w 

ïït = k i c l - V 2 ( 4 ) 

= K 2A 2 (5) 

Cl/C = S (6) 

C - c o a l 
CI - coal d i s s o l v e d i n s u p e r c r i t i c a l solvent 
C2 - c o a l i n s o l u b l e i n s u p e r c r i t i c a l solvent 
A - gases, o i l s and asphaltenes 
KpK2 - rate constants, min"*, min"^gm""^lit 
S - weight f r a c t i o n which i s soluble i n toluene. It i s 

c o r r e l a t e d as a f u n c t i o n of temperature and f l u i d 
density (16). 

The r e s u l t s of experiments at 647K and reduced d e n s i t i e s of 
0.5 to 2.0 (toluene d e n s i t i e s of 0.157 g/cc and 0.601 g/cc) are 
given i n Figures 2 and 3. The experimental r e s u l t s show that 
toluene solubles ( o i l s , asphaltenes, and gases) formed at low 
r e a c t i o n times increases with both temperature and d e n s i t y . In 
general, s o l u b i l i t y studies have shown that the amount of a s o l i d 
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Figure 2: E f f e c t of Reaction Time and Density on % Toluene 
Solubles (GOA) @ 647 Κ (Densities of 0.301 and 0.157 g/cc) 
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Figure 3: E f f e c t of Reaction Time and Density on % Toluene 
Solubles (GOA) @ 647 Κ (Densities of 0.601 and 0.444 g/cc) 
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which can d i s s o l v e i n a s u p e r c r i t i c a l f l u i d increases with density 
and, g e n e r a l l y , with temperature. Hence, we conclude that the 
conversion of coal to o i l s + asphaltenes + gases i s i n some sense 
l i m i t e d by the d i s s o l u t i o n of the co a l i n the so l v e n t . 

We hypothesize that the only part of the coal which undergoes 
r e a c t i o n to gas, o i l s and asphaltenes i s the d i s s o l v e d f r a c t i o n 
( i n c l u d i n g p y r o l y s i s products), which increases with temperature 
and d e n s i t y . Increases i n the d i s s o l v e d f r a c t i o n thus lead to 
higher conversions and f a s t e r r e a c t i o n r a t e s . These conversion 
products then p a r t i c i p a t e i n r e t r o g r e s s i v e reactions (Amestica and 
Wolf (12)) forming char, so that at longer times (15 minutes or 
more) the y i e l d of gases + o i l s + asphaltenes decreases. At lower 
temperatures (647 Κ ) , the r e t r o g r e s s i v e reactions are i n s i g n i f i c a n t 
and conversion does not decrease with time. 

The above hypothesis i s well explained by the r e s u l t s given i n 
Figures 2 and 3. At a lower density of 0.157 g/cc the f r a c t i o n of 
coal d i s s o l v e d i n the s u p e r c r i t i c a l f l u i d i s much lower than when 
the density of the s u p e r c r i t i c a
f r a c t i o n of c o a l , whic
gases, i s also lower. 

The r e s u l t s of experiments at 673 Κ and reduced density of 1.0 
and 1.5 ( s u p e r c r i t i c a l toluene density of 0.301 g/cc and 0.444 
g/cc) are given i n Figure 4. As observed at 647 K, the c o a l 
conversion to gases + o i l s + asphaltenes (toluene s o l u b l e s ) 
increase with rea c t i o n time and with the density of the 
s u p e r c r i t i c a l f l u i d . The re t r o g r e s s i v e reactions are more 
s i g n i f i c a n t now and hence, the toluene solubles show a maxima i n 
conversion with time. 

The r e s u l t s of experiments at 698 Κ and reduced d e n s i t i e s of 
1.0 and 1.5 ( s u p e r c r i t i c a l toluene density of 0.301 g/cc and 0.444 
g/cc) are given i n Figure 5. As observed at 647 Κ and 673 K, the 
co a l conversion to gases + o i l s + asphaltenes (toluene s o l u b l e s ) 
increases with r e a c t i o n time and density of the s u p e r c r i t i c a l 
f l u i d . The r e t r o g r e s s i v e reactions are more pronounced than that 
at 673 Κ but we s t i l l observe a maxima i n the toluene solubles as a 
fu n c t i o n of re a c t i o n time. The i n i t i a l rate of formation of 
toluene solubles (as seen from the steepness of the curves of 
toluene solubles versus r e a c t i o n time) i s higher at higher density 
and higher temperature. Also note that the amount of toluene 
solubles at the maxima i s higher when the temperature and den s i t y 
of the s u p e r c r i t i c a l f l u i d i s higher. This i s consistent with the 
hypothesis that the soluble f r a c t i o n of the c o a l increases with 
temperature and density of the s u p e r c r i t i c a l f l u i d . 

The r e s u l t s of the model simulation are given i n Figures 6, 7 
and 8. Figure 6 shows the e f f e c t of density on the k i n e t i c s of 
coa l l i q u e f a c t i o n at temperature of 698 K. It i s very c l e a r that 
conversion increases with an increase i n density and i t i s 
consistent with the hypothesis made e a r l i e r on co a l l i q u e f a c t i o n 
with a s u p e r c r i t i c a l f l u i d . Figure 7 shows the e f f e c t of 
temperature on the k i n e t i c s of co a l l i q u e f a c t i o n at density of 
0.601 g/cc. It i s evident that conversions are higher at higher 
temperatures and lower r e a c t i o n times but at longer r e a c t i o n times 
due to condensation reactions, a decrease i n rate with temperature 
i s observed. 
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Figure 4: E f f e c t of Reaction Time and Density on % Toluene 
Solubles (GOA) @ 673 Κ 

In Supercritical Fluids; Squires, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



260 SUPERCRITICAL FLUIDS 

35 

I I I I I I I 
0 10 20 30 40 50 60 

Reaction Time, Min. 

Figure 5: E f f e c t of Reaction Time and Density on % Toluene 
Solubles (GOA) @ 698 Κ 
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Figure 6: E f f e c t of Density and Reaction Time on % Toluene 
Solubles at 698 Κ and Coal Concentration of 40 g/1 
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Figure 7: E f f e c t of Temperature and Reaction Time on % 
Toluene Solubles at 0.601 g/cra and Coal Concentration of 40 
g/i 
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The coal/solvent r a t i o a l s o a f f e c t s the i n i t i a l c o a l 
concentration and hence the concentration of intermediate products 
(toluene solubles) i n the reactor. This i s shown i n Figure 8. 
These intermediate products undergo retrogressive/condensation 
reactions which follow second order k i n e t i c s . The re t r o g r e s s i v e 
reactions become very s i g n i f i c a n t at high temperatures and high 
d e n s i t i e s . Hence, the conversion goes through a maximum and the 
conversions at longer r e a c t i o n times are lower when coal/solvent 
r a t i o i s higher. The i n i t i a l part of the k i n e t i c curve i s not 
a f f e c t e d by the coal/solvent r a t i o . This i s because r e t r o g r e s s i v e 
reactions are not predominant at low r e a c t i o n times and the amount 
of c o a l which d i s s o l v e s i n the s u p e r c r i t i c a l f l u i d i s independent 
of the coal/solvent r a t i o . 

Because coal i s heterogeneous i n nature, as the density i s 
increased, heavier and heavier coal f r a c t i o n s (as opposed to more 
and more of the same f r a c t i o n ) are d i s s o l v e d i n the s u p e r c r i t i c a l 
f l u i d . These would not d i s s o l v e i f the density of the 
s u p e r c r i t i c a l f l u i d wer
general, u n l i k e l y to b
s u b s t a n t i a l l y d i s s o l v e d ( i . e . e i t h e r zero or 100% of a f r a c t i o n i s 
d i s s o l v e d ) . For example, i f co a l i s considered to be composed of 
100 f r a c t i o n s characterized by i n c r e a s i n g molecular weight, more 
and more of these f r a c t i o n s d i s s o l v e as density i s increased, but 
the s o l u b i l i t y of a given f r a c t i o n goes from (approximately) zero 
to 100% over a small change i n d e n s i t y . If a given f r a c t i o n , 
number 46 f o r example, i s d i s s o l v e d , then more of that molecular 
weight group would d i s s o l v e at that density i f i t were present, but 
none of the undissolved f r a c t i o n s would d i s s o l v e regardless of the 
amount of coal present. Hence, the f r a c t i o n of the co a l and not 
the amount of coal which d i s s o l v e s i n the s u p e r c r i t i c a l f l u i d i s a 
strong f u n c t i o n of density and temperature of the s u p e r c r i t i c a l 
f l u i d . In other words, i f the amount of coal i n j e c t e d i n t o the 
s u p e r c r i t i c a l f l u i d at given temperatures and density was reduced 
to i t s h a l f value, the absolute amount dis s o l v e d w i l l f a l l by 50%. 

If the amount of co a l i n j e c t e d was increased i n d e f i n i t e l y , 
then a point might be reached where the s u p e r c r i t i c a l f l u i d i s 
saturated with d i s s o l v e d c o a l . If the amount of c o a l i n j e c t e d i s 
increased beyond t h i s value, the f r a c t i o n of di s s o l v e d coal and the 
f r a c t i o n a l c o a l conversion w i l l s t a r t decreasing. The amount of 
di s s o l v e d coal i n the s u p e r c r i t i c a l f l u i d w i l L be independent of 
the amount of co a l i n j e c t e d i n such a case. This phenomena i s very 
w e l l i l l u s t r a t e d i n Figure 9. 

Conclusions. When coal i s contacted with a non-donor s u p e r c r i t i c a l 
f l u i d a part of the co a l instantaneously d i s s o l v e s i n the 
s u p e r c r i t i c a l f l u i d . The d i s s o l v e d c o a l undergoes l i q u e f a c t i o n 
reactions which are thermal i n nature r e s u l t i n g i n toluene soluble 
products being formed from c o a l . These products can subsequently 
undergo ret r o g r e s s i v e reactions y i e l d i n g i n s o l u b l e m a t e r i a l . Hence 
the toluene solubles show a maxima i n conversion with time. 

The f r a c t i o n of coal which d i s s o l v e s instantaneously i n the 
s u p e r c r i t i c a l f l u i d increases with an increase i n the density and 
temperature of the s u p e r c r i t i c a l f l u i d . This e f f e c t i s s i m i l a r to 
that generally observed f o r the s o l u b i l i t y of a s o l i d i n a 
s u p e r c r i t i c a l f l u i d . With an increase i n density and temperature 
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Figure 8: E f f e c t of Coal Concentration and Reaction Time on 
% Toluene Solubles at 698 Κ and 0.601 g/cra 3 

Coal/Solvent Ratio 

Figure 9: E f f e c t of Coal/Solvent Ratio on Amount and 
Fr a c t i o n of Coal Dissolved i n a S u p e r c r i t i c a l Solvent 
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higher molecular compounds present i n coal go i n t o s o l u t i o n , 
r e s u l t i n g i n an undersaturated solvent with the f r a c t i o n , not the 
amount, of the co a l which i s being d i s s o l v e d . 
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Chapter 21 

Extraction of Australian Coals with Supercritical 
Aqueous Solvents 

John R. Kershaw and Laurence J. Bagnell 

Commonwealth Scientific and Industrial Research Organization, Division of Applied 
Organic Chemistry, G.P.O. Box 4331, Melbourne, Victoria 3001, Australia 

Conversions between 42-68% were obtained for 
supercritical water extraction of Victorian brown 
coals at 380°C and 22MPa, considerably higher than 
using toluene under the same conditions. The 
conversions obtaine
bituminous coal wer
marked effect on both the conversion and the 
extract composition, whereas temperature had only a 
slight effect. Considerably higher conversions 
were achieved using dilute sodium hydroxide rather 
than water. The composition of the products is 
discussed. 

