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SEPARATION SCIENCE A N 0  TECHNOLOGY, 22(2&3J, PP. 1065-1086, 1987 

Solubilities in Supercritical Fluids: The Application of Chromatographic 
Measurement Methods 

RICHARD D. SMITH, HAROLD R. UDSETH, BOB W. WRIGHT, and 
CLEMENT R. YONKER 

CHEMICAL TECHNOLOGY DEPARTMENT 
PACIFIC NORTHWEST LABORATORY 
RICHLAND, WASHINGTON 99352 

ABSTRACT 

New methods a re  described fo r  the measurement of the 
s o l u b i l i t i e s  of so l id s  in supe rc r i t i ca l  f l u i d s .  These 
methods u t i l i z e  instrumentation developed fo r  cap i l l a ry  
supercri  t i c a l  f l u i d  chromatography cons is t ing  of de- 
ac t iva t ed ,  small diameter, fused s i l i c a  tubing, 
coupled w i t h  de tec t i on  methods based upon on flame 
ionization and mass spectrometric de tec tors .  The 
methods involve ( a )  d i r e c t  s o l u b i l i t y  determination 
where the fused s i l i c a  c a p i l l a r y  i s  used as an 
equilibrium c e l l ,  and ( b )  a pressure of threshold 
s o l u b i l i t y  technique which resembles chromatography 
a n d  uses a programmed pressure increase and sens i t i ve  
de tec t ion  t o  determine the  onset of so lu te  migration. 
Results a r e  a l so  presented which suggest t ha t  s o l u b i l i t i e s  
can be determined, within ce r t a in  l imi t a t ions ,  from 
actual chromatographic experiments. The methods a re  
i l l u s t r a t e d  using aromatic hydrocarbons and complex 
mycotoxins o f  the  tr ichothecene g r o u p .  

INTRODUCTION 

Supercr i t ica l  f l u i d s  continue to  find new appl ica t ions  in 
ex t r ac t ion ,  chemical f rac t iona t ion  , chemi cal ana lys i s  (chromato- 
graphy),  a s  reaction media, and in novel methods fo r  the  production 
of new mater ia l s  (1-3) .  The primary property of a supe rc r i t i ca l  
f l u i d  which leads t o  such v e r s a t i l i t y  i s  the  continuously var iab le  
solvent power of the  f l u i d .  The poten t ia l  appl ica t ions ,  coupled 
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1066 SMITH ET A L .  

with present  l i m i t a t i o n s  of  t h e o r e t i c a l  methods f o r  p r e d i c t i o n  o f  
s u p e r c r i t i c a l  f l u i d  s o l u b i l i t i e s  (and o t h e r  p r o p e r t i e s ) ,  have 
r e s u l t e d  i n  widespread l a b o r a t o r y  i n v e s t i g a t i o n s .  
s t u d i e s  involve  an i n i t i a l  q u a l i t a t i v e  assessment  of  the a p p l i -  
c a t i o n  and some measurement o f  s o l u b i l i t y .  
carbon d i o x i d e ,  a r e l a t i v e  weal th  o f  a v a i l a b l e  experimental  d a t a  
now exis ts .  
s u r e s  and tempera tures ,  o r  more r e a c t i v e  f l u i d s  ( e . g . ,  ammonia, 
w a t e r ,  e t c )  , experimental  d i f f i c u l t i e s  have hindered progress .  

A number o f  micro-sca le  systems f o r  c h a r a c t e r i z a t i o n  of  super-  
c r i t i c a l  f l u i d  systems a r e  c u r r e n t l y  being developed and a p p l i e d  
i n  our  l a b o r a t o r y .  Many of  t h e s e  methods a r e  based upon instrumen- 
t a t i o n  and approaches developed f o r  c a p i l l a r y  s u p e r c r i t i c a l  f l u i d  
chromatography (4-13) .  
small volumes (<< 1 ml) and i n c o r p o r a t e  o n - l i n e  methods f o r  cont in-  
uous o r  p e r i o d i c  chemical a n a l y s i s .  The advantages o f  t h i s  approach 
inc lude  g r e a t l y  reduced c o s t  and experimental  set-up time, the 
e a s e  with which a wide range o f  experimental  v a r i a b l e s  may be eva lu-  
a t e d  (e .g .  p r e s s u r e ,  t empera ture ,  s o l v e n t  composi t ion,  res idence  
t i m e ) ,  and an almost  n e g l i g i b l e  r i s k  a s s o c i a t e d  with work on t h i s  
s c a l e .  The o n - l i n e  a n a l y s i s  methods a r e  s e n s i t i v e ,  t y p i c a l l y  
r e q u i r i n g  sample flow rates o f  < 5  pl/min,  a l lowing c h a r a c t e r i z a t i o n  
of  even thermal ly  l a b i l e  o r  n o n v o l a t i l e  components ( i n c l u d i n g  
t h o s e  f o r  which convent ional  a n a l y t i c a l  methods a r e  o f t e n  inade-  
q u a t e ) ,  and minimizing consumption o f  t h e  s o l v e n t  and q u a n t i t y  o f  
t h e  mater ia l  requi red  f o r  s tudy .  In a d d i t i o n ,  t h e s e  methods a l low 
measurements over a wide c o n c e n t r a t i o n  range with ex tens ion  t o  
h ighly  d i l u t e  s o l u t i o n s .  The recent a v a i l a b i l i t y  (14)  of instru- 
mentat ion f o r  c a p i l l a r y  s u p e r c r i t i c a l  f l u i d  chromatography (SFC) 
should s e r v e  t o  widen i n t e r e s t  i n  t h e s e  methods. 

T y p i c a l l y  t h e s e  

For s u p e r c r i t i c a l  

For complex systems,  o r  t h o s e  r e q u i r i n g  h igher  pres- 

Such micro-sca le  methods u t i l i z e  extremely 

I n  t h i s  r e p o r t  we d e s c r i b e  t h r e e  new approaches f o r  t h e  mea- 
surement 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 .  These 
methods a r e  based upon c a p i l l a r y  SFC and r e l a t e d  ins t rumenta t ion .  
The methods have been i l l u s t r a t e d  using a romat ic  hydrocarbons and 
a group o f  more complex p o l a r  compounds, mycotoxins of  the t r i c h o t h -  
ecene group. The p r e s e n t  r e s u l t s  i l l u s t r a t e  what appears  t o  be 
t y p i c a l  s o l u b i l i t y  behavior  f o r  sol  i d s  i n  s u p e r c r i t i c a l  f l u i d s  and 
demonstrate  new methods f o r  t h e  s tudy  of  f l u i d  phase e q u i l i b r i a  i n  
d i l u t e  s o l u t i o n s .  

