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I n t r o d u c t i o n  

Retent ion i n  s u p e r c r i t i c a l  f l u i d  chromatography (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  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  the  s t a t i o n a r y  phase. 
func t iona l  r e l a t i o n s h i p  between r e t e n t i o n  and pressure a t  constant temperature has 
been described by Van Wasen and Schneider (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 the  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  mobi le and s t a t i o n a r y  
phase coupled w i t h  the  isothermal 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 le phase. 

The 

The s o l u b i l i t y  o f  the  s o l u t e  i n  a f l u i d  has been discussed by Git terman and 
Procaccia (2 )  and s o l u t e  s o l u b i l i t y  has been descr ibed over the  e n t i r e  reg ion  o f  
pressures o f  i n t e r e s t .  The combination o f  s o l u t e  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  
equat 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 d e r i v e d  hy Van Clasen and 
Schneider al lows one t o  determine the 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 purpose o f  t h i s  work was t o  determine the r e l a t i o n s h i p  hetween s o l u b i l i t y  
and re ten t ion .  A thermodynamic model was developed which p r e d i c t s  t h e  t r e n d  i n  
r e t e n t i o n  as a func t ion  o f  pressure, g iven the  s o l u h 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  mobi le phase. From t h i s  model, s o l u t e  r e t e n t i o n  behavior can he examined by 
theory and experiment i n  order t o  gain some i n s i g h t  i n t o  the  compl icated &?pen- 
dence o f  r e t e n t i o n  on t h e  thermodynamic and phys ica l  p r o p e r t i e s  o f  t h e  s o l u t e  and 
the  f l u i d ,  p r o v i d i n g  a bas is  f o r  c o n s i d e r a t i o n  o f  more subt le  e f f e c t s  unique t o  
SFC. 

Theory 

I n  SFC, the  basic 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  i n  
the  mobi le and s t a t i o n a r y  phases i s  v a l i d .  The concent ra t ion  o f  t h e  s o l u t e  i n  
these phases r e s p e c t i v e l y  i s  C i  = Xj/V,, where X i  i s  t h e  mole f r a c t i o n  o f  so l -  
u t e  ( i )  and V, i s  the  molar volume o f  t h e  pure mobi le o r  s t a t i o n a r y  phase (1). 
So lu te  r e t e n t i o n  i s  c a l c u l a t e d  from a dimensionless r e t e n t i o n  f a c t o r ,  k, where, 

k = (Cistat/Cimob) . (vstat f V  1 1) 

Cistat and Cimob are the  concent ra t ion  o f  s o l u t e  ( i )  i n  t h e  s t a t i o n a r y  and mobi le 
phases respec t ive ly ,  VStat and VMob a re  the  volumes o f  the s t a t i o n a r y  and mobi le 
phase. S u b s t i t u t i n g  f o r  concent ra t ion  i n t o  equat ion 1, 

k = (Xistat/Ximob) (Vm mob/vmstat) . (vstat,Vmob 1 2 )  

Taking the  na tura l  logar i thm o f  both s ides o f  equat ion 2 one ob ta ins ,  

1 moh " s t a t  s t a t  ,,"oh i n k  = an (Xistat/Ximob) + an (Vm l V m  3 )  
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A t  equ i l ib r ium,  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 
piStat = pimob (3). Therefore,  

s t g t  s t a t  = mob = ’i pi pi + RT anxistat = pingb + RT an ximob 

are equal 

4 )  

where pim i s  t h e  chosen standard s t a t e  o f  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 equat ion 4, 

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

i n k  = (pi - pi ) / RT + an ( V m  1 6 )  
mgb s t a t  

An assumption can be made t h a t  the second t e n  on the  r igh t -hand s ide  (RHS) o f  
equat ion 6 i s  independent o f  pressure except f o r  V,”Ob, the  molar volume o f  t h e  
f l u i d  mobile phase. There fore  d i f f e r e n t i a t i o n  o f  equat ion 6 w i t h  respect t o  pres- 
sure a t  constant tenpera ture  y i e l d s ,  

The p a r t i a l  molar volume o f  a s o l u t e  i s  de f ined as (api/aP)T !3) and on rearrang- 
i n g  t h e  second term on t h e  RHS of equat ion 7 one ob ta ins  t h e  iso thermal  compressi- 
b i l i t y  o f  the f l u i d  n o b i l e  phase (4) .  Thus on s u b s t i t u t i o n  equat ion 7 reduces to, 

mgb s t g t  
(aEnk/aP)T = I / R T  [pi - vi 1 - K 

where iimo’ and VistaH a re  the p a r t i a l  molar volume o f  the s o l u t e  ( i )  i n  t h e  
mob i le  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 s o -  
thermal 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  m o b i l e  phase. Equat ion 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  o f  the  t rend i n  reten- 
t i o n  as a f u n c t i o n  o f  pressure f o r  SFC. 

Gi t terman and Procaccia ( 2 ) .  The reg ion  o f  i n t e r e s t  chromatographical ly 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 concent ra t ion  i s  f a r  removed from t h e  lower 
c r i t i c a l  end p o i n t  (LCEP) o f  t h e  s o l u t i o n .  
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  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 descr ibed by 

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  
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where V s  i s  the  molar volume o f  t h e  pure s o l i d  so lu te .  
equat ion 2.5 i n  Git terman and Procaccia ( 2 ) ,  d e s c r i h i n g  s o l u t e  ' o & B i l i t y  f o r  
d i l u t e  s o l u t i o n s  f a r  from c r i t i c a l i t y .  