The e x t r a c t i o n of coals with s u p e r c r i t i c a l f l u i d s i s a promising 
route for the production of l i q u i d f u e l s from c o a l . Generally, 
hydrocarbon solvents, notably toluene, have been used as the 
s u p e r c r i t i c a l f l u i d . S u p e r c r i t i c a l water e x t r a c t i o n has not 
received the same at t e n t i o n and only r e c e n t l y the f i r s t d e t a i l e d 
study was reported. In that work, Holder et a l . (I) obtained high 
conversions for e x t r a c t i o n of a German brown coal (70-75%) and a 
Bruceton bituminous coal (ca. 58%) with s u p e r c r i t i c a l water at ca. 
375°C and 23 MPa. These high y i e l d s , however, contrast with the 
much lower conversions b r i e f l y reported (_2_~_5) f o r other coals and 
there appears to be considerable v a r i a t i o n i n the e x t r a c t i v e power 
of s u p e r c r i t i c a l water with d i f f e r e n t c o a l s , even allowing f o r the 
di f f e r e n c e s i n the e x t r a c t i o n procedure used. None of the above 
reports discussed i n any d e t a i l the chemical nature of the 
products, nor how the products compare with those obtained from 
more conventional solvents. 

The p o t e n t i a l use of s u p e r c r i t i c a l water appears e s p e c i a l l y 
a t t r a c t i v e f o r the e x t r a c t i o n of brown coals with t h e i r high water 
content, 50-70% f o r V i c t o r i a n brown coals, thus removing the need 
for a coal-drying stage. The drying and e x t r a c t i o n of these low 
rank coals would occur i n a s i n g l e process. The purpose of the 
present study was to i n v e s t i g a t e the f e a s i b i l i t y of the e x t r a c t i o n 
of A u s t r a l i a n black and brown coals with s u p e r c r i t i c a l water. The 
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chemical nature of the products i s discussed together with a 
comparison with toluene e x t r a c t i o n of the same c o a l s . The e f f e c t 
of a d d i t i o n of various co-solvents i s also included. 

Experimental 

The analyses of the coals used are given i n Table I. 

S u p e r c r i t i c a l gas extractions Method A. Ext r a c t i o n s were c a r r i e d 
out f o r 1 h at temperature i n a 1 I semi-continuous reactor (6). 
The reactor was charged with coal (50 g dry basis) and solvent (600 
ml) and heated (7°C min"*). When the temperature reached 300°C, 
solvent ( l i b " ) was pumped v i a a dip tube, which acts as a pre-
heater, into the bottom of the reactor and through the coal bed. A 
15 micron f i l t e r was placed i n the e x i t l i n e . The pressure was 
c o n t r o l l e d by adjusting t h r o t t l i n g valves and the gaseous phase was 
condensed by a water-cooled condenser

For the toluene e x t r a c t i o n s
described previously (6)·
most of the extract was ins o l u b l e i n water, a f t e r cooling and 
lowering of the pressure, and p r e c i p i t a t e d out i n the condenser and 
re c e i v e r from which i t was c o l l e c t e d by washing with acetone and 
then THF. The remainder of the extract was found i n the aqueous 
suspension which was evaporated to dryness on a rotary evaporator 
and the residue extracted with acetone and THF. The solvents were 
removed under reduced pressure from the combined acetone and THF 
sol u t i o n s to give the t o t a l e x t r a c t . This was then extracted with 
hot toluene and the cooled s o l u t i o n f i l t e r e d to give the pre-
asphaltene f r a c t i o n . A f t e r the toluene was removed under reduced 
pressure from the f i l t r a t e , the residue was re-dissolved i n a small 
volume of toluene and a 20 f o l d excess of pentane added to 
p r e c i p i t a t e the asphaltene which was f i l t e r e d o f f . The pentane and 
toluene were then removed from the f i l t r a t e under reduced pressure 
to give the o i l . For the NaOH e x t r a c t i o n s , the NaOH solutio n s were 
n e u t r a l i s e d with HCl. The i n s o l u b l e extract was washed with water 
and then extracted with THF. Removal of the THF gave the t o t a l 
e x t r a c t . 

The e x t r a c t i o n residue was washed out of the reactor with 
acetone, f i l t e r e d , washed with acetone and dried i n vacuum oven. 
In c a l c u l a t i n g the conversion f i g u r e s , any extract which was 
in s o l u b l e i n THF was assumed to be unreacted c o a l , which had been 
c a r r i e d over. The conversion and extract y i e l d data are the 
average of dupli c a t e determinations. Average v a r i a t i o n between the 
duplic a t e s was 1.8%. 

S u p e r c r i t i c a l gas extractions Method B. E x t r a c t i o n s were c a r r i e d 
out i n a 500 ml rocking autoclave f i t t e d with a s t a i n l e s s s t e e l 
l i n e r . The i n t e r n a l volume of the autoclave with l i n e r was 420 ml. 
The autoclave was charged with coal and solvent, heated to and 
maintained at temperature for 1 h. The residue was washed out of 
the cooled reactor with acetone, f i l t e r e d , washed with p y r i d i n e and 
then acetone and dried under vacuum. In some cases, g.c. analyses 
of the gases i n the cooled reactor were c a r r i e d out. 
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A n a l y t i c a l procedures for the products were as described 
previously (_7_)· 

S u p e r c r i t i c a l Water Extractions 

Good conversions were obtained for e x t r a c t i o n of a number of 
V i c t o r i a n brown coals i n the semi-continuous reactor (method A) at 
conditions (380°C and 22 MPa) close to the c r i t i c a l temperature 
(374°C) and pressure (22 MPa) of water (see Figure 1). The 
conversion increased as the v o l a t i l e matter content of these coals 
increased i n a s i m i l a r manner to the trends previously shown f o r 
toluene and 5% t e t r a l i n / t o l u e n e e x t r a c t i o n (8_) (see Figure 1). The 
highest conversions were obtained for the two pale l i t h o t y p e s (F 
and G), The conversion of Yallourn coal was noticeably higher when 
extracted i n a semi-continuous mini-reactor (see Figure 1) with a 
f a s t e r heating rate (ca 100°C min" 1) and only 10 minutes at 
temperature. This agrees with the work of Holder et al.(l_) who 
obtained a conversion o
coal when the coal was
compared with 70-75% when the coal was i n j e c t e d i n t o the hot 
reactor. The lower conversions obtained i n the rocking autoclave 
(method B) (see Table I I ) , when the v o l a t i l e product i s not removed 
from the autoclave, are also i n agreement with these f i n d i n g s . 
Except for the low ash Loy Yang c o a l , data for the brown coals are 
given on a dry mineral and inorganic free (dmif) basis which i s the 
preferred basis for recording data on these coals (9_). The 
conversions were not as high f o r Millmerran (sub-bituminous) and 
L i d d e l l (bituminous) coals; 34.7 and 25.5 wt% daf r e s p e c t i v e l y . 
The asphaltene and pre-asphaltene contents of the extracts are high 
(see Figure 2), as i s the case with s u p e r c r i t i c a l gas e x t r a c t i o n 
using hydrocarbon solvents. 

Extractions of three of the coals were also c a r r i e d out i n a 
rocking autoclave (method B) mainly to allow a n a l y s i s of the gases 
to be c a r r i e d out. The r e s u l t s of these extractions are shown i n 
Table I I . The high carbon dioxide y i e l d s obtained were i n d i c a t i v e 

TABLE I I . Water E x t r a c t i o n of Brown Coals i n a Rocking Autoclave 
at 380°C 

Coal Loy Yang Coolungoolun Y a l l o u r n 

Pressure (MPa) 24 23 26 
Conversion 45.6 a 39.8b 46.3b 

Extract Y i e l d 21.7 a 21.3b 19.3b 

c o 2 16.9a 9.7b ca 19 b 

CO/air 0.3a 0.9b N.D.C 

CH^/C2H6/C3Hg 0.4a 0.7b 

u 
N.D. 

CH30H 0.4a 0.05b 0.8b 

CH3COCH3 0.6a 0.2b 0.8b 

CH3CO C 2H 5 

Phenols 
0.1a 

0.3a 

0.05b 

0.2b 

0.1b 

0.5b 

a wt% coal daf; b wt% coal dmif; c N.D.= not determined. 
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Ό 
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Water 380°C 22MPa^ 
Conv= I-50VM-25 0 
(r = 09l) 

Mini-Reactor 5% Tetralin/Toluene 
400°C 10 MPa 

Conv=l82VM-45 0 
(r«086) • 

Toluene 380°C 
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Toluene 400°C 
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I-52VM-42-3 

Volatile Matter (wt%,dmif) 

Figure 1. V a r i a t i o n i n conversion with v o l a t i l e matter 
content f o r V i c t o r i a n brown c o a l s . 

Figure 2. Extract composition f o r water (and toluene) 
e x t r a c t i o n s of brown coals at 380°C and 22MPa. 
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of the high c a r b o x y l i c content of the brown coals. The hydrocarbon 
gas make was low as was the y i e l d of carbon monoxide. Small 
amounts of methanol, acetone, et h y l methyl ketone and phenols were 
also formed. Studies of the p y r o l y s i s of V i c t o r i a n brown coals 
have shown that s i g n i f i c a n t q u a n t i t i e s of water are evolved 
together with the carbon dioxide (10). Presumably the d i f f e r e n c e 
between the conversion figur e s and the sum of the extract y i e l d and 
other figures i n Table II i s mainly due to the loss of water (and 
als o hydrogen sulphide i n the case of Coolungoolun c o a l ) . The 
carbon dioxide y i e l d was noticeably lower from Coolungoolun c o a l , 
which has the lowest oxygen content of the seven brown coals, than 
from the other two coals i n Table I I . 

Product Composition 

A n a l y t i c a l data for some of the o i l s , asphaltenes and pre-
asphaltenes produced at 380°C and 22MPa from the brown coals are 
summarised i n Table I I I
s i m i l a r except f o r the
ar o m a t i c i t i e s of the o i l s and asphaltenes from coals F and G, which 
have higher H/C atomic r a t i o s than the other c o a l s . The extracts 
have a high oxygen and hydroxyl content, e s p e c i a l l y i n the 
asphaltene and pre-asphaltene f r a c t i o n s , i n keeping with the high 
oxygen content of these coals. The H/C atomic r a t i o s of the o i l s , 
asphaltenes and pre-asphaltenes are higher than for most coal 
l i q u i d s . The r e l a t i v e l y high H/C atomic r a t i o s of the extracts 
i n d i c a t e s that the more a l i p h a t i c constituents of the coal are 
extracted under these conditions and supports the view that high 
conversions may adversely a f f e c t the l i q u i d q u a l i t y . 