EXPERIMENTAL 

Direc t  S o l u b i l i t y  Measurements from C a p i l l a r y  C e l l s  

The appara tus  used f o r  t h e s e  s t u d i e s  i s  shown i n  Figure 1 and 
i s  n e a r l y  i d e n t i c a l  t o  t h a t  descr ibed  previous ly  f o r  s u p e r c r i  t i c a l  
f l u i d  chromatography-mass spec t romet ry  (SFC-MS) ( 4 - 6 , 9 , 1 1 , 1 3 ) ) .  
I n  b r i e f ,  a p r e s s u r e  regula ted  high p r e s s u r e  s y r i n g e  pump opera ted  
a t  room tempera ture  d e l i v e r s  s o l v e n t  through a 0.2 p1 H P L C  i n j e c t i o n  
valve t o  a c o n s t a n t  temperature  oven. The oven c o n t a i n s  a c a p i l l a r y  
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SOLUBILITIES I N  SUPERCRITICAL FLUIDS 1067 

sample  h o l d e r ,  one end o f  wh ich  i s  d i r e c t l y  connec ted  t o  an  
i n j e c t i o n  v a l v e  and t h e  o t h e r  end t o  a q u a d r u p o l e  mass s p e c t r o m e t e r  
t h r o u g h  a d i r e c t  f l u i d  i n j e c t i o n  ( D F I )  i n t e r f a c e  (6,9,11).  
c a p i l l a r y  sample h o l d e r  ( u p  t o  2 m l o n g )  ensu res  t h a t  e q u i l i b r i u m  
i s  r a p i d l y  a c h i e v e d  due t o  t h e  l a r g e  sample s u r f a c e  a r e a  o b t a i n e d  
b y  c o a t i n g  t h e  s o l u t e  on t h e  i n s i d e  o f  t h e  100 pm I D  f u s e d  s i l i c a  
c d p i l l a r y .  
w i t h  a m i x t u r e  o f  80% h e x a m e t h y l d i s i l a z a n e  (HMDS) and 20% t r i c h l o r o -  
m e t h y l  s i l a n e  t o  ensu re  t h a t  an i n e r t  ( b u t  n o n p o l y m e r i c )  s u r f a c e  
was produced.  The s o l u t e  was t h e n  c o a t e d  o n t o  t h e  w a l l s  o f  t h e  
c a p i l l a r y  u s i n g  a s t a n d a r d  p r o c e d u r e  s i m i l a r  t o  t h a t  used i n  
c o a t i n g  t h e  i n s i d e  o f  a c a p i l l a r y  ch romatog raph ic  co lumn w i t h  
s t a t i o n a r y  phase ( 7 ) .  
i n  d i c h l o r o m e t h a n e  t o  a c o n c e n t r a t i o n  o f  a p p r o x i m a t e l y  2 mg/ml. 
The s o l u t i o n  was t h e n  f o r c e d  i n t o  t h e  c a p i l l a r y  u n t i l  t h e  e n t i r e  
l e n g t h  was f i l l e d  w i t h  s o l u t i o n .  
and t h e  s o l v e n t  removed o v e r  a p e r i o d  o f  s e v e r a l  h o u r s  by  evacu- 
a t i n g  t h e  t u b e  f r o m  t h e  o t h e r  end o f  t h e  c a p i l l a r y .  T h i s  p r o c e d u r e  
was assumed t o  r e s u l t  i n  t h e  d e p o s i t i o n  o f  a u n i f o r m ,  s o l v e n t  f r e e  
f i l m  o f  t h e  sample on t h e  i n n e r  s u r f a c e  o f  t h e  c a p i l l a r y  t o  a d e p t h  
o f  a p p r o x i m a t e l y  50 mono laye rs .  The c o a t e d  column was t h e n  p l a c e d  
i n  t h e  oven o f  t h e  SFC-MS i n s t r u m e n t a t i o n  ( F i g u r e  I). 

The t r a n s f e r  l i n e  i n  t h e  D F I  p robe  was a l s o  a d e a c t i v a t e d  
fused s i l i c a  c a p i l l a r y ,  70  cm l o n g  by  100 pm I D .  A r e s t r i c t o r  (80  
mm l o n g  by  7 pm ID f u s e d  s i l i c a  c a p i l l a r y )  a t  t h e  end o f  t h e  p robe  
c o n t r o l l e d  f l o w  and ensu red  a n e g l i g i b l e  (<.lo b a r )  p r e s s u r e  d r o p  
a l o n g  t h e  c a p i l l a r y  and t r a n s f e r  l i n e .  
p o s s i b l e  r e m a i n i n g  a c t i v e  s i t e s  i n  t h e  t r a n s f e r  l i n e  w i t h  t h e  
s o l u t e  and m i n i m i z e  any  f i l m  t h i c k n e s s  i n h o m o g e n e i t i e s ,  i n s u r i n g  
t h a t  t h e  s o l u t i o n  i s  i n  e q u i l i b r i u m  w i t h  t h e  s o l i d  s o l u t e  w h i l e  
p a s s i n g  down t h e  t r a n s f e r  l i n e ,  t h e  sys tem was f i r s t  " c o n d i t i o n e d "  
by  h e a t i n g  t h e  p robe  and oven t o  t h e  d e s i r e d  t e m p e r a t u r e  , then 
r a i s i n g  t h e  p r e s s u r e  o f  t h e  s o l v e n t  u n t i l  a good s i g n a l  was o b t a i n e d  
on  t h e  s p e c t r o m e t e r .  
m a t e r i a l  i n  t h e  t r a n s f e r  l i n e  t o  d r o p  o u t  o f  s o l u t i o n  and c o a t  t h e  
s u r f a c e .  

The 

The c a p i l l a r y  was d e a c t i v a t e d  by  s i l y l a t i o n  a t  3 5 0 O C  

To a c c o m p l i s h  t h i s ,  t h e  s o l u t e s  were  d i s s o l v e d  

One end o f  t h e  co lumn was capped 

I n  o r d e r  t o  c o a t  any  

The p r e s s u r e  was t h e n  reduced,  c a u s i n g  t h e  

Fo r  s o l u b i l i t y  measurements, t e m p e r a t u r e  was h e l d  c o n s t a n t  
and t h e  s o l v e n t  p r e s s u r e  r a i s e d  s t e p w i s e  f r o m  a s e l e c t e d  s t a r t i n g  
v a l u e .  S u f f i c i e n t  t i m e  was a l l o w e d  between s t e p s  f o r  t h e  sys tem 
t o  r e a c h  e q u i l i b r i u m  (< 5 m i n )  b e f o r e  d a t a  were a c q u i r e d .  The 
mass s p e c t r o m e t e r  was o p e r a t e d  i n  t h e  chemica l  i o n i z a t i o n  ( C I )  
mode w i t h  ammonia as t h e  r e a g e n t  gas ( 6 , l l ) .  
t h e  t r i c h o t h e c e n e s  s t u d i e d  produced p r i m a r i l y  (M t 18)+  i o n s  w i t h  
abundances p r o p o r t i o n a l  t o  t h e  mass f l u x  e n t e r i n g  t h e  d e t e c t o r  
( 1 3 ) .  The s p e c t r o m e t e r  was equ ipped  w i t h  an E x t r e l  Model 271 d u a l  
e l e c t r o n  i o n i z a t i o n  ( E I ) / C I  sou rce ,  w h i c h  a l l o w e d  s w i t c h i n g  modes 
e l e c t r o n i c a l l y  and p e r m i t t e d  measur ing  t h e  s o l v e n t - f l o w  r a t e  by 
m o n i t o r i n g  t h e  s o l v e n t  s i g n a l  i n  t h e  E l  mode. T h e r e f o r e ,  a t  each 
p r e s s u r e  s t e p  t h e  s o l u t e  s i g n a l  was measured i n  t h e  CI mode and 
t h e  s o l v e n t  s i g n a l  r e c o r d e d  i n  t h e  E I  mode. A T e k n i v e n t  d a t a  sys tem 
c o n t r o l l e d  mass s p e c t r o m e t e r  s c a n n i n g  and d a t a  a c q u i s i t i o n .  