A n a l y t i c a l data on the residues from f i v e e x t r a c t i o n s are 
given i n Table IV. The high c a l o r i f i c value of the ex t r a c t i o n 
residues, combined with t h e i r s i g n i f i c a n t v o l a t i l e matter content 
and r e l a t i v e l y low ash content, i n d i c a t e s that they should be 
a t t r a c t i v e materials for combustion. 

The nature of the products obtained on s u p e r c r i t i c a l water 
e x t r a c t i o n of V i c t o r i a n brown coals i s further i l l u s t r a t e d by the 
C-NMR spectra of the various f r a c t i o n s obtained from Yallourn 

Pale ( c o a l G). The s o l i d state 1 3 C CP-MAS NMR spectrum of the 
s t a r t i n g coal shows an intense a l i p h a t i c s i g n a l centered at about 
30 ppm (see Figure 3), i n d i c a t i v e of long methylene chains i n the 
c o a l . The spectrum of the e x t r a c t i o n residue i s predominantly 
aromatic while the pre-asphaltene i s more a l i p h a t i c as ind i c a t e d by 
the peak centered at approximately 30 ppm (see Figure 3). The 
a l i p h a t i c nature of both the o i l and asphaltene i s apparent from 
s o l u t i o n C-NMR spectra of these f r a c t i o n s (Figure 4). The 
presence of long unsubstituted methylene chains (>Cg) i s shown by 
the intense ε or inner methylene peak at 29.5 ppm, together with 
the a, 3, Ύ and δ methylene peaks at 14, 23, 32 and 29 ppm 
r e s p e c t i v e l y i n the spectra of the o i l s and asphaltenes from a l l 
the e x t r a c t s . 

The o i l from e x t r a c t i o n of Yall o u r n Pale was fur t h e r separated 
by e l u t i o n chromatography on s i l i c a g e l i n t o three f r a c t i o n s , a 
pentane eluate, a toluene eluate and a chloroform/methanol eluate. 
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Coal 
Yallourn Pale 

ppm 

Figure 3. 1 3 C CP-MAS NMR spectra. 

Asphaltene 
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Figure 4. 62.9 MHz 13C-NMR spectra of o i l and asphaltene. 
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TABLE IV. A n a l y t i c a l Data for Residues from Water E x t r a c t i o n at 
22 MPa 

Coal Β Β Β C G 

E x t r a c t i o n 
Temperature (°C) 380 420 460 380 380 

Moisture (wt%) 10.8 10.6 9.8 6.0 N.D. 
Ash (wt% dry basis) 8.9 9.2 9.4 3.6 5.0 
V o l a t i l e Matter 
(wt% dry basis) 31.7 27.1 21.6 26.6 N.D 
C (wt% dry basis) 71.8 73.9 76.2 76.3 67.7 
H (wt% dry basis) 3.6 3.5 3.2 3.8 3.2 
Ν (wt% dry basis) 0.7 0.7 0.7 0.7 1.4 
S (wt% dry basis) 0.9 0.9 0.8 3.7 0.3 
H/C 0.60 0.57 0.50 0.60 0.57 
S p e c i f i c energy 
(MJ/kg, dry basis) 27.5 28.1 28.9 30.4 N.D. 
Aromatic carbon (% C) 

These f r a c t i o n s correspond to predominantly a l i p h a t i c hydrocarbon, 
aromatic hydrocarbon and polar f r a c t i o n s . The p r i n c i p a l components 
of the pentane eluate are n-alkanes with an average chain length of 
C17 b y C " ~ N M R spectroscopy (Figure 5) and C 2 Q by GC/MS. The 
l a t t e r i s i n good agreement with the molecular weight of 281. 
Branched chain alkanes, alkenes e s p e c i a l l y 1-alkenes and some 
c y c l i c compounds are also present i n t h i s f r a c t i o n . The C-NMR 
spectra of the aromatic hydrocarbon and polar f r a c t i o n s also show 
the presence of s i g n i f i c a n t amounts of long a l k y l chains (see 
Figure 5). The polar f r a c t i o n of the o i l has a high oxygen and 
hydroxyl content (see Table V). 

TABLE V. Data for O i l Fractions from Yallourn Pale coal 

Pentane 
eluate 
(1) 

Toluene 
eluate 

(2) 

CHCI3/CH3OH 

eluate 
(3) 

Y i e l d (wt% coal dmif) 2.9 4.7 9.3 
(wt% o i l ) 17 28 55 

H/C 1.84 1.33 1.46 
0 (wt%) N.D. 3.3 10.6 
OH (wt%) N.D. 0.7 4.5 
Mol. Wt. 281 344 365 
Aromatic C(%C) N.D. 45 37 
Aromatic H(%H) N.D. 11 10 

The E f f e c t of Pressure and Temperature 

Pressure. The conversion and extract y i e l d both increase 
considerably with pressure as do the asphaltene and pre-asphaltene 
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21. KERSHAW AND BAGNELL Extraction of Australian Coals 275 

content of the extracts (see Figure 6). The H/C atomic r a t i o s of 
the o i l and asphaltene f r a c t i o n s decrease, while the hydrogen and 
carbon ( f o r the o i l ) a r o m a t i c i t i e s increase (see Table VI) with 
increasing pressure. This presumably i n d i c a t e s that the more 
a l i p h a t i c products are extracted p r e f e r e n t i a l l y at lower pressures. 

TABLE VI. E f f e c t of Pressure on Extracts from Loy Yang Coal. 
Water E x t r a c t i o n at 380°C 

Pressure (MPa) 7 15 22 

O i l H/C 1.48 1.45 1.41 
Aromatic H (%H) 13 15 17 
Aromatic C (%C) N.D. 41 44 

Asphaltene H/C 1.26 1.13 1.07 
Aromatic H(%H) 27 33 36 

Temperature. Extraction
380°C, 420°C and 460°C. There were only small d i f f e r e n c e s between 
the conversions, extract y i e l d s and nature of the products at these 
various temperatures (see Table V I I ) . This i s somewhat s u r p r i s i n g 
as i t was expected, e s p e c i a l l y i n l i g h t of the recent work of 
Holder et a l . Ο ) , that the highest conversion would occur at the 
highest water density, namely at 380°C. However, t h i s was not the 
case. Increased thermal fragmentation of the coal as the 
temperature i s raised or s i g n i f i c a n t e x t r a c t i o n occuring before the 
f i n a l temperature (of 460°C) i s reached, as ind i c a t e d by the 60% 

TABLE VII. Extraction of G e l l i o n d a l e Coal with Water at Various 
Temperatures and 22MPa 

Temperature (°C) 380 420 460 

Conversion (wt% co a l , dmif) 52.7 56.7 57.2 
Extract Y i e l d (wt% coal dmif) 22.6 23.1 20.5 
O i l 
Y i e l d (wt% coal dmif) 9.0 10.7 9.4 
H/C 1.41 1.40 1.38 
Aromatic H(%H) 17 18 18 
Mol. Wt. 271 295 287 
OH (wt%) 5.1 4.4 4.8 
Asphaltene 
Y i e l d (wt% coal dmif) 6.5 6.4 6.3 
H/C 1.07 1.09 1.08 
Aromatic H(%H) 36 35 36 
Mol. Wt 374 349 350 
OH (wt%) 10.3 10.0 11.6 
Pre-asphaltene 
Y i e l d (wt% coal dmif) 7.1 6.0 4.8 
H/C 1.03 0.99 0.97 
Residue 
H/C 0.60 0.57 0.50 
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900 
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Figure 5. 62.9 MHz 13C-NMR spectra of o i l f r a c t i o n s . 

10 20 
pressure ( MPa ) 

Figure 6. E f f e c t of pressure on the e x t r a c t i o n of Loy Yang 
coal at 380°C. · Conversion; ο extract y i e l d ; • o i l y i e l d ; Δ 
asphaltene y i e l d ; X pre-asphaltene y i e l d for water 
e x t r a c t i o n ; • conversion f o r toluene e x t r a c t i o n . 
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conversion of Yallourn coal i n the mini-reactor a f t e r only 10 
minutes, may explain our observation. 

Generally, r a i s i n g the temperature increases the aromaticity 
of coal l i q u e f a c t i o n products. However, there were no s i g n i f i c a n t 
changes i n e i t h e r the H/C atomic r a t i o s or the hydrogen 
a r o m a t i c i t i e s (see Table VII) of the o i l s or asphaltenes with 
temperature. Though there was a decrease i n the H/C atomic r a t i o 
of the e x t r a c t i o n residue and poss i b l y of the pre-asphaltene with 
temperature (see Table V I I ) . The pre-asphaltene content also 
appears to decrease with i n c r e a s i n g e x t r a c t i o n temperature. 

Comparison between toluene and water extractions 

At 380°C and 22 MPa, the conversions for the brown coals using 
water were considerably higher (see Figure 1) but for black coals 
s l i g h t l y lower (34.7 ν 38.8 wt% daf for Millmerraan and 25.5 ν 30.4 
wt% daf for L i d d e l l ) tha
coals of various rank i
water/toluene mixtures of a brown, a sub-bituminous and a 
bituminous coal at a constant gas density i n a rocking autoclave. 
The presence of water was more advantageous f o r the e x t r a c t i o n of 
the brown coal than for the higher rank coals (see Figure 7), 
though i n a l l cases the presence of water increased conversion. 
The highest conversions were obtained for mixtures of the two 
solv e n t s . S i m i l a r trends were noticed at 380°C and at 340°C. 
E x t r a c t i o n with water i s more pressure dependent than with toluene 
(see Figure 6). 

The major d i f f e r e n c e between the toluene and water extracts of 
Ge l l i o n d a l e coal at 380°C was the higher oxygen and hydroxyl 
content of the asphaltene and pre-asphaltene from the water extract 
(see Table I I I ) . The asphaltene from toluene e x t r a c t i o n was le s s 
aromatic and had a higher molecular weight than the asphaltene from 
the water e x t r a c t i o n . The o i l s , however, were s i m i l a r . (The 
analyses of the o i l from toluene e x t r a c t i o n were corrected for 5% 
bibenzyl which i s formed on thermolysis of toluene. P y r o l y s i s of 
toluene under s i m i l a r conditions (11), leads to the formation of 
small amounts of bi b e n z y l . Though, the rea c t i o n of hydrogen and 
benzyl r a d i c a l s from toluene with coal fragments i s pos s i b l e , i t i s 
u n l i k e l y that t h i s would s i g n i f i c a n t l y a f f e c t the ana l y s i s of the 
products, given the small amount of bibenzyl formed at t h i s 
temperature.) 

E x t r a c t i o n with bases and te t r a l i n / w a t e r mixtures 

A considerable increase i n conversion of Morwell brown coal occurs 
when d i l u t e sodium hydroxide was used i n place of water (see Table 
VIIC and Figure 8). D i l u t e sodium carbonate and formate had a 
s i m i l a r e f f e c t (see Table VIII) as did n-pentylamine (see Table 
IX), but no improvement was found with d i l u t e h y d r o c h l o r i c a c i d , 
sodium ch l o r i d e or ammonium hydroxide nor with 20% phenol/80% water 
and methanol/water mixtures. The conversion and extract y i e l d 
increases with the molarity of the sodium hydroxide (Figure 8). 
The d i s s o l u t i o n of low rank coals by sodium (or potassium) 
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Figure 8. Sodium hydroxide e x t r a c t i o n of Morwell coal i n a 
semi-continuous reactor (method A). 
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hydroxide s o l u t i o n s (12 - 14) and primary a l i p h a t i c amines (14) has 
been previously documented and, therefore, an increase i n 
conversion was expected. It i s noticeable that the increase i n 
extract y i e l d with sodium hydroxide i s mainly due to an increase i n 
the pre-asphaltene f r a c t i o n (Figure 8). The composition of the 
o i l s and asphaltenes from the sodium hydroxide extractions appear 
s i m i l a r to those obtained from water e x t r a c t i o n but the pre-
asphaltenes from the a l k a l i extractions have lower H/C atomic 
r a t i o s and higher hydrogen a r o m a t i c i t i e s than from water e x t r a c t i o n 
(see Table I I I ) . 

Increase i n conversion i s also obtained with t e t r a l i n / w a t e r 
mixtures (see Table VIII) i n an analogous manner to the increased 
conversion with the addi t i o n of small amounts of t e t r a l i n to 
toluene (see Figure 1). Sim i l a r findings have been reported f o r 
the e x t r a c t i o n of Powhatan coal with t e t r a l i n / w a t e r and 
tetrahydroquinoline/water mixtures since t h i s work was completed 
(15). 

TABLE VIII. Conversions for E x t r a c t i o n of Morwell Coal (15 g dry) 
i n a Rocking Autoclave (Method B) with Aqueous Solvents (150 g) at 

380°C 
Solvent Conversion (wt% coal dmif) 

Water 48.7 
0.5 M NaOH 66.6 
0.25 M Na 2C0 3 63.8 
0.5 M HCOONa 67.0 
10% Tetralin/Water 55.3 
20% Tetralin/Water 59.8 

TABLE IX. Conversions for E x t r a c t i o n of Ya l l o u r n Coal with 
η -Pentylaraine (Method A) 

Solvent Conversion (wt% coal dmif) 
A a B b 

Water 54.4 56.7 
2M n-Pentylamine 69.6 95.8 

residue washed with acetone; b residue washed with p y r i d i n e . 

Conclusions 

This study i n d i c a t e s that e x t r a c t i o n with s u p e r c r i t i c a l water could 
be an a t t r a c t i v e route f o r l i q u e f a c t i o n of V i c t o r i a n brown coals 
(but probably not black A u s t r a l i a n c o a l s ) . The low cost and ready 
a v a i l a b i l i t y of the solvent (water), the r e l a t i v e l y high H/C atomic 
r a t i o s of the e x t r a c t s , and also as no hydrogen or coal-drying are 
required, are p o s i t i v e f a c t o r s . Higher y i e l d s can be obtained when 
a strong base or a hydrogen-donor i s added to the water. 
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It has been suggested (14) that the breaking of ester bonds i s 
important i n the d i s s o l u t i o n of low rank c o a l s . S u p e r c r i t i c a l 
water may hydrolyse ester groups and thus be e f f e c t i v e f o r 
e x t r a c t i n g brown c o a l s . The high conversions obtained with sodium 
hydroxide may be explained by the a b i l i t y of t h i s strong base not 
only to break ester bonds but also to a s s i s t i n s o l u b i l i s i n g the 
resultant fragments. S i m i l a r l y , the pentyl group on the r e s u l t i n g 
amide may help s o l u b i l i s a t i o n when n-pentylamine was used. 
However, i t must be noted that the p h y s i c a l evidence for 
s i g n i f i c a n t amounts of ester bonds i n brown coals i s poor. 
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Chapter 22 

Hydrotreating in Supercritical Media 

J. Y. Low 

Phillips Petroleum Company, Phillips Research Center, Bartlesville, OK 74004 

Our research involved the investigation of 
catalytic hydrotreating in supercritical media. 
The program consisted of essentially two parts--
feasibility studies and the effect of process 
parameters of hydrotreating in supercritical 
media. Hydrotreating of shale oil has revealed 
that this type of hydrotreating is very effective 
in heteroatom removal
and sulfur contents (19000 and 7000 ppm, respectively) 
were reduced to 120 and 25 ppm in a single pass. It 
is also effective for residua conversion. The 650F+ 
fraction of a petroleum crude was processed to yield 
a product with less than 50% in the 65OF+ fraction 
and less than 5% in the 850F+ fraction. Supercritical 
hydrotreating had been tested for processing heavy 
coal liquids, supercritical shale oil extract, and 
conventional retorted shale oil. We have investigated 
the effects of process parameters in supercritical 
hydrotreating. The parameters studied include 
temperature, pressure, liquid hourly space velocity, 
and crude concentration. 

In recent years, 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 a very 
popular technique f o r separations. Recently, the energy i n d u s t r i e s 
have extended t h i s a p p l i c a t i o n to c o a l l i q u e f a c t i o n and o i l shale 
e x t r a c t i o n (1-5)· P h i l l i p s Petroleum Company has a l s o found 
that s u p e r c r i t i c a l e x t r a c t i o n of o i l shale improves the o i l y i e l d 
compared to i n s i t u or above ground r e t o r t i n g , but produces a 
lower q u a l i t y l i q u i d product. P h i l l i p s i s i n t e r e s t e d i n developing 
technology to upgrade the s u p e r c r i t i c a l l y extracted (SCE) shale 
o i l to synfuel or clean motor f u e l s . One p r o j e c t was to 
in v e s t i g a t e hydrotreating i n the presence of the s u p e r c r i t i c a l 
f l u i d which i s used i n the e x t r a c t i o n step. I f the hydrotreating 
step can be integrated with the s u p e r c r i t i c a l e x t r a c t i o n step, 
one can p o s s i b l y take advantage of the pressure and heat a v a i l a b l e 
i n the e x t r a c t i o n step. 

0097-6156/87/0329-0281 $06.00/0 
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T h i s i n v e s t i g a t i o n c o n s i s t e d o f e s s e n t i a l l y two p a r t s . 
The f i r s t i n v o l v e d a f e a s i b i l i t y s t u d y o f c a t a l y t i c h y d r o t r e a t i n g 
i n t h e p r e s e n c e o f s u p e r c r i t i c a l f l u i d . The s e c o n d p a r t o f o u r 
i n v e s t i g a t i o n i n v o l v e d t h e p a r a m e t r i c s t u d i e s t o s e e how r e a c t i o n 
p a r a m e t e r s a f f e c t s u p e r c r i t i c a l h y d r o t r e a t i n g . 

C o n c l u s i o n s 

From an e x t e n s i v e i n v e s t i g a t i o n o f t h e p o t e n t i a l o f h y d r o t r e a t i n g 
o f s h a l e o i l u s i n g a s o l v e n t u n d e r s u p e r c r i t i c a l c o n d i t i o n s , 
t h e f o l l o w i n g c o n c l u s i o n s a r e made: 

A h i g h n i t r o g e n - c o n t a i n i n g , h e a v y o i l s u c h as s h a l e o i l 
c a n be h y d r o t r e a t e d u n d e r s u p e r c r i t i c a l c o n d i t i o n s t o 
y i e l d v e r y low n i t r o g e n f u e l s and s y n c r u d e i n one s t e p , 
d e p e n d i n g on t h e c o n d i t i o n s u s e d ; 
Compared t o no s o l v e n t u s e d , t h e p r e s e n c e o f a l i g h t s o l v e n t 
g i v e s a b e t t e r p r o d u c t and r e d u c e s c o k e f o r m a t i o n on t h e 
c a t a l y s t s u r f a c e
Compared t o an a r o m a t i
s u c h as h e p t a n e i m p r o v e s n i t r o g e n r e m o v a l and r e d u c e s 
h y d r o g e n c o n s u m p t i o n ( f r o m 2600 s c f / b b l o f s h a l e o i l t o 
1200 s c f / b b l ) ; 
W i t h A r a b i a n t o p p e d c r u d e , t h e s o l v e n t l o s e s i t s enhancement 
e f f e c t f o r n i t r o g e n r e m o v a l i f t h e s o l v e n t i s l e s s t h a n 
50 w e i g h t p e r c e n t o f t h e f e e d ; 
F o r e x t e n s i v e n i t r o g e n r e m o v a l , a r e l a t i v e l y l o n g r e s i d e n c e 
t i m e (30 m i n u t e s o r l o n g e r ) i s r e q u i r e d a t 850°F and 1̂ +00 
p s i g ; 
S u l f u r i s a l m o s t c o m p l e t e l y removed even w i t h t h e m i l d e s t 
r e a c t i o n c o n d i t i o n s s t u d i e d . 

E x p e r i m e n t a l 

H y d r o t r e a t i n g System. A b e n c h - s c a l e h y d r o t r e a t i n g u n i t was u s e d 
f o r t h e s e e x p e r i m e n t s , as shown i n F i g u r e 1. The r e a c t o r was 
a 316 s t a i n l e s s s t e e l t u b e w i t h an i n n e r d i a m e t e r o f 1 i n c h and 
a l e n g t h o f 27.5 i n c h e s . The t o t a l volume i s a b o u t 290 m l . 
The r e a c t o r was e q u i p p e d w i t h a t h e r m o c o u p l e w e l l ( a 1/4" χ 25" 
s t a i n l e s s s t e e l t u b e ) f o r t e m p e r a t u r e measurements. The r e a c t o r 
was f i r s t f i l l e d w i t h a b o u t 90 m l o f i n e r t p a c k i n g a g a i n t o s e r v e 
as t h e p r e h e a t i n g zone f o r t h e o i l and h y d r o g e n . The t e m p e r a t u r e s 
were measured by t h e r m o c o u p l e s p l a c e d i n t h e m i d d l e o f e a c h o f 
t h e i n e r t beds and t h e c a t a l y s t bed. The u n i t was r u n 2h h o u r s 
p e r d a y , 7 days p e r week. 

F o r t h e s u p e r c r i t i c a l v e r s u s c o n v e n t i o n a l h y d r o t r e a t i n g 
e x p e r i m e n t s ( t h e c o m p a r i s o n e x p e r i m e n t s ) , a f r e s h c a t a l y s t was 
u s e d f o r e a c h o f t h e above e x p e r i m e n t s . F o r t h e f e e d s t o c k t e s t i n g s 
and r e a c t i o n p a r a m e t e r s t u d i e s , t h e same c a t a l y s t was u s e d . 
B e f o r e d a t a were c o l l e c t e d , t h e f r e s h c a t a l y s t was l i n e d o u t 
f o r one week (l68 h o u r s ) . When t h e f e e d o r r e a c t i o n p a r a m e t e r 
was changed, t h e c a t a l y s t was l i n e d o u t f o r 2k h o u r s b e f o r e d a t a 
were c o l l e c t e d . 
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F e e d s . D u r i n g t h e c o u r s e o f t h e i n v e s t i g a t i o n , t h e f o l l o w i n g 
f e e d s were u s e d : s u p e r c r i t i c a l e x t r a c t e d l i g n i t e l i q u i d , 
s u p e r c r i t i c a l e x t r a c t e d s h a l e o i l , P a r a h o s h a l e o i l , and A r a b i a n 
t o p p e d c r u d e (650F+). T h e i r p r o p e r t i e s a r e g i v e n i n T a b l e I . 
To make t h e f e e d m i x t u r e , t h e h e a v y o i l was u s u a l l y d i s s o l v e d 
i n a s o l v e n t s u c h as t o l u e n e o r n - h e p t a n e . 