Under t h e s e  c o n d i t i o n s  
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Th is  procedure was con t inued  u n t i l  t h e  sample was exhausted. 
The system was then c a l i b r a t e d  f o r  an a b s o l u t e  response f a c t o r  
u s i n g  a 0.2 p l  HPLC i n j e c t i o n  v a l v e  t o  i n j e c t  a s o l v e n t  b lank  i n t o  
t h e  system, f o l l o w e d  by i n j e c t i o n  o f  a s tandard  s o l u t i o n  c o n t a i n i n g  
a known amount o f  t h e  s o l u t e .  These i n j e c t i o n s  a l l owed  determina-  
t i o n  o f  t h e  abso lu te  response o f  t h e  system f o r  each experiment. 
The s o l v e n t  f l o w  r a t e  was c a l i b r a t e d  by r e c o r d i n g  t h e  EI s o l v e n t  
s i g n a l ;  t hen  w i thd raw ing  t h e  probe and measuring t h e  a b s o l u t e  
f l o w  from t h e  r e s t r i c t o r  w i t h  a f l o w  meter  a t  t h e  same temper- 
a t u r e .  The s o l u t e  c o n c e n t r a t i o n s  were c a l c u l a t e d  f rom the  r a t i o  
o f  s o l u t e  s i g n a l  t o  s o l v e n t  s i g n a l  c o r r e c t e d  f o r  t h e  a p p r o p r i a t e  
mass s p e c t r o m e t r i c  response f a c t o r s .  

Pressure o f  Threshold S o l u b i l i t y  Measurements 

The i n s t r u m e n t a t i o n  used f o r  t h r e s h o l d  pressure measurement 
i s  s i m i l a r  t o  t h a t  used f o r  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  chro-  
matography w i t h  f lame i o n i z a t i o n  d e t e c t i o n .  A schematic diagram 
o f  t h i s  i n s t r u m e n t a t i o n  i s  shown i n  F igu re  2. The apparatus 
u t i l i z e d  a m o d i f i e d  Var ian  8500 s y r i n g e  pump c o n t r o l l e d  w i t h  a 
microcomputer t o  m a i n t a i n  accu ra te  pressure c o n t r o l  and generate 
programmed pressure ramps. A pressu re  t ransducer  ( S e t r a  Systems, 
Model 204) mon i to red  pressure d u r i n g  t h r e s h o l d  pressure de te rm ina t ions  
(accuracy f 0.3 b a r ) ,  and t h e  p r e c i s i o n  and s t a b i l i t y  o f  t he  
pressure c o n t r o l  was t 0.1 ba r .  Constant temperature c o n d i t i o n s  
(t 0.5OC) were p rov ided  by a Hewlet t -Packard 5700 gas chromato- 
graph oven. D e t e c t i o n  o f  t h e  d i s s o l v e d  s o l u t e  was w i t h  a f lame 
i o n i z a t i o n  d e t e c t o r .  
s i l i c a  c a p i l l a r y  t u b i n g  was used as t h e  sample c e l l .  
was accomplished as desc r ibed  f o r  t h e  c a p i l l a r y - e q u i l i b r i u m  s t u d i e s .  
Sample s o l u t i o n s  were i n t r o d u c e d  i n t o  the  c a p i l l a r y  t u b i n g  a t  ambient 
temperatures w i t h  a 0.06 p1 Valco C14W HPLC i n j e c t i o n  va l ve .  The 
c a p i l l a r y  t u b i n g  was connected t o  t h e  i n j e c t i o n  v a l v e  th rough  a 
s p l i t t e r  dev i ce  which a l l owed  an 1:80 s p l i t  f l o w  i n t o  t h e  c a p i l l a r y  
t u b i n g  so t h a t  t h e  a c t u a l  sample volume i n j e c t e d  was - 0.7 n l .  
The l i n e a r  v e l o c i t y  o f  t he  s u p e r c r i t i c a l  carbon d i o x i d e  was c o n t r o l -  
l e d  t o  app rox ima te l y  1.5 cm/sec by connec t ing  t h e  t e r m i n a l  end o f  
t h e  100 prn c a p i l l a r y  t u b i n g  w i t h  a s h o r t  l e n g t h  (25  mm) o f  5 prn I 0  
fused s i l i c a  r e s t r i c t o r  column. 

Threshold pressure measurements were made by i n j e c t i n g  a 
s o l u t i o n  o f  t h e  s o l u t e  a t  a s e l e c t e d  oven temperature.  
were prepared i n  methy lene c h l o r i d e  a t  app rox ima te l y  20 mg/ml 
c o n c e n t r a t i o n .  The pressure o f  t h e  carbon d i o x i d e  was h e l d  s l i g h t l y  
above t h e  c r i t i c a l  pressure ( -  75 b a r )  d u r i n g  i n j e c t i o n  and e l u t i o n  
o f  t h e  s o l v e n t  band. 
a t  2.0 o r  4.0 bar /minute.  The pressure was recorded when t h e  s o l u t e  
band was e l u t e d .  To c o r r e c t  f o r  t r a n s i t  t i m e  th rough  t h e  c a p i l l a r y ,  
t h e  f l o w  r a t e s  were determined and c o r r e c t e d  f o r  v a r i a t i o n s  i n  t h e  
l i n e a r  v e l o c i t y  o f  t h e  s u p e r c r i t i c a l  carbon d i o x i d e  due t o  p ressu re  
ramp r a t e  (12 )  by i n j e c t i n g  a v o l a t i l e  s o l v e n t  and measuring i t s  
e l u t i o n  t i m e  a t  v a r i o u s  pressures and c a l c u l a t i n g  i n t e g r a t e d  

A 6 m x 100 pm ID l e n g t h  o f  d e a c t i v a t e d  fused 
D e a c t i v a t i o n  

S o l u t i o n s  

The p ressu re  was then  s l o w l y  increased,  t y p i c a l l y  
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1070 SMITH ET AL. 

Threshold Pressure Measurement Instrumentation 

Recorder 7 
Flame Ionization Detector 

n I 

Depressurization 

Zero Dead Volume 

Capillary Column 

Constant Temperature Oven 

F i q u r e  2. Scheii iat ic i l l u s t r a t i o n  of instruiiieritat,ion usrd  for  prr’ssure 
o f  threshold s o l u h i l i t y  iiieasuimiiprits w i t h  Tldii ie ion iza t ion  
de tec t ion  and f o r  cap i l l a ry  supe rc r i t i ca l  f l u i d  chroiiiattrqra~ihy. 

e l u t i o n  t i m e s  as d e s c r i b e d  p r e v i o u s l y  ( 1 2 ) .  The s o l u t e s  i n c l u d e d  
py rene ,  benzo [e lpy rene ,  d i a c e t o x y s c i r p e n o l  ( D A S ) ,  d e o x y n i v a l e n o l  
(DON), and T-2 T o x i n  (T -2 ) .  

C a p i l l a r y  Chromatography Measurements 

i n  d e t a i l  e l sewhere  (7,10,13) and i s  s i m i l a r  t o  t h a t  d e s c r i b e d  
above, e x c e p t  an open t u b u l a r  c a p i l l a r y  co lumn c o a t e d  w i t h  a p o l y -  
m e r i c  s t a t i o n a r y  phase was used. The r e t e n t i o n  f a c t o r s  o f  s e l e c t e d  
s o l u t e s  under  i s o t h e r m a l  c o n d i t i o n s  a t  v a r i o u s  p r e s s u r e s  were  o b t a i n e d  
u s i n g  c a p i l l a r y  columns c o a t e d  w i t h  a c r o s s - l i n k e d  5%-pheny l  p o l y m e t h y l -  
p h e n y l s i l o x a n e  s t a t i o n a r y  phase and c a r b o n  d i o x i d e  as t h e  m o b i l e  

The e x p e r i m e n t a l  a p p a r a t u s  and t e c h n i q u e  has been d e s c r i b e d  
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SOLUBILITIES I N  SUPERCRITICAL FLUIDS 1071 

phase. The r e t e n t i o n  t i m e s  o f  t h e  s o l u t e  as a f u n c t i o n  o f  c a r b o n  
d i o x i d e  p r e s s u r e  were d e t e r m i n e d  by  a r e p o r t i n g  i n t e g r a t o r  w i t h  an  
a c c u r a c y  o f  0.1 second. 