C a t a l y s t s . The N 1 - M 0 / A I 2 O 3 c a t a l y s t ( N a l c o NM 502) was 
c o m m e r c i a l l y a v a i l a b l e f r o m N a l c o . 

C a t a l y s t P r e s u l f u r i z a t i o n . The c a t a l y s t was g e n e r a l l y h e a t e d 
t o 300F w i t h n i t r o g e n p u r g i n g , and t h e n t h e n i t r o g e n a t m o s p h e r e 
was r e p l a c e d w i t h a f l o w o f 10% H2S i n h y d r o g e n . A t t h e same 
t i m e , t h e t e m p e r a t u r e was s l o w l y i n c r e a s e d t o 600F and was k e p t 
a t t h i s t e m p e r a t u r e u n t i l t h e c a t a l y s t was c o m p l e t e l y s u l f i d e d . 
The r e a c t i o n u s u a l l y t a k e s f o u r h o u r s a t 600F and 100 l i t e r o f 
10% H 2S i n H 2. 

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

I n t h i s r e p o r t t h e r e s u l t s f r o m t h e i n v e s t i g a t i o n o f h y d r o t r e a t m e n t 
o f s h a l e o i l , A r a b i a n t o p p e d c r u d e , and l i g n i t e e x t r a c t ( u n d e r 
s u p e r c r i t i c a l c o n d i t i o n s ) a r e d i s c u s s e d . These e x p e r i m e n t s were 
c a r r i e d o u t t o i n v e s t i g a t e t h e p o t e n t i a l o f h y d r o t r e a t m e n t i n 
t h e p r e s e n c e o f a l i g h t s o l v e n t u n d e r s u p e r c r i t i c a l c o n d i t i o n s 
f o r s h a l e o i l u p g r a d i n g and t h e e f f e c t o f r e a c t i o n p a r a m e t e r s 
i n s u p e r c r i t i c a l h y d r o t r e a t i n g . These e x p e r i m e n t s a r e e x p l o r a t o r y 
i n n a t u r e t o f i n d w h e t h e r h y d r o t r e a t m e n t u n d e r s u p e r c r i t i c a l 
c o n d i t i o n s has any a d v a n t a g e i n t h e u p g r a d i n g o f h i g h n i t r o g e n 
h e a v y c r u d e s , and i f s o , how do t h e m a j o r p a r a m e t e r s a f f e c t t h e 
h y d r o t r e a t m e n t u n d e r t h e s e c o n d i t i o n s . The f i r s t few e x p e r i m e n t s 
were c a r r i e d o u t w i t h t h e s h a l e o i l o b t a i n e d by s u p e r c r i t i c a l 
e x t r a c t i o n . T h i s s h a l e o i l i s a v e r y waxy g r e a s e and a l m o s t 
f i t s t h e d e f i n i t i o n o f a s o l i d . As shown i n T a b l e I , i t has 
a v e r y h i g h n i t r o g e n c o n t e n t (2.3%) and a s u l f u r c o n t e n t o f 1.0 
wt%. The h y d r o g e n c o n t e n t i n t h e s h a l e o i l i s r e l a t i v e l y h i g h 
w i t h H/C a t o m i c r a t i o o f 1 Λ 8 , e q u a l t o t h a t o f some p e t r o l e u m 
c r u d e s . O n l y a l i m i t e d amount o f t h i s m a t e r i a l was a v a i l a b l e , 
so o n l y a few e x p e r i m e n t s were p e r f o r m e d w i t h t h i s s h a l e o i l . 

T a b l e I . Feed P r o p e r t i e s 

Feed E l e m e n t a l A n a l y s e s 
>300F 
Wt? C H N S H/C 

SCE S h a l e O i l U ) 100 8^.5 10.U 2.3 1.0 l.hQ 
P a r a h o S h a l e 0 i l ( _ 2 ) 96.9 8^.5 11.Τ 1.9 0.7 1.66 
A r a b i a n Topped Crude(_3) 100 Qk.9 11.3 0.18 3.3 1.60 
L i g n i t e E x t r a c t ( h ) 100 82.0 9.3 0.91 ΟΛί 1.36 

(_l) The SCE s h a l e o i l i s a waxy b l a c k s e m i - s o l i d . 
(2) P a r a h o s h a l e o i l has a b o u t 70 vol% o f 65OF+ m a t e r i a l . 
(3) T o t a l l y 6 5 0 F + m a t e r i a l . 

Hard s o l i d a t room t e m p e r a t u r e . 
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S u p e r c r i t i c a l V e r s u s C o n v e n t i o n a l . A s e r i e s o f h y d r o t r e a t i n g 
e x p e r i m e n t s were c a r r i e d o u t u n d e r c o n v e n t i o n a l c o n d i t i o n s ( w i t h o u t 
t h e u s e o f a l i g h t s o l v e n t ) . The r e s u l t s a r e g i v e n i n T a b l e 
I I , a l o n g w i t h some r e s u l t s o b t a i n e d f r o m a s u p e r c r i t i c a l 
h y d r o t r e a t m e n t e x p e r i m e n t . The e x p e r i m e n t s p e r f o r m e d were n o t 
und e r i d e n t i c a l c o n d i t i o n s , b u t t h e y a r e c l o s e enough t h a t t h e 
r e s u l t s o b t a i n e d a r e v a l i d enough f o r c o m p a r i s o n . 

T a b l e I I . C o m p a r i s o n o f C o n v e n t i o n a l and S u p e r c r i t i c a l 
H y d r o t r e a t i n g 

( C o n d i t i o n s : 1^00 p s i g , 850F, 
H 2 GSHV-300, N a l c o Ni-Mo) 
No S o l v e n t W i t h S o l v e n t 

Feed S h a l e O i l ( N e a t ) 20? S h a l e O i l I n T o l u e n e 

LHSV 0.3 TOTAL - 1.6 

Gas Y i e l d (Wt?) 
L i g h t (Wt?) 35 55 
Heavy O i l (Wt?) 35 35 
Coke (Wt?) 3.8 0.3 

The r e s u l t s f r o m t h e s u p e r c r i t i c a l h y d r o t r e a t m e n t 
e x p e r i m e n t s a r e s u p e r i o r i n a l m o s t e v e r y r e s p e c t t o c o n v e n t i o n a l 
h y d r o t r e a t m e n t e x p e r i m e n t s ( w i t h o u t t h e u s e o f s o l v e n t ) . Under 
s i m i l a r c o n d i t i o n s , s u p e r c r i t i c a l h y d r o t r e a t i n g p r o d u c e d b e t t e r 
p r o d u c t s , f o r example: l e s s gas y i e l d (10? vs_ 2 5 ? ) , more o f 
l i g h t o i l f r a c t i o n , <300F, (55 vs_ 35?) and l e s s c o k e formed on 
t h e c a t a l y s t s u r f a c e (0.3 vs 3.8? b a s e d on t h e f e e d ) . F o r 
c o n v e n t i o n a l h y d r o t r e a t i n g we had e n c o u n t e r e d r e a c t o r p l u g g i n g 
p r o b l e m s when t h e u n i t was r u n n i n g more t h a n 196 h o u r s . T h i s 
p r o b l e m was n o t f o u n d w i t h s u p e r c r i t i c a l h y d r o t r e a t i n g . 

S u p e r c r i t i c a l H y d r o t r e a t m e n t o f SCE S h a l e O i l . SCE s h a l e o i l 
was h y d r o t r e a t e d a t h i g h s e v e r i t y b e c a u s e o f i t s h i g h n i t r o g e n 
c o n t e n t ( T a b l e I ) and e x t r e m e l y h i g h v i s c o s i t y . The e x p e r i m e n t a l 
r e s u l t s a r e shown i n T a b l e I I I . Based on t h e s h a l e o i l f e d , 
t h e p r o d u c t d i s t r i b u t i o n i s t h e f o l l o w i n g : 12? g a s e s , 52? b o i l i n g 
l e s s t h a n 300°F ( c a l c u l a t e d by d i f f e r e n c e ) and 36? i n t h e heav y 
o i l f r a c t i o n (>300°F). The e l e m e n t a l a n a l y s e s o f t h e h e a v y o i l 
f r a c t i o n i n d i c a t e t h a t b e t t e r t h a n 99? o f t h e n i t r o g e n was removed. 
The s u l f u r r e m o v a l was e q u a l l y h i g h . The l i g h t b o i l i n g f r a c t i o n 
(<300°F) u s u a l l y has l e s s t h a n 10 ppm o f s u l f u r and 10 ppm o f 
n i t r o g e n . 

F o r Runs 2, 3, and 5 t h e f e e d e n t e r e d t h e h y d r o t r e a t e r 
d i r e c t l y f r o m t h e s u p e r c r i t i c a l e x t r a c t i o n u n i t . The e x t r a c t 
c o n t a i n e d a b o u t k% s h a l e o i l i n t o l u e n e . Runs 2 and 3 were c a r r i e d 
o u t a t 81+2F, and Runs h and 5, a t T50F. A t t h e l o w e r r e a c t i o n 
t e m p e r a t u r e ( 7 5 0 F ) , t h e y i e l d o f gases d r o p p e d t o l e s s t h a n 2 ? , 
and t h e y i e l d o f h e a v y o i l f r a c t i o n i n c r e a s e d by a b o u t 10?. 
The e x t e n t o f n i t r o g e n r e m o v a l was r e d u c e d s i g n i f i c a n t l y a t t h e 
l o w e r t e m p e r a t u r e . However, t h e s u l f u r r e m o v a l seemed t o be 
u n a f f e c t e d by t h e l o w e r i n g o f r e a c t i o n t e m p e r a t u r e f r o m 8^2F 
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T a b l e I I I . S u p e r c r i t i c a l H y d r o t r e a t m e n t o f SCE S h a l e O i l * 

Run N o . ( l ) Temp. LHSV Gases Heavy O i l (>300F) 

°F 
Qk2 
Qk2 
Qk2 
750 
750 

(Ci - c O wt# 
12 

Wt? Ν (ppm) S ( ? ) 
1 
2 
3 
k 

0.5 
1.6 
1.6 
1.6 
1.6 

<2 
<2 

36 52 
h6 150 
hk 150 
5̂+ 2300 
3 2 ( 2 ) 2000 

0.03 
0.03 
0.02 
0.08 
0.01+ 

* A t o t a l o p e r a t i n g p r e s s u r e o f 1^00 p s i g and s u l f i d e d Ni-Mo 
A I 2 O 3 c a t a l y s t were u s e d i n t h e s e e x p e r i m e n t s . The s h a l e 
o i l had t h e f o l l o w i n g e l e m e n t a l a n a l y s e s : C, 8^.5; H, 
10Λ; N, 2.3; S, 1.0. 