RESULTS AND DISCUSSION 

C a p i l l a r y - E q u i l  i b r i u m  C e l l  Measurements 

The f u s e d  s i l i c a  c a p i l l a r y - e q u i l i b r i u m  c e l l  p r o v i d e s  r e l a t i v e l y  
r a p i d  measurements o f  s o l u b i l i t y  (< - 1 0  m i n  p e r  datum) because o f  
t h e  c o n t i n u o u s  n a t u r e  o f  t h e  e x p e r i m e n t  and t h e  l a r g e  s u r f a c e  a r e a  
o f  t h e  c o a t e d  c a p i l l a r y ,  w h i c h  a s s u r e s  r a p i d  e q u i l i b r i u m  i s  a t t a i n e d .  
D i r e c t  f l u i d  i n j e c t i o n - m a s s  s p e c t r o m e t r i c  a n a l y s i s  a l l o w s  c o n t i n u o u s  
m o n i t o r i n g  o f  t h e  abundances o f  t h e  s o l u t e  and s o l v e n t  w i t h  v i r t u a l l y  
no r e s t r i c t i o n  on t h e  n a t u r e  o f  t h e  sys tem (4,6,10,11). 
f i v e  o r d e r s  o f  magn i tude  change i n  s o l u b i l i t y  c o u l d  be measured 
from a s i n g l e  co lumn l o a d i n g .  The maximum s o l u b i l i t y  obse rved  i n  
t h e s e  s t u d i e s  was a b o u t  3.3 x 10-3  m o l e  f r a c t i o n ,  and may s t i l l  be 
c o n s i d e r e d  r e l a t i v e l y  d i l u t e .  One p r a c t i c a l  r e s t r i c t i o n  o f  t h e  
c a p i l l a r y - e q u i l i b r i u m  t e c h n i q u e  i s  t h e  l i m i t a t i o n  t o  r e l a t i v e l y  
d i l u t e  systems, so t h a t  t h e  s o l u t e  i s  n o t  exhaus ted  f r o m  t h e  c e l l  
a f t e r  o n l y  a few measurements.  As t h e  s o l u t e  c o a t i n g  on  t h e  
d e a c t i v a t e d  f u s e d  s i l i c a  approaches a mono layer ,  s u r f a c e  e f f e c t s  
become s i g n i f i c a n t  and r e l i a b l e  e q u i l i b r i u m  measurements a r e  n o t  
f e a s i b l e .  T h i s  s i t u a t i o n  i s  c h a r a c t e r i z e d  by  c o n t i n u o u s l y  d e c r e a s i n g  
s o l u t e  c o n c e n t r a t i o n ;  such measurements were d i s g a r d e d  and t h e  
c a p i l l a r y  r e c o a t e d  w i t h  s o l u t e .  

Up t o  

F i g u r e s  3 and  4 show s o l u b i l i t y  measurements, as  l o g  mo le  
f r a c t i o n  ( x ) v s .  t h e  c a l c u l a t e d  d e n s i t y  f o r  t h e  p u r e  s o l v e n t  o b t a i n e d  
f r o m  a c u b i c  e q u a t i o n  o f  s t a t e  f o r  d i a c e t o x y s c i r p e n o l  (DAS), T-2 
t o x i n  ( T - 2 ) ,  and d e o x y n i v a l e n o l  (DON) i n  N20 and CF C1 ( f r e o n - 1 3 ) ,  
r e s p e c t i v e l y .  T a b l e  1 l i s t s  t h e  t h r e e  s u p e r c r i t i c a ?  f l u i d  s o l v e n t s ,  
t h e i r  c r i t i c a l  pa ramete rs ,  l i q u i d  d e n s i t i e s  and s o l u b i l i t y  pa ramete rs  
a t  l i q u i d  d e n s i t i e s .  T a b l e  2 g i v e s  t h e  m e l t i n g  p o i n t s  and m o l e c u l a r  
w e i g h t s  o f  t h e  t r i c h o t h e c e n e  m y c o t o x i n s  ( 1 5 ) .  S o l u b i l i t i e s  were 
r e p o r t e d  a t  9 8 O C  i n  Nz0, F i g u r e  3 and 8 9 O C  i n  CF3C1, F i g u r e  4, 
w h i c h  c o r r e s p o n d  t o  a reduced  t e m p e r a t u r e  ( t e m p e r a t u r e / c r i t i c a l  
t e m p e r a t u r e )  o f  1.2. DAS and T-2  a r e  s i g n i f i c a n t l y  l e s s  p o l a r  
t h a n  DON ( a l t h o u g h  t h e  m e l t i n g  p o i n t s  a r e  r o u g h l y  e q u i v a l e n t )  and 
t h u s  have much g r e a t e r  s o l u b i l i t i e s  i n  n i t r o u s  o x i d e  under  most  
c o n d i t i o n s .  I n  a l l  cases  d r a m a t i c  i n c r e a s e s  i n  s o l u b i l i t y  were  
o b s e r v e d  as  d e n s i t y  was i n c r e a s e d .  

Qua1 i t a t i v e l y  t h e s e  r e s u l t s  show a n e a r l y  l i n e a r  r e l a t i o n  
be tween l o g  m o l e  f r a c t i o n  and d e n s i t y  f o r  d i l u t e  s o l u t i o n s .  
I n t e r e s t i n g l y ,  compar i son  o f  N20 and CF3C1 d a t a  shows t h a t  t h e  
d i v e r g e n c e  f r o m  t h i s  t r e n d  o c c u r s  a t  much l o w e r  c o n c e n t r a t i o n s  f o r  
CF3C1. T h i s  o b s e r v a t i o n  i s  c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  CF3C1 i s  
g e n e r a l l y  an  i n f e r i o r  s o l v e n t  compared t o  N 0 o r  CO2.  

i n  s o l v a t o c h r o m i c  s t u d i e s  (16), where s o l v e n t  p r o p e r t i e s  o f  CF3C1 
change more g r a d u a l l y  w i t h  d e n s i t y  t h a n  N20 o r  C02. 

T h i s  
c o i n c i d e s  w i t h  t h e  obse rved  e f f e c t s  upon so f v e n t  p r o p e r t i e s  seen 
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1 0 7 2  SMITH ET A L .  

F i g u r e  3. S o l u b i l i t y  ( l o g  ,no le  f r a c t i o n )  a s  a 
f u n c t i o n  o f  n i t r o u s  o x i a e  f l u i d  
d e n s i t y  f o r  t h r e e  t r i c n o t n e c e n e s  
a t  9 2 O C .  
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- 3  

CCIF, - 8S0C (1.2 Tcl 

Density (glcm’) 

Figure 4. Solubility (log mole fraction) as a function 
of freon-13 fluid density for three 
trichothecenes at 89OC. 
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1074 SMITH ET A L .  

TABLE 1: Properties ( 3 3 )  o f  Supercritical Solvents used in this Work 

Solvent T, ( O K 1  Pr (MPa) pc (g / cm3)  pi (q/cm3)a 

CO2 304 7.36 0.46 1.24 

N20 310 7 . 2 4  0.45 1.22 

CF3C1 3 02 3.86 0.58 1.57 

a Density o f  subcritical liquid at atmospheric pressure. 
Determined as described in Reference 17. 

Solubil it i: Parameter 
(caI/cm3)1/2 

10.7 

10.6 

7.7 

TABLE 2. Physical Properties o f  Trichothecene Mycotoxinsa 

Molecular Molecular 
Trichothecene Formula Weight Me1 ting P o i n t  

Oeoxyn i va 1 eno 1 (DON ) C15H2006 2 96 151-153OC 

Diacetoxyscirpenol (DAS) c19H2607 3 66 162- 164oC 

T-2 Toxin (T-2) C24H3409 466 151-15ZoC 

a Reference 15.  

A marked inc rease  i n  s o l u b i l i t y  w i t h  temperature a t  a f i x e d  

The r e l a t i v e  s o l u b i l i t i e s  were DAS 7 T-2 

d e n s i t y  i s  a l s o  observed. The p r o p o r t i o n a l  i nc rease  i s  n o t  the  
same f o r  a l l  o f  t h e  s o l u t e s ,  w i t h  DON showing a l a r g e r  e f f e c t  t han  
t h e  l e s s  p o l a r  s o l u t e s .  
> DON, b u t  t h e  observed temperature dependence suggests t h a t  t h e  
o r d e r  m i g h t  change a t  s u f f i c i e n t l y  h i g h  temperatures.  
compares s o l u b i l i t i e s  f o r  DAS a t  a reduced temperature o f  1.1 i n  
N20 and CO2.  
r e l a t i n g  d e n s i t y  t o  t h e  s o l u b i l i t y  parameter o f  t h e  f l u i d ,  as 
desc r ibed  by Giddings ( 1 7 ) .  I n  comparing s o l u b i l i t y  i n  CO2 w i t h  

F i g u r e  5 

R e l a t i v e  s o l u b i l i t i e s  can a l s o  be compared by 
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-7 

- 8  

1 0 7 5  
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1076 SMITH ET A L .  

s o l u b i l i t y  i n  N20, i t  should be noted t h a t  f o r  a given pressure 
the  reduced dens i t i e s  and s o l u b i l i t y  parameters of the  two f l u i d s  
will  be nearly the same since t h e i r  c r i t i c a l  parameters a re  
s imi la r  (Table 1 ) .  

S o l u b i l i t i e s  a r e  qu i t e  d i f f e r e n t  between the  CF3C1 a n d  N20 
supe rc r i t i ca l  solvents.  Figure 6 gives the  s o l u b i l i t i e s  of DAS 
and DON i n  the  two f lu ids  as a function of s o l u b i l i t y  parameter 
(which i s  d i r e c t l y  proportional t o  dens i ty  for  a pa r t i cu la r  
f l u i d ) .  I t  can be seen t h a t  s o l u b i l i t y  increases more rapidly in  
N20 t h a n  in CF3C1 as the  s o l u b i l i t y  parameter increases.  This i s  
cons is ten t  with the observed e f f e c t s  upon solvent properties 
observed i n  solvatochromic s tudies  ( 1 6 )  where we have observed the 
so lva t ing  proper t ies  of CF-jCl t o  change much more gradually with 
dens i ty  t h a n  N20. I t  can a l so  be seen from Figures 3 and 4 t h a t  
s o l u b i l i t i e s  become more s imi la r  a t  low dens i t i e s  as the cont r i -  
bution due t o  vapor pressure becomes s ign i f i can t .  
f o r  other f l u i d s  a n d  temperatures a n d  in multicomponent mixtures 
wi 11 be reported e l  sewhere (18). 

Similar d a t a  

Pressure of Threshold So lub i l i t y  Measurements 

The concept of "threshold pressure" was originated by 
Giddings and coworkers ( 1 7 ,  19)  and r e fe r s  t o  the  pressure a t  
which de tec tab le  migration ( o r  s o l u b i l i t y )  occurs. Consideration 
of the s o l u b i l i t y  d a t a  for  the  tr ichothecenes shows t h a t  the 
threshold pressure would  obviously be dependent u p o n  the  
s e n s i t i v i t y  of the ana ly t ica l  method01 ogy used t o  e s t ab l i sh  mi g ra -  
t ion .  T h u s ,  physically useful threshold pressure measurements a re  
obtained only when ( a )  the  de tec tor  s e n s i t i v i t y  i s  r e l a t ive ly  
constant or pred ic tab le  from compound t o  compound, and  ( b )  when 
the  range o f  s o l u b i l i t i e s  of i n t e r e s t  i s  l imited t o  r e l a t i v e l y  
d i l u t e  so lu t ions .  The f i r s t  l imi t a t ion  i s  necessary t o  allow 
meaningful comparison of the threshold pressures between 
compounds. The second a r i s e s  from the  f a c t  t h a t  r e l a t i v e  
s o l u b i l i t i e s  in d i l u t e  so lu t ions  a re  often nearly invar ian t  with 
pressure a t  constant temperature (e .g . ,  see Figures 3 a n d  4 ) ,  a n d  
t he  s e n s i t i v i t y  of the ana ly t ica l  technique readi ly  allows 
measurements in t h i s  regime. Since s o l u b i l i t y  var ies  s t rongly  
with pressure,  minor changes or var ia t ions  in de tec tor  s e n s i t i v i t y  
a re  not l i k e l y  t o  be the  l imi t ing  f ac to r  in determining the  
qua l i t y  of threshold pressure measurements. 

An example of a threshold pressure measurement i s  given in 
Figure 7 which shows flame ioniza t ion  de tec tor  response t o  T-2  
toxin a t  62OC ( T R  = 1 . 1 )  i n  supe rc r i t i ca l  carbon dioxide.  After 
i n j ec t ion  of the T-2 toxin in the sample solvent (methylene 
ch lor ide)  a n d  e lu t ion  of the  so lvent ,  the pressure was increased 
a t  a r a t e  of t yp ica l ly  2 o r  4 bar/min unt i l  e lu t ion  o f  the so lu te  
was observed (peak a t  r i g h t ) .  A t  higher pressure ramp ra t e s  t he  
r i s e  in so lu t e  signal i s  t yp ica l ly  qu i t e  sharp due t o  the  rapid 
increase in s o l u b i l i t y  with pressure. Response t o  a n  a r b i t r a r y  
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-3 

- 4  

- 5  

- 6  

- 7  

- 8  
1 2 3 4 5 

1 0 7 7  

Solubility Parameter (calorie:$ cm-3’2) 
F i g u r e  6. Comparison of s o l u b i l i t i e s  of CAS and DON i n  

n i t r o u s  ox ide  and f reon-13 a s  a f u n c t i o n  of 
s o l u b i l i t y  parameter .  
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1078 SMITH ET A L .  

Q 

Figure 7 .  Examole o f  d a t a  obtained during a pressure o f  t h r e s n o l d  
so iub i l i ry  nessurment  f o r  T - 2  t o x i n  ‘o r  a 3ressut-e ramp 
r a t e  of  4 bar/min w i t h  carbon dioxide j t  6i°C. 

i n t ens i ty  level i s  considered the uncorrected threshold pressure. 
The pressure a t  the  time of e lu t ion  i s  then corrected fo r  flow 
r a t e  ( i . e . ,  t r a n s i t  time through the column) and the  actual 
pressure of threshold s o l u b i l i t y  ca lcu la ted .  Comparison of th res -  
hold pressure measurements with actual sol ubi 1 i t y  measurements for  
the trichothecenes ind ica tes  t h a t  the  threshold s o l u b i l i t y  
concentration corresponds t o  a mole f r ac t ion  of DAS or  T-2 in the 
range of 0.5 -3 x 10-5 ( f o r  a de tec tor  signal-to-noise r a t i o  of 
about 50:l . )  

Tables 3 a n d  4 give threshold pressure measurements for two 
polycyclic aromatic hydrocarbons a n d  the three  tr ichothecenes a t  
various temperatures for  supe rc r i t i ca l  carbon dioxide. The 
measurements in Table 3 fo r  pyrene and benzo[e]pyrene show tha t  the  
threshold pressure appears t o  pass through a maximum as temper- 
a tu re  i s  increased fo r  pyrene, while a s t ead i ly  increasing 
value was observed for  benzo[e]pyrene. 
decreased solvent dens i ty  leads t o  lower s o l u b i l i t y  in the  f lu id  
a t  constant pressure as temperature i s  increased. This i s  
manifested a s  a n  increased threshold pressure. For pyrene a more 