(_l) The f e e d f o r Run 1
t o l u e n e , b u t f o r
i n t o l u e n e . 

(2) I n t h i s Run t h e f r a c t i o n was d i s t i l l e d up t o hOOY i n s t e a d 
o f 300F as u s u a l . 

t o 750F. Thus, t h e s e e x p e r i m e n t a l r e s u l t s s u g g e s t t h a t t h e 
s u p e r c r i t i c a l l y e x t r a c t e d s h a l e o i l c a n be p r o c e s s e d t o y i e l d 
v e r y l o w n i t r o g e n and s u l f u r f u e l s o r s y n c r u d e s . 

S u p e r c r i t i c a l H y d r o t r e a t m e n t o f A r a b i a n Topped C r u d e . A s e r i e s 
o f e x p e r i m e n t s were p e r f o r m e d w i t h A r a b i a n t o p p e d c r u d e (65OF+) 
t o i n v e s t i g a t e t h e h y d r o t r e a t m e n t o f h i g h s u l f u r c r u d e s i n t h e 
p r e s e n c e o f a l i g h t s o l v e n t u n d e r s u p e r c r i t i c a l c o n d i t i o n s . 
The e x p e r i m e n t a l r e s u l t s o b t a i n e d a r e summarized i n T a b l e I V . 
The o v e r a l l r e s u l t s a r e c o m p a r a b l e t o t h o s e o b t a i n e d f r o m t h e 
s u p e r c r i t i c a l h y d r o t r e a t m e n t o f SCE s h a l e o i l (Run l ) . The s u l f u r 
r e m o v a l i s v e r y e x t e n s i v e ( a b o u t 99? r e m o v a l , r e d u c e d f r o m 3.3? 
t o 0 . 0 2 ? ) . The n i t r o g e n c o n t e n t i n t h e h e a v y o i l f r a c t i o n s a r e 
r e l a t i v e l y l o w , l e s s t h a n 60 ppm f o r r u n s w i t h t o t a l l i q u i d h o u r l y 
s p a c e v e l o c i t y (LHSV) o f 0.5 (Runs 6 and 7) and a b o u t 770 ppm 
f o r Run 8 w i t h an LHSV o f 1.6. Thus, f o r e x t e n s i v e n i t r o g e n 
r e m o v a l , l o w e r LHSV i s needed. 

The e f f e c t o f c r u d e o i l c o n c e n t r a t i o n i n t h e f e e d was 
i n v e s t i g a t e d w i t h A r a b i a n 65OF+ t o p p e d c r u d e . T h r e e c o n c e n t r a t i o n s 
( 2 0 , 50 and 80? o f t o p p e d c r u d e i n t o l u e n e ) were c h o s e n , w h i l e 
t h e o t h e r e x p e r i m e n t a l c o n d i t i o n s were k e p t c o n s t a n t ( s e e F i g u r e 
2 and Runs 9, 1 1 , and 12 i n T a b l e IV ). B o t h t h e n i t r o g e n r e m o v a l 
and heavy o i l c o n v e r s i o n a r e more e x t e n s i v e when t h e c r u d e i s 
h y d r o t r e a t e d a t a more d i l u t e d l e v e l s u c h as 20?. The h e t e r o a t o m 

In Supercritical Fluids; Squires, T., et al.; 
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REACTION CONDITIONS: 
850 F. 1400 PSIG 
HA GHSV 300 
LHSV OF 1.6 
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/ 
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/ 
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WT % CRUDE IN FEED 

F i g u r e 2. E f f e c t o f o i l c o n c e n t r a t i o n i n s u p e r c r i t i c a l 
h y d r o t r e a t m e n t o f a r a b i a n t o p p e d c r u d e . 
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r e m o v a l i s r e d u c e d a t h i g h e r c r u d e c o n c e n t r a t i o n s and l e v e l s 
o f f a t 50? o r h i g h e r . The y i e l d o f t h e h e a v y o i l f r a c t i o n 
i n c r e a s e s w i t h i n c r e a s i n g c o n c e n t r a t i o n o f c r u d e i n t h e t o l u e n e . 

T a b l e I V . S u p e r c r i t i c a l H y d r o t r e a t m e n t o f A r a b i a n Topped Crude (ATC) 
(850F, ikOO p s i g , H 2 GHSV-300, N a l c o Ni-Mo C a t a l y s t ) 

Run No. F e e d ( l ) LHSV Heavy O i l 
Wt? ATC i n S o l v e n t Wt? TlJ) S ( ? ) 

6 20 0.5 3h 0.006 0.02 
7 20 0.5 3h 0.001+ 0.02 
8 20 1.6 59 0.068 0.01+ 
9 20 0.5 33 2 ppm 0.02 
10 20 0.5 36 3 ppm 0.03 
11 50 1.6 61+ 0.091+ 0.17 
12 80 1.6 72 0.091+ 0.13 

(_l) S o l v e n t f o r Runs 9 and 10 was η-heptane; f o r o t h e r s 
t o l u e n e was u s e d

Runs 9 and 10 were c a r r i e d o u t t o s t u d y t h e e f f e c t o f 
an a l i p h a t i c s o l v e n t s u c h as η-heptane i n s u p e r c r i t i c a l 
h y d r o t r e a t i n g o f t o p p e d c r u d e . C o m p a r i n g t h e r e s u l t s f r o m Runs 
6 and 7 i n w h i c h t o l u e n e was u s e d as t h e s o l v e n t , t h e n i t r o g e n 
c o n t e n t s i n hea v y o i l f r a c t i o n s a r e much l o w e r f o r t h e h e p t a n e 
r u n s t h a n t h e t o l u e n e r u n s . The s u l f u r c o n t e n t s a r e a b o u t t h e 
same. Thus, one c a n c o n c l u d e t h a t a n a l i p h a t i c s o l v e n t i s b e t t e r 
s o l v e n t f o r h y d r o d e n i t r o g e n a t i o n t h a n t h e a r o m a t i c s o l v e n t . 
The r e a s o n i s t h a t t h e a r o m a t i c s o l v e n t was c o m p e t i n g f o r 
hydrogénation ( a b o u t 1+ w t ? o f t h e t o l u e n e was c o n v e r t e d t o m e t h y l 
c y c l o h e x a n e ) . 

S u p e r c r i t i c a l H y d r o t r e a t m e n t o f L i g n i t e E x t r a c t . L i g n i t e e x t r a c t 
was h y d r o t r e a t e d i n t h e p r e s e n c e o f t o l u e n e u n d e r s u p e r c r i t i c a l 
c o n d i t i o n s (850F, ll+00 p s i g , 20 w t ? l i g n i t e i n t o l u e n e , a h y d r o g e n 
GHSV o f 300, and a LHSV o f 1 o r 1.6). The r e s u l t s a r e t a b u l a t e d 
i n T a b l e V. The e l e m e n t a l a n a l y s e s o f t h e h e a v y o i l f r a c t i o n 
have i n d i c a t e d t h e f o l l o w i n g changes (Runs 13 and l l + ) : n i t r o g e n , 
r e d u c e d f r o m 0.91 t o 0.11+?, and s u l f u r r e d u c e d f r o m 1+700 ppm 
t o a b o u t 100 ppm. 

T a b l e V. S u p e r c r i t i c a l H y d r o t r e a t m e n t o f L i g n i t e E x t r a c t 

Run No. LHSV Heavy O i l F r a c t i o n (>300F) 
W t ? ( l ) N (ppm) S (ppm) 

13 1 30 1530 150 
11+ 1 36 11+00 90 
15 1.6 1+3 1180 100 

L i g n i t e E x t r a c t Feed 100 9100 1+700 
C o n d i t i o n s : 850F, ll+00 p s i g , 300 H 2 GHSV, 20 w t ? l i g n i t e 

e x t r a c t i n t o l u e n e , N a l c o Ni-Mo c a t a l y s t . 
( 1) Wt? i s b a s e d on t h e f e e d . 

In Supercritical Fluids; Squires, T., et al.; 
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Run 15 was c a r r i e d o u t w i t h a h i g h e r LHSV o f 1.6, and 
t h e r e s u l t s a r e n o t t o o much d i f f e r e n t f r o m Runs 13 and l H . 
The h e t e r o a t o m r e m o v a l s a r e a b o u t t h e same. The heav y o i l 
f r a c t i o n , however, was i n c r e a s e d t o h3% f r o m 30 and 36? (Runs 
13 and lh). Thus, t h e c o n c l u s i o n i s t h a t t h e l i g n i t e e x t r a c t , 
a s o l i d , c a n a l s o be u p g r a d e d t o y i e l d a s y n c r u d e by t h e 
s u p e r c r i t i c a l h y d r o t r e a t m e n t p r o c e s s . 

R e a c t i o n P a r a m e t e r S t u d i e s . E x p e r i m e n t s were c a r r i e d o u t w i t h 
c o n v e n t i o n a l s h a l e o i l ( d i r e c t r e t o r t e d P a r a h o s h a l e o i l ) f o r 
t h e p u r p o s e o f s t u d y i n g t h e e f f e c t s o f r e a c t i o n p a r a m e t e r s i n 
h y d r o t r e a t i n g u n d e r s u p e r c r i t i c a l c o n d i t i o n s . I n one g r o u p o f 
e x p e r i m e n t s , t h e s p a c e v e l o c i t y was v a r i e d (1.6, 3.2, and 5) 
w h i l e t h e o t h e r r e a c t i o n p a r a m e t e r s were k e p t c o n s t a n t . F o r 
t e m p e r a t u r e s t u d i e s , t h e f o l l o w i n g r e a c t i o n t e m p e r a t u r e s were 
i n v e s t i g a t e d : TOO, 750, 800, and 850F. The p r e s s u r e e f f e c t 
was examined a t f o u r l e v e l s — 1000, lk009 2000, and 2^00 p s i g 
a t 800F. We have a l s
r a t i o and s o l v e n t t y p e s

The l i q u i d h o u r l y s p a c e v e l o c i t i e s (LHSV, i n c l u d i n g t h e 
s o l v e n t ) o f 1.6, 3.2, and 5 were i n v e s t i g a t e d a t 850F, lkOO p s i g , 
20 w t ? P a r a h o s h a l e o i l i n t o l u e n e . The r e s u l t s a r e i l l u s t r a t e d 
i n F i g u r e 3. W i t h t h e LHSV o f 1.6, t h e heav y o i l f r a c t i o n i s 
o n l y 3h%9 b u t when LHSV i s i n c r e a s e d t o 3.2, t h e h e a v y o i l f r a c t i o n 
i n c r e a s e d t o 63? and d i d n o t change w i t h f u r t h e r i n c r e a s e i n 
LHSV. T h i s seems t o s u g g e s t t h a t o n e - t h i r d o f t h e s h a l e o i l 
c a n u n d e r g o a m o l e c u l a r w e i g h t r e d u c t i o n more r a p i d l y ( a r e s i d e n c e 
t i m e o f ab o u t 12 m i n u t e s ) t h a n t h e s e c o n d - t h i r d , w h i c h needs 
a r e s i d e n c e t i m e o f up t o an h o u r , w h i l e t h e l a s t - t h i r d s u r v i v e s 
l o n g e r t h a n one h o u r . 

F o r h e t e r o a t o m r e m o v a l , t h e r e s u l t s r e v e a l t h a t f o r a 
LHSV o f 1.6 t h e n i t r o g e n c o n t e n t i n t h e h e a v y o i l f r a c t i o n , w h i c h 
i s a b o u t 3^ w t ? o f t h e t o t a l p r o d u c t s , i s 360 ppm (1.9? i n t h e 
f e e d ) . Thus, t h e o v e r a l l n i t r o g e n r e m o v a l i s g r e a t e r t h a n 98?. 
F o r LHSV o f 3.2 t h e n i t r o g e n c o n t e n t i n t h e h e a v y o i l i s i n c r e a s e d 
t o a b o u t 5000 ppm. W i t h a f u r t h e r i n c r e a s e i n LHSV t o 5, t h e r e 
i s a g r e a t e r i n c r e a s e i n t h e n i t r o g e n c o n t e n t . The s u l f u r r e m o v a l 
i s v e r y r a p i d . E v e n w i t h t h e LHSV o f 5, t h e r e i s o n l y 53 ppm 
s u l f u r i n t h e h e a v y o i l . 

F i g u r e h i l l u s t r a t e s t h e r e s u l t s f r o m r e a c t i o n t e m p e r a t u r e 
s t u d i e s . The r e a c t i o n t e m p e r a u r e s u s e d r a n g e d f r o m 700F t o 850F, 
w i t h a n i n c r e m e n t o f 50F. The r e m a i n i n g r e a c t i o n p a r a m e t e r s 
were h e l d c o n s t a n t , s u c h as lkOO p s i g , LHSV o f 1.6 and H 2 GHSV 
o f 300. The s u l f u r seems t o be removed r a t h e r e a s i l y e v e n a t 
700F ( f r o m 7000 ppm i n t h e f e e d t o 200 ppm i n t h e h e a v y o i l 
f r a c t i o n ) o r 97? r e m o v a l . A t h i g h e r t e m p e r a t u r e s t h e s u l f u r 
c o n t e n t i n t h e he a v y o i l i s much l o w e r (100 ppm). On t h e o t h e r 
hand, t h e n i t r o g e n r e m o v a l r e q u i r e s a much h i g h e r t e m p e r a t u r e . 
T h i s , o f c o u r s e , i s n o t s u r p r i s i n g . F o r t h e p u r p o s e o f o b t a i n i n g 
r e l a t i v e l y c l e a n s y n c r u d e , we p r o b a b l y have t o o p e r a t e a t h i g h 
t e m p e r a t u r e (800F) and l o w s p a c e v e l o c i t y (<1.6). 

In Supercritical Fluids; Squires, T., et al.; 
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F i g u r e 3. Space v e l o c i t y e f f e c t s on s u p e r c r i t i c a l h y d r o t r e a t m e n t 
o f s h a l e o i l . 
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REACTION CONDITIONS: ^ 
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F i g u r e h. E f f e c t o f t e m p e r a t u r e on s u p e r c r i t i c a l h y d r o t r e a t m e n t 
o f s h a l e o i l . 
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The y i e l d o f h e a v y o i l i n c r e a s e s w i t h a d e c r e a s e o f r e a c t i o n 
t e m p e r a t u r e ( F i g u r e h). F o r e x a m p l e , w i t h t h e r e a c t i o n t e m p e r a t u r e 
o f 850F, t h e h e a v y o i l i s o n l y a b o u t 30? o f t h e t o t a l p r o d u c t s 
(96.9 w t ? i n t h e f e e d ) . W h i l e a t t h e o t h e r e x t r e m e , t h a t i s , 
w i t h t h e r e a c t i o n t e m p e r a t u r e o f o n l y TOOF, t h e h e a v y o i l f r a c t i o n 
r e p r e s e n t s 90? o f t h e w h o l e p r o d u c t s . Thus, t h e h i g h e r t e m p e r a t u r e 
i s n e c e s s a r y f o r t h e p r o d u c t i o n o f l i g h t p r o d u c t s . 

The e f f e c t o f p r e s s u r e on HDN and h e a v y o i l y i e l d i n 
s u p e r c r i t i c a l h y d r o t r e a t i n g o f s h a l e o i l i s g i v e n i n F i g u r e 5. 
The e x p e r i m e n t a l c o n d i t i o n s u s e d f o r t h e s e e x p e r i m e n t s a r e : 
800F, h y d r o g e n GHSV o f 600, LHSV o f 1.6, 20 w t ? s h a l e o i l i n 
t o l u e n e , and r e a c t i o n p r e s s u r e o f 1000-2^00 p s i g . I t i s o b s e r v e d 
t h a t n i t r o g e n r e m o v a l i n c r e a s e s w i t h i n c r e a s i n g r e a c t i o n p r e s s u r e . 
A t t h e h i g h e s t p r e s s u r e s t u d i e d (2^00 p s i g ) , t h e n i t r o g e n c o n t e n t 
i n t h e h eavy o i l i s o n l y a b o u t 300 ppm. T h i s i s a b o u t 98? n i t r o g e n 
r e m o v a l . The n i t r o g e n r e m o v a l d e c r e a s e d w i t h t h e d e c r e a s e i n 
r e a c t i o n p r e s s u r e . P r e s s u r e has some e f f e c t on t h e h e a v y o i l 
y i e l d . A t t h e l o w e s t
was 65 w t ? . The h e a v
i n t h e p r e s s u r e . W i t h t h e h i g h e s t p r e s s u r e s t u d i e d (2Î+00 p s i g ) , 
t h e y i e l d was i n c r e a s e d t o 79 w t ? . The i n c r e a s e i n y i e l d must 
be due t o t h e s u p p r e s s i o n o f h y d r o c r a c k i n g by t h e p r e s s u r e . 

The u s e o f a n o n - a r o m a t i c s o l v e n t as t h e s u p e r c r i t i c a l 
h y d r o t r e a t i n g s o l v e n t was s t u d i e d f i r s t w i t h A r a b i a n t o p p e d c r u d e 
and t h e n w i t h P a r a h o s h a l e o i l i n hope o f r e d u c i n g h y d r o g e n 
c o n s u m p t i o n . The r e s u l t s a r e t a b u l a t e d i n T a b l e s IV and V I . 
Run l 6 u s e d t o l u e n e as t h e s o l v e n t , and Runs 17 and 18 u s e d 
η-heptane. The e x p e r i m e n t a l r e s u l t s have shown t h a t n i t r o g e n 
r e m o v a l i s s l i g h t l y h i g h e r w i t h η-heptane t h a n w i t h t o l u e n e ( a 
more s i g n i f i c a n t d i f f e r e n c e was f o u n d w i t h A r a b i a n t o p p e d c r u d e 
as t h e f e e d , T a b l e I V ) . The y i e l d o f h e a v y o i l f r a c t i o n i s l o w e r 
(37? f o r h e p t a n e and 57? f o r t o l u e n e ) f o r t h e s a t u r a t e d s o l v e n t . 
T h i s means h y d r o c r a c k i n g was more e x t e n s i v e . The H/C a t o m i c 
r a t i o o f t h e h e a v y o i l i s a l s o much h i g h e r f o r h e p t a n e t h a n f o r 
t o l u e n e . T hus, hydrogénation i s d e e p e r w i t h h e p t a n e as t h e 
s o l v e n t . Hydrogen c o n s u m p t i o n i s a l s o s i g n i f i c a n t l y r e d u c e d , 
1200 s c f / b b l o f s h a l e o i l f o r h e p t a n e , v e r s u s 2600 s c f / b b l f o r 
t o l u e n e . W i t h e v e r y t h i n g c o n s i d e r e d , h e p t a n e i s by f a r a b e t t e r 
h y d r o t r e a t i n g s o l v e n t t h a n t o l u e n e . 

T a b l e V I . S u p e r c r i t i c a l H y d r o t r e a t m e n t o f S h a l e O i l i n T o l u e n e 
o r n-Heptane 

(850 F , li+00 p s i g , N a l c o Ni-Mo C a t a l y s t , 
1.6 LHSV, 300 H 2 GHSV) 

Run No. Feed Heavy O i l (>300F) Hp C o n s u m p t i o n 
Wt? N(ppm) S ( ? ) H7C S c f / B b l " 

16 20? S h a l e O i l 57 3149 <0.01 Ï7F6 2600 +_ 200 
i n T o l u e n e 

17 20? S h a l e O i l 36 1595 <0.01 1.79 1200 ^ 1 0 0 
i n Heptane 

18 20? S h a l e O i l 37 1890 <0.01 1.82 1200 + 100 
i n Heptane 

In Supercritical Fluids; Squires, T., et al.; 
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F i g u r e 5. E f f e c t o f p r e s s u r e on s u p e r c r i t i c a l h y d r o t r e a t m e n t 
o f s h a l e o i l . 
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Summary 

E x t e n s i v e r e s e a r c h has been done t o s t u d y t h e p o t e n t i a l o f 
s u p e r c r i t i c a l h y d r o t r e a t m e n t f o r t h e u p g r a d i n g o f s h a l e o i l and 
t h e e f f e c t s o f major r e a c t i o n p a r a m e t e r s i n s u p e r c r i t i c a l 
h y d r o t r e a t i n g . The e x p e r i m e n t a l r e s u l t s have d e m o n s t r a t e d t h a t 
h y d r o t r e a t m e n t i n t h e p r e s e n c e o f a l i g h t s o l v e n t and u n d e r 
s u p e r c r i t i c a l c o n d i t i o n s has some a d v a n t a g e s o v e r c o n v e n t i o n a l 
h y d r o t r e a t m e n t . Compared w i t h a c o n v e n t i o n a l p r o c e s s , t h e 
s u p e r c r i t i c a l h y d r o t r e a t i n g p r o c e s s y i e l d s a b e t t e r p r o d u c t ( l e s s 
g a s , more d i s t i l l a t e s ) and p r o d u c e s l e s s c o k e on t h e c a t a l y s t . 
S u p e r c r i t i c a l h y d r o t r e a t i n g a p p e a r s t o be a v e r y v e r s a t i l e p r o c e s s 
w h i c h c a n be o p t i m i z e d f o r a v a r i e t y o f d i f f e r e n t p r o d u c t s . 
T h i s p r o c e s s c a n be a p p l i e d e q u a l l y w e l l f o r u p g r a d i n g o t h e r 
h e a v y o i l s , s u c h as c o a l l i q u i d s and h i g h s u l f u r p e t r o l e u m t o p p e d 
c r u d e s , t o y i e l d l o w n i t r o g e n and s u l f u r s y n c r u d e s and 
t r a n s p o r t a t i o n f u e l s . 