For benzo[e]pyrene the  
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TABLE 3.  Threshold Pressure Measurements i n  Carbon D i o x i d e  

Pressure (Bar)  

Temperature Pyrene Benzorelpyrene 

45oc 64.1 f. 1.1 84.1 f 0.1 

55oc 70.8 f 0.1 92.9 2 0.2 

750c 63.2 f 0.2 106.8 f. 0.7 

lO0OC 61.8 f 0.3 117.1 f 1.0 

125OC 49.0 f 0.2 125.2 2 1.0 

TABLE 4 .  Trichothecene Threshold Pressure Measurements 
in Carbon Dioxide 

Pressure Bar 

Temperature OAS T- 2 DON 

62OC (TR = 1.1) 125.1 f. 0.5 120.0 f 2.0 --  

92OC (TR = 1.2) 122.8 f. 1.1 157.2 f 0.5 197.1 2 1.1 

125OC (TR = 1.3) -- - -  166.9 f 0.2 

c o m p l i c a t e d  case  is observed  because o f  i t s  g r e a t e r  v o l a t i l i t y .  
I n i t i a l l y  t h e  t h r e s h o l d  p r e s s u r e  i n c r e a s e d  because o f  dec reased  
s o l v e n t  d e n s i t y ,  b u t  above - 60012 t h e  t h r e s h o l d  p r e s s u r e  dec reased  
because o f  t h e  l a r g e  i n c r e a s e  i n  vapor  p r e s s u r e .  

Somewhat s i m i l a r  t r e n d s  can  be seen i n  T a b l e  4 f o r  t h e  
t r i c h o t h e c e n e s .  The h i g h e r  m o l e c u l a r  w e i g h t  T-2 gave an  i n c r e a s e d  
t h r e s h o l d  p r e s s u r e  when t e m p e r a t u r e  was i n c r e a s e d ,  w h i l e  t h e  l o w e r  
m o l e c u l a r  w e i g h t  DAS had a n e a r l y  c o n s t a n t  v a l u e .  
a dec reased  t h r e s h o l d  p r e s s u r e  a t  e l e v a t e d  tempera tu res .  I t  
s h o u l d  be n o t e d  t h a t  f o r  b o t h  t h e  a r o m a t i c  hyd roca rbons  and t h e  
t r i c h o t h e c e n e s  t h a t  t h e  r e t e n t i o n  b e h a v i o r  i n  SFC shows a v e r y  
s i m i l a r  dependence upon p r e s s u r e  and t e m p e r a t u r e  (12 ) ;  however,  
t h e  t r i c h o t h e c e n e s  show changes i n  e l u t i o n  o r d e r  w i t h  DON u s u a l l y  
e l u t i n g  from t h e  ch romatog raph ic  co lumn between DAS and T-2 (13 ) .  

The DON showed 
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The pressure o f  t h r e s h o l d  s o l u b i l i t y  measurements a r e  
r e l a t i v e l y  r a p i d  and p r o v i d e  i n f o r m a t i o n  on r e l a t i v e  s o l u b i l i t i e s  
and separa t i ons  i n  d i l u t e  s u p e r c r i t i c a l  f l u i d  s o l u t i o n s .  Whi le  
such t h r e s h o l d  measurements a re  more e a s i l y  ob ta ined  than  t h e  
c a p i l l a r y - e q u i l i b r i u m  c e l l  s t u d i e s  desc r ibed  p r e v i o u s l y ,  t h e y  a r e  
more l i m i t e d  because o f  t h e  f i x e d  m i g r a t i o n  c o n c e n t r a t i o n  measured 
( i .e . ,  t h e  t h r e s h o l d  s o l u b i l i t y ) .  I n  p r i n c i p l e ,  such measurements 
can be extended by i n j e c t i o n  o f  l a r g e  volumes o f  s o l u t e  so t h a t  a 
con t inuous  measurement o f  s o l u b i l i t y  vs. pressure can be ob ta ined  
d u r i n g  t h e  programmed p ressu re  i nc rease  ( s i n c e  t h e  f l o w  r a t e  i s  
r e a d i l y  measured i n  a d d i t i o n  t o  t h e  s o l u t e  c o n c e n t r a t i o n ) .  
t h i s  l i m i t ,  t h e  technique would be t h e  same as t h e  c a p i l l a r y -  
e q u i l i b r i u m  measurements, w i t h  t h e  d i f f e r e n c e  due t o  t h e  method o f  
s o l u t e  d e p o s i t i o n  i n  t h e  c a p i l l a r y  ( i  .e., s t a t i c  o f f - l i n e  c o a t i n g  
vs. a dynamic s o l u t e  i n j e c t i o n / c o a t i n g  process) .  I n  p r a c t i c e ,  
t h i s  i s  d i f f i c u l t  because o f  t h e  need t o  evaporate s u b s t a n t i a l  
q u a n t i t i e s  o f  l i q u i d  s o l v e n t s  w h i l e  a v o i d i n g  immediate t r a n s f e r  o f  
t h e  s o l u t e  t o  t h e  d e t e c t o r .  
may be t o  u t i l i z e  a s u p e r c r i t i c a l  f l u i d  for s o l u t e  i n t r o d u c t i o n  t o  
t h e  c a p i l l a r y .  

I n  

A p o s s i b l e  s o l u t i o n  t o  t h i s  problem 

S o l u b i l i t y  Measurements f rom Chromatographic S tud ies  

The a b i l i t y  t o  measure s u p e r c r i t i c a l  f l u i d  s o l u b i l i t i e s  a t  a 
s e l e c t e d  pressure and temperature by a chromatographic process 
would be g e n e r a l l y  v a l u a b l e  s i n c e  i t  would be r a p i d  and would 
c i  rcumvent t h e  1 i m i t a t i o n s  o f  t h r e s h o l d  so l  u b i l  i t y  measurements t o  
more d i l u t e  s o l u t i o n s .  
account  the  chromatographic phase p a r t i t i o n i n g  process. Recent 
work w i t h  h i g h l y  d e a c t i v a t e d  and n o n s e l e c t i v e  s t a t i o n a r y  phases i n  
c a p i l l a r y  SFC has suggested t h a t ,  i n  t h e  absence o f  a d s o r p t i o n  and 
s p e c i f i c  chemical i n t e r a c t i o n s  w i t h  t h e  s t a t i o n a r y  phase, f l u i d  
phase s o l u b i l i t y  i s  t he  major  de te rm inan t  o f  r e t e n t i o n  (20 ) .  
i n t e r e s t  here was t o  use a v a i l a b l e  s o l u b i l i t y  data t o  p r e d i c t  
r e t e n t i o n  i n  SFC, w i t h  t h e  i m p l i c i t  assumption t h a t ,  i f  
success fu l ,  t h e  a l t e r n a t i v e  p r e d i c t i o n  . o f  r e l a t i v e  s o l u b i l i t i e s  
would a1 so be f e a s i  b l  e. 

R e t e n t i o n  i n  SFC. i s  determined by s o l u t e  s o l u b i l i t y  i n  t h e  

Any such measurements must t a k e  i n t o  

Our 

f l u i d  and s o l u t e  i n t e r a c t i o n  w i t h  t h e  s t a t i o n a r y  phase. 
f u n c t i o n a l  re1  a t i o n s h i  p between r e t e n t i o n  and p ressu re  a t  cons tan t  
temperature has been desc r ibed  by Van Wasen and Schneider ( 2 1 ) .  
The t r e n d  i n  r e t e n t i o n  i s  shown t o  depend on t h e  p a r t i a l  molar  
volume o f  t h e  s o l u t e  i n  t h e  mob i l e  and s t a t i o n a r y  phases coupled 
w i t h  t h e  i so the rma l  c o m p r e s s i b i l i t y  o f  t h e  f l u i d  mob i l e  phase. 