N-heptane was u s e
s o l v e n t . The s a t u r a t e
n i t r o g e n r e m o v a l and h y d r o g e n c o n s u m p t i o n . W i t h e i t h e r s o l v e n t , 
s u l f u r r e m o v a l was v e r y e x t e n s i v e . From r e a c t i o n p a r a m e t e r 
s t u d i e s , a r e l a t i v e l y h i g h s e v e r i t y i s r e q u i r e d f o r e x t e n s i v e 
n i t r o g e n r e m o v a l . 
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Kinetic model for coal conversion 
description, 255 
effect of amount of dissolved 

fraction, 258 
effect of coal-to-solvent 

ratio, 263,264f 
effect of reaction time and density 

on toluene 
solubles, 255,256-257f,258 
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Kinetic studies of coal liquefaction 
CO-water conversions, 245,246f 
conversion products, 245,247,248f 
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concentration, 203 
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dynamic renormalization group 
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the absorption maximum, 32,34f 
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Onsager reaction f i e l d theory 
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description, 3 
photon correlation spectroscopy, 3 
time-averaged intensity 

measurements, 3 
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Patel-Teja equation of state, data 
correlation for solid n-alkanes in 
supercritical ethane, 132,134 

Peng-Robinson equation of state, 102 
mixing rules, 104-105 
modification, 127 
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solvent, 139 
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transition energy vs. 
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procedures, 60 
Porphyrins, constituent in crude 

o i l s , 139 
Preparative-scale chemical class 

separation, procedure, 190-191 
Pressure-filter liquids, 

definition, 190 
Properties of supercritical fluids, 

effect of pressure and 
temperature, 59 

Pure-component parameters 
determination, 90t 
estimation technique, 127,128t 
values, 90t 

Pure components, theory, 89 

R 

Rapid injection autoclave, use in 
supercritical extraction of 
coal, 252 

Rate constants 
correlation with transition 

energy, 48 
predicted value for Diels-Alder 

reaction, 48,49f 
Redlich-Kwong equation of state, 102 
Refractive index, calculation, 37 
Regeneration of adsorbents, by 

supercritical fluids, 151,153f 
Relative v o l a t i l i t y , definition, 206 
Residue class separation, 

results, 191,192t,193 
Residue-containing f o s s i l fuels

Retention volume measurements 
data reduction, 161-162,l63f 
high-pressure gas chromatographic 

apparatus, 156,159f,160,I6lt 
solute capacity factors vs. column 

pressure, I67,l68f,l69 
solute capacity factors vs. gas 

compression, 164-167,l68f 
volume vs. C02 

pressure, 162-166 

S 

Self-diffusion coefficients 
in deuterated toluene, 21-22 
in supercritical ethylene, 16 
in supercritical toluene-dg, 16 
predicted vs. measured 

values, 22,23f 
Self-diffusion in compressed 

supercritical ethylene 
calculation of hard sphere 

diameter, 20 
choice of ethylene, 18 
coefficients vs. density and 

temperature, l8,19f,20 
Enskog coefficients, 20,23f 
Enskog theory, 20-21 
measurement conditions, 18 

Self-diffusion in compressed 
supercritical toluene-dg 

coefficients, 21-22,23f 
polar gas model, 22 

Separation of solution components from 
the liquid phase 

equations of state, 214 
influence of entrainers, 216 
solvents, 214 
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Solid n-alkanes 
heat of fusion vs. carbon 

number, 130,131Γ 
reasons for studying, 130 
s o l u b i l i t i e s , 132-136 

Sol id- l iquid-gas equilibrium 
temperatures and pressures 

c r i t i c a l endpoint, 141 
measurement, 139 
pressure-temperature projection of 

vapor pressure curve, 141 
values for binary mixtures, 141t 

Solid so lub i l i t i es in supercr i t ical 
pentane, measurements, 140 

Solub i l i t ies for naphthalene, 
measurement, 17 

Solubi l i ty of so l id n-alkanes in 
supercr i t ical ethane 

data correlation, 132,134 
enhancement factor vs. carbo

number, 134,136f 
experimental and calculate

so lub i l i t i es , 134,135f 
experimental results at 

308.15 K, 132t 
single-pass supercr i t ical flow 

apparatus, 132,133f 
so l id properties required in 

so lub i l i ty calculations, 134t 
Solute retention in supercr i t ical 

f lu id chromatography 
effect of pressure, 172-173 
effect of temperature, 173 
experimental apparatus and 

technique, 178 
vs. density, 180 
vs. pressure for biphenyl, I80,l82f 
vs. pressure for 

naphthalene, I80,l8lf 
vs. so lub i l i ty and pressure, 175 
vs. temperature, 178 

Solvating power, scale, 30 
Solvatochromic data, experimental 

procedures, 43-44 
Solvatochromic probes 

absorbance maxima, 31-32 
experimental procedures, 31-32 

Solvent effect on rate constants 
correlation with transit ion 

energy, 47,48 
prediction of activation volume, 48t 

Solvent strength, description, 43 
Solvent strength in the c r i t i c a l 

region, 44 
Source and purity of n-alkanes, 132 
Specif ic solvent strength, 

def in i t ion, 50 
Spectroscopic solvatochromatic 

parameter, description, 43 
Statistical-mechanics-based 

lattice-model equation of state 
appl icabi l i ty to mixture of 

different size molecules, 94,96f 

Statistical-mechanics-based equation 
of state—Continued 

behavior, 90-91 
effect of so lub i l i ty of chains, 99 
model behavior of 

so l id -supercr i t ica l f lu id 
binaries, 94,97f,98 

predicted vs. experimental 
data, 94,95f,96 

prediction for equilibrium f l u i d -
phase composition, 98f 

sensi t iv i ty , 94 
trans-Stilbene 

effect of temperature on C0 p 

solub i l i ty , 60,63f 
in cyclohexane, 62t 

trans-Stilbene photoisomerization 
concentration effects, 62,63f 
in C0 2 , 62,65t 

Supercrit ica
of lemon o i l , 203 

Supercrit ical coal l iquefaction 
procedure 

conversion products, 253,255 
experimental apparatus, 253,254f 

Supercrit ical dist i l lat ion—See 
Fractional destraction 

Supercrit ical extraction 
description, 115 
factors influencing rate, 2 
recovery of polar organic compounds 

from aqueous solutions, 115-116 
Supercrit ical extraction of coal 

use of a rapid injection 
autoclave, 252 

use of batch reactors, 251-252 
use of flow reactors, 251 

Supercrit ical flow reactor 
schematic, 79,80f 
temperature, 79,8lf 

Supercrit ical f lu id adsorption, 
fundamentals, 152-156 

Supercrit ical f lu id chromatography (SFC) 
advantages, 189-190 
analytical applications, 151 
application as a mobile phase, 189 
assumption of in f in i te ly dilute 

solutions, 173 
hexane separation, 193,194f,195,196f 
measurement of physicochemical 

data, 151 
relationship among solute 

retention, so lub i l i t y , and 
pressure, 175 

relationship between solute 
retention and 
temperature, 175-177 

retention factor, 173 
separation of polycyclic aromatic 

hydrocarbons, 195,197f 
so lub i l i ty of a solute, 174 
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SFC—Continued 
solute Chemical potential , 173 
toluene separation, 195,198f,199 

Supercrit ical f lu id extraction, 
advantages over conventional 
extraction techniques, 15 

Supercri t ical f lu id extraction 
modeling, applications, 105-110 

Supercrit ical f lu id extraction of 
coal 

analyses of coals, 267,268t 
potential use, 266-267 
solvents, 266 
water vs. aqueous 

solvents, 277,278f,279t 
water vs. toluene, 277,278f 

Supercrit ical f lu id 
extraction-chromatography 

analyt ical procedures, 191 
d isadvantages, 193 
Gram-Schmidt 

reconstruction, 193,194f 
Supercrit ical f lu id reactant addition 

system, diagram, 60,6lf 
Supercrit ical f lu id reactor, 

schematic, 60,6lf 
Supercrit ical f lu id solvents 

advantages, 42-43 
properties, 44,46t 

Supercrit ical f luids 
applications, 58-59,150-151 
constraints for organic reaction 

investigations, 59 
c r i t i c a l properties, 32t 
desorption of adsorbates, 151,153f 
effect of additional components on 

solvating properties, 37-38,39f 
peak position vs. reduced 

density, 32,35,36f 
pressure dependence of 

wavelength of the absorption 
maximum, 32,34f 

solvent properties, 58 
solvent-solute interactions, 29-39 
use as solvents, 29 
values vs. reduced density, 35,36f 

Supercrit ical gas extractions 
method A procedure, 267 
method Β procedure, 267,269 

Supercrit ical phase, def in i t ion, 2 
Supercrit ical so lub i l i ty measurements 

schematic of a l l , 17,19f 
use of NMR spectroscopy as an 

analytical technique, 17-18 
Supercrit ical solvents, effects on the 

rates of homogeneous chemical 
reactions, 42-54 

Supercrit ical solvents as a reaction 
medium, thermophysical 
properties, 78 

Supercrit ical water 
ethanol dehydration, 82,83t 

Supercrit ical water—Continued 
role of carbocation chemistry, 84-85 
thermophysical properties, 78-79 

Supercrit ical water extractions of 
coal 

analysis of o i l 
fractions, 271,274t,276f 

analytical data for 
1 λ residues, 271,274t 
^C-NMR spectra of 

fractions, 271,273f 
conversion vs. volat i le matter 

content, 269,270f 
effect of pressure, 274,275t,276f 
effect of temperature, 275t,277 
extract analysis, 271,272t 
extract composition, 269,270f,271 

Ternary systems, phase-equilibrium 
behavior, 118-126 

meso-Tetraphenylporphyrin 
melting behavior, 147 
so l id so lub i l i t i es in various 

solvents, I47t,l48 
Theory of c r i t i c a l fluctuations 

effect of impurities, 10 
parameter values, 10,11t 
range of va l id i ty , 12 

Thermodynamic model for vapor-liquid 
equilibrium calculations 

pressure-composition 
diagrams, 111,112f-113f 

theory, 111 
Thermodynamic model of supercri t ical 

f lu id extraction 
effect of mixing rules on so lub i l i ty 

of sol ids , 105,106-110f 
theory, 105 

Toluene 
effect on coal , 255 
selection as supercr i t ical f lu id 

solvent, 139 
vapor pressures, I40t,l4l 

Transition energy 
influencing factors, 50-51 
of nonpolar solvents, 46t 
of phenol blue in C0 2 vs. 

density, 44,45f 
of phenol blue in C0 2 vs. 

pressure, 44,45f 
of phenol blue vs. CO^ 

mixture, 52,53f,54 
of phenol blue vs. density, 51,52f 
vs. reduced density, 46 

Transport properties 
background, 4 
mass conductivity, 4 

In Supercritical Fluids; Squires, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



302 SUPERCRITICAL FLUIDS 

V 

π* values 
for supercr i t ical CO^, 35 
vs. reduced density, 35,36f 

van der Waals equation of state 
general, 101 
mixing rules, 101-102 

van der Waals mixing rules 
guidelines, 103 
theory, 102-103 

Vapor-pressure osmometry, 
determination of molecular 
weight, 236,238t 

Vapor pressures, for pentane and 
toluene, I40t,l4l 

Vapor-liquid equilibrium apparatus 
diagram, 204,205f 
estimated relat ive errors, 204 

Vapor-liquid equilibrium calculations, 
applications, 111,112—113f 

Volume expansivity of a supercr i t ical 
f lu id , vs. 
temperature, I80,l83,l84f 
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