The 

A s imp le  r e l a t i o n s h i p  between s o l u b i l i t y  and chromatographic 
r e t e n t i o n  was d e r i v e d  from which s o l u t e  r e t e n t i o n  behav io r  can be 
examined on t h e  bas i s  o f  t h e o r y  and exper iment  i n  o r d e r  t o  ga in  
some i n s i g h t  i n t o  t h e  comp l i ca ted  dependence o f  r e t e n t i o n  on t h e  
thermodynamic and p h y s i c a l  p r o p e r t i e s  o f  t h e  s o l u t e  and t h e  f l u i d .  
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SOLUBILITIES IN SUPERCRITICAL FLUIDS 1081 

The s o l u b i l i t y  o f  a pure, i ncompress ib le  s o l u t e  i n  a f l u i d  over  
t h e  pressure r e g i o n  o f  i n t e r e s t  has been d iscussed i n  a s imp le  
form by Gi t terman and Procacc ia ( 2 2 ) .  
s o l u b i l i t y  i n  a f l u i d  w i t h  t h e  equa t ion  f o r  r e t e n t i o n  as a f u n c t i o n  
o f  pressure a l l o w s  one t o  determine t h e  e f f e c t  o f  s o l u b i l i t y  on 
s o l u t e  r e t e n t i o n .  

The combinat ion of s o l u t e  

I n  SFC t h e  b a s i c  assumption o f  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  o f  
t h e  s o l u t e  in t he  mob i l e  and s t a t i o n a r y  phases is  g e n e r a l l y  v a l i d .  
The c o n c e n t r a t i o n  o f  t he  s o l u t e  i n  these r e s p e c t i v e  phases i s  C i  = 
X i / V m ,  where X i  i s  t h e  mole f r a c t i o n  o f  s o l u t e  ( i )  and Vm i s  t h e  
mo la r  volume o f  t he  pure mob i l e  o r  s t a t i o n a r y  phase ( 2 1 ) .  S o l u t e  
r e t e n t i o n  i s  c a l c u l a t e d  from a d imension less r e t e n t i o n  f a c t o r ,  k, 
where, 

) (1  1 
s t a t  mob 

k = ( C i  / C i  ) - (Vstat/Vmob 

C i s t a t  and C imob  a r e  t h e  c o n c e n t r a t ' o  o f  solube ( i )  i n  t h e  s t a t i o n a r y  
and mob i l e  phases, r e s p e c t i v e l y ,  Vstae and Vmo a re  t h e  volumes o f  
t h e  s t a t i o n a r y  and mob i l e  phase. S u b s t i t u t i n g  f o r  c o n c e n t r a t i o n  
i n t o  equa t ion  1, 

k = (Xjstat/Ximob) . (Vmmob/Vmstat) . (Vstat/Vmob) 

I n k  = I n  (Xistat/Ximob) + I n  (V, mob " s t a t  /Vm s t a t p o b )  

(2) 

o r  a l t e r n a t i v e l y :  

(3) 

A t  e q u i l i b r i u m ,  t h e  s o l u t e  chemical p o t e n t i a l  i n  t h e  r e s p e c t i v e  

phases a r e  equal ,  P i  stat = Pimob ( 2 3 ) .  The re fo re ,  

where p i0  is  t h e  chemical p o t e n t i a l  a t  t h e  chosen standard s t a t e  
a t  i n f i n i t e  d i l u t i o n  o f  s o l u t e  (i) i n  t h e  two phases. Rearranging 
e q u a t i o n  4, 

I n  ( ~ j s t a t / ~ i m o b )  = (pimob - F i ~ t a t ) / ~ ~  ( 5 )  

S u b s t i t u t i n g  equa t ion  5 i n t o  3, 

) ( 6 )  mob - ,,istat) / RT + In (VmmobVstat  statVmob 
I n k  = ( P i  /Vm 

An assumption can be made t h a t  t h e  second te rm on t h e  right,&nd 
s i d e  o f  equa t ion  6 i s  independent o f  p ressu re  except  f o r  V, 
t h e  mo la r  volume o f  t h e  f l u i d  mob i l e  phase. Therefore,  d i f f e r e n t i -  
a t i o n  o f  equa t ion  6 w i t h  respec t  t o  pressure a t  cons tan t  temperature 
y i e l d s ,  

, 
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1082 SMITH ET A L .  

s t a t  
( 7  1 

(a lnk /aP)T  = 1/RT ( a I i m o b /  8P)T  - ( a v i  /ap)T 
+ ( a l n  Vmmob/aP)T 

The p a r t i a l  mo la r  volume o f  a s o l u t e  i s  d e f i n e d  as ( a p i h p ) ~  ( 2 3 )  
and on r e a r r a n g i n g  t h e  second term i n  equa t ion  7 i s  seen t o  be t h e  
i so the rma l  c o m p r e s s i b i l i t y  o f  t h e  f l u i d  mob i l e  phase ( 2 4 ) .  Thus 
on s u b s t i t u t i o n  equa t ion  7 reduces t o ,  

( 8 )  - mob - - s t a t  - (a l n k h  P)T = 1/RT V i  V i  

where ?imob and viStat a r e  t h e  p a r t i a l  molar  volume o f  t h e  s o l u t e  
' i )  i n  t h e  mob i l e  and s t a t i o n a r y  phases a t  i n f i n i t e  d i l u t i o n ,  
r e s p e c t i v e l y ,  and K i s  t h e  i so the rma l  c o m p r e s s i b i l i t y  o f  t h e  f l u i d  
mobi 1 e phase. 

desc r ibed  by G i t t e rman  and Procacc ia (22 ) .  The r e g i o n  o f  i n t e r e s t  
ch romatog raph ica l l y  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 
c o n c e n t r a t i o n  i s  f a r  removed from t h e  l ower  c r i t i c a l  end p o i n t  
(LCEP)  o f  t he  s o l u t i o n .  Therefore t h e  s o l u b i l i t y  o f  t h e  s o l u t e  i n  
a s u p e r c r i t i c a l  f l u i d  a t  i n f i n i t e  d i l u t i o n  f a r  f rom t h e  c r i t i c a l  
p o i n t  can be approximated as, 

The s o l u b i l i t y  o f  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 

where V s  i s  t h e  mo la r  volumg o f  t h e  pure s o l i d  s o l u t e  ( 2 2 ) .  
S o l v i n g  equa t ion  9 f o r  Timo : 

- V i  mob = -RT ( a l n  Ximob/ap)T + v s  

(aInk/,P)T = ( V s  - ViStat)/RT - (91" Ximob/aP)T - K 

(1  0) 

Equat ion 10  can be s u b s t i t u t e d  i n t o  equa t ion  8 and upon rearrange-  
ment, 

(11)  

Equat ion 11 g i ves  t h e  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 p ressu re  a t  cons tan t  temperature f o r  i n f i n i t e l y  d i l u t e  so lu -  
t i o n s  w i t h i n  t h e  l i m i t a t i o n s  o f  t h e  assumptions. The dependence 
o f  k on pressure desc r ibed  by Equat ion 11 c o n s i s t s  o f  t h r e e  terms. 
The f i r s t  t e rm i s  a cons tan t  whose va lue  depends on t h e  p a r t i a l  
molar  volume o f  t he  s o l u t e  i n  t h e  s t a t i o n a r y  phase. The second 
te rm can be determined e x p e r i m e n t a l l y  from b u l k  s o l u b i l i t y  mea- 
surements o f  t h e  s o l u t e  i n  t h e  s u p e r c r i t i c a l  f l u i d  m o b i l e  phase. 
The l a s t  term, t h e  s o l v e n t  i so the rma l  compress ib i l i t y , ,  can be reason- 
a b l y  p r e d i c t e d  f rom a two-parameter, c u b i c  equa t ion  o f  s t a t e  (EOS) 
such as t h e  Redlich-Kwong EOS o r  t h e  Peng-Robinson EOS (25 ,26 ) .  

phase was determi  ed u s i n g  t h e  Redlich-Kwong EOS t o  e v a l u a t e  t h e  
d e r i v a t i v e  (aVmmoE/ap)T i n  equa t ion  12, 

The i so the rma l  c o m p r e s s i b i l i t y  o f  t h e  pure f l u i d  s o l v e n t  mob i l e  

( a l t l  Vmmob/ap)T = (l/Vmmob) * (avmmob/ap)T = - K  (12) 
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The mo la r  volume o f  t h e  pure f l u i d  s o l v e n t  was determined i n  a 
s i m i l a r  f a s h i o n  a l l o w i n g  t h e  i so the rma l  c o m p r e s s i b i l i t y  o f  t h e  
f l u i d  t o  be c a l c u l a t e d .  

There fo re  from equa t ion  11, t h e  t r e n d  i n  r e t e n t i o n  as a f u n c t i o n  
o f  pressure a t  cons tan t  temperature can be determined and i s  r e l a t e d  
t o  t h e  s o l u b i l i t y  o f  t h e  s o l u t e  i n  t h e  s u p e r c r i t i c a l  f l u i d ,  t h e  
i so the rma l  c o m p r e s s i b i l i t y  o f  t h e  s o l v e n t  and t h e  p a r t i a l  mo la r  
volume o f  t h e  s o l u t e  i n  t h e  s t a t i o n a r y  phase a t  i n f i n i t e  d i l u t i o n .  

So lu te  r e t e n t i o n  as a f u n c t i o n  o f  pressure has been determined 
e x p e r i m e n t a l l y  f o r  a wide number o f  s o l u t e s  over  a range o f  tempera- 
t u r e s  and pressures (21 ,  27-29). The t r e n d  i n  r e t e n t i o n  o f  a s o l u t e  
w i t h  p ressu re  can be c o r r e l a t e d  by t h e  s imp le  thermodynamic r e l a t i o n -  
s h i p  g i ven  i n  equa t ion  11. The s o l u b i l i t y  o f  naphthalene i n  CO2 
has been r e p o r t e d  by McHugh and P a u l g i t i s  a t  35OC, 55.00C, 60.4OC, 
and 64.9OC (30). 
ob ta ined  by  i n t e r p o l a t i o n  between t h e  data p o i n t s  w h i l e  t h e  d a t a  
was e x t r a p o l a t e d  t o  l ower  pressures u s i n g  t h e  method o u t l i n e d  by 
K u r n i k  e t  a l .  ( 3 1 ) .  
range o f  pressure.  
t i o n a r y  phase was assumed cons tan t  and independent o f  pressure 
(32). 
r e t e n t i o n  based on t h e  s o l u b i l i t y  o f  t h e  s o l u t e  i n  t h e  mob i l e  phase. 
F i g u r e  8 g i v e s  the  c a l c u l a t e d  r e t e n t i o n  ob ta ined  u s i n g  equa t ion  11 
compared t o  exper imenta l  data.  The s imp le  thermodynamic model 
a l l o w s  s a t i s f a c t o r y  c a l c u l a t i o n  o f  r e t e n t i o n  data 
s i n c e  t h e  assumptions a l l o w  o n l y  one a d j u s t a b l e  d r a m e t e r  (which 
corresponds t o  t h e  a b s o l u t e  magnitude o f  k ) .  

On c l o s e r  examinat ion o f  equa t ion  11, one can deduce t h a t  as 
t h e  i so the rma l  c o m p r e s s i b i l i t y  o f  t h e  s o l v e n t  becomes l e s s  
i m p o r t a n t  ( temperature and pressure f u r t h e r  removed from t h e  
c r i t i c a l  temperature and p ressu re ) ,  (a lnk/aP)T i s  p r o p o r t i o n a l  t o  
t h e  s o l u b i l i t y  o f  t h e  s o l u t e  i n  t h e  f l u i d  phase. Therefore,  if 
s o l u b i l i t y  i s  found t o  be a l i n e a r  f u n c t i o n  o f  d e n s i t y ,  t hen  
r e t e n t i o n  w i l l  m i r r o r  t h i s  behav io r  and a l s o  be a l i n e a r  f u n c t i o n  
o f  d e n s i t y .  Furthermore, as c o n d i t i o n s  a r e  f u r t h e r  removed f rom 
t h e  c r i t i c a l  pressure and temperature o f  t h e  s o l v e n t ,  i t  i s  more 
l i k e l y  t h a t  a cons tan t  s lope  ( (a lnk /aP)T  = c o n s t a n t )  w i l l  be 
ob ta ined .  Such a r e l a t i o n s h i p  i s  commonly observed i n  SFC ( 1 2 ) .  

The s lope  (a lnX imo  /aP)T a t  35OC and 64.9OC was 

Th is  a l l owed  model ing o f  r e t e n t i o n  f o r  a w ide r  
The s o l u t e  p a r t i a l  molar  volume i n  t h e  s ta -  

These assumptions a l l o w  one t o  c a l c u l a t e  t h e  t r e n d  i n  s o l u t e  

p a r t i c u l a r l y  

The simp1 e thermodynamic r e 1  a t i o n s h i  p developed above has 
been shown t o  adequate ly  desc r ibe  t h e  f e a t u r e s  o f  s o l u t e  r e t e n t i o n  
as a f u n c t i o n  o f  pressure a t  cons tan t  temperature f o r  
s u p e r c r i t i c a l  f l u i d  chromatography w i t h i n  a s e t  o f  c o n s t r a i n t s  
i n v o l v i n g  s o l u t e  o r  s o l v e n t  i n t e r a c t i o n s  w i t h  t h e  s t a t i o n a r y  
phase. The approach p rov ides  a r e l a t i o n s h i p  between s o l u t e  s o l u -  
b i l i t y  i n  t h e  f l u i d  mob i l e  phase and s o l u t e  r e t e n t i o n  i n  SFC. 
t r e n d  i n  s o l u t e  r e t e n t i o n  i s  a l s o  dependent on i so the rma l  
c o m p r e s s i b i l i t y  and t h e  p a r t i a l  mo la r  volume o f  t h e  s o l u t e  i n  t h e  
s t a t i o n a r y  phase. The r e s u l t s  c l e a r l y  suggest t h e  use o f  

The 
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Figure 8. Comparison o f  experimental and ca lcu la ted  re ten t ion  
f ac to r s  f o r  napnthalene i n  carbon dioxioe a t  3 5 O C  
and 64.9'C. 

ch romatog raph ic  methods, w i t h i n  c e r t a i n  c o n s t r a i n t s ,  f o r  t h e  
measurement o f  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 .  Such 
measurements r e q u i r e  e i t h e r  a c c u r a t e  d a t a  on t h e  p a r t i a l  m o l a r  
volume o f  t h e  s o l u t e  i n  t h e  s t a t i o n a r y  phase o r  a s o l u b i l i t y  
measurement a t  t h e  g i v e n  tempera tu re .  
s e r v e  t o  g e n e r a l i z e  t h i s  approach t o  i n c l u d e  l i q u i d s  and p o l a r  
systems and p r o v i d e  an approach f o r  measurement o f  p a r t i a l  m o l a r  
volumes o f  s o l u t e s  i n  v a r i o u s  condensed phases. 

F u r t h e r  developments may 
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