This i s  the  same as 

S o l v i n g  equat ion 9 f o r  V i  . 
mgb 

vi  = - R T  (arn ximob/ap)T + v s  10) 

\ 

Equation 10 can be s u b s t i t u t e d  i n t o  equat ion  8 and upon rearrangement, 

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 
a t  constant temperature f o r  i n f i n i t e l y  d i l u t e  so lu t ions .  The RHS o f  equat ion 11 
cons is ts  o f  t h r e e  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 o f  the  s o l u t e  i n  the s t a t i o n a r y  phase. The second term 
can be determined exper imenta l l y  from bulk  s o l u b i l i t y  measurements o f  the s o l u t e  
i n  the  s u p e r c r i t i c a l  f l u i d  mobi le phase. The l a s t  term, the so lvent  isothermal 
compress ib i l i t y ,  can be reasonably p r e d i c t e d  from a two-parameter, cubic equat ion 
o f  s t a t e  (EOS) such as the  Redlich-Kwong EOS o r  t h e  Peng-Robinson €OS (5,6). 

The f l u i d  mobi le phases isothermal c o m p r e s s i b i l i t y  was determined us ing  t h e  
Redlich-Kwong EOS t o  eva lua te  the  d e r i v a t i v e  (a  Vmmob/aP)T i n  equat ion 12, 

From the Redlich-Kwong EOS, 

m mob T0.5 (b2 - (V$ob)2) 
(avmmob/aP)T = 13 1 

P T Oe5(3 (Vmmob)' - b2) - RT3'2 (2Vmmob t b) + a 

where R i s  t h e  gas constant,  P i s  pressure,  and T i s  temperature i n  K. The con- 
s t a n t s  a and b o f  the  Redlich-Kwong EOS are, 

a = 0.4278 R2 T:'5/Pc 14a) 

b = 0.0867 RTc/Pc 14b) 

where P c  and Tc are t h e  c r i t i c a l  pressure and temperature o f  t h e  f l u i d .  
volume o f  the  f l u i d  was determined by t h e  Peng-Robinson EOS, thus a l l o w i n g  one t o  
so lve  f o r  the  isothermal 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 .  

Therefore from equat ion 11, the  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  of pressure 
a t  constant temperature can be determined and i t  i s  r e l a t e d  t o  the  s o l u h i l i t y  o f  
the  s o l u t e  i n  the  s u p e r c r i t i c a l  f l u i d ,  t h e  iso thermal  c o m p r e s s i b i l i t y  of the  so l -  
vent and the  p a r t i a l  molar volume o f  the  s o l u t e  i n  the  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 .  

The molar 
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Experimental 

where (7 ,8 ) .  The r e t e n t i o n  f a c t o r s  o f  se lec ted  so lu tes  under isothermal condi- 
t i o n s  a t  var ious pressures were obtained us ing  c a p i l l a r y  columns coated w i t h  a 
cross-1 inked phenyl polymethylphenylsiloxane s t a t i o n a r y  phase w i t h  carbon d i o x i d e  
as the  f l u i d  mob i le  phase. 
c o n t r o l  providin(;  accurate,  pu lse f ree  c o n t r o l  o f  the  f l u i d  pressure. The reten- 
t i o n  times of t h e  s o l u t e  as a f u n c t i o n  o f  pressure were determined 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 accuracy o f  a t e n t h  o f  a second. S o l u b i l i t y  data f o r  the so l -  
u tes  i n  C02 was ob ta ined from t h e  l i t e r a t u r e  ( ( 9 )  and references t h e r e i n ) .  

Resul ts and D iscuss ion  

The exper imental  apparatus and technique has been descr ibed i n  d e t a i l  e lse- 

A Varian 8500 s y r i n g e  pump was operated under computer 

Solute 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 exper imenta l l y  
f o r  a wide number o f  s o l u t e s  over a range o f  temperatures and pressures (1,10-12). 
The t rend i n  r e t e n t i o n  o f  a s o l u t e  w i t h  pressure can be p r e d i c t e d  from the  simple 
thermodynamic model upon which equat ion 11 i s  p red ic ted .  Experimental data f o r  
the  r e t e n t i o n  o f  naphthalene i n  C02 a t  35'C over a pressure range was reported hy 
Van Wasen and Schneider (12).  The s o l u b i l i t y  o f  naphthalene i n  Cn2 i s  g iven hy 
McHuyh and P a u l a i t i s  a t  35'C, 55.0°C, 60.4'C, and 64.9"C (13). This data al lows 
the trend i n  r e t e n t i o n  t o  be p r e d i c t e d  frm the c a l c u l a t i o n  o f  t h e  s lope o f  
(aank/aP)T f o r  naphthalene a t  35OC i n  C02. 

from PlcHugh and P a u l a i t i s  (13).  
i n t e r p o l a t i o n  between t h e  data po in ts ,  a l s o  t h e  data range was extended t o  lower 
pressures than y iven  i n  re fe rence (13) by f i t t i n g  t h e  data us ing  the  method out- 
l i n e d  by Reid e t  a l .  (14).  Th is  allowed the  m d e l i n g  o f  the t r e n d  i n  r e t e n t i o n  
f o r  a wider range o f  pressure.  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 eas- 
i l y  ca lcu la ted  f o r  any temperature and pressure ranye o f  i n t e r e s t .  
p a r t i a l  n o l a r  volume i n  the  s t a t i o n a r y  phase was assumed cons tan t  and independent 
of pressure (15). A v a i l a b l e  da ta  suggests t h a t  f o r  a h i g h l y  c ross- l inked s t a t i o n -  
ary phase coated i n  p #iRfllary column s o l v a t i o n  i s  very small o r  n e g l i g i b l e  (16) ,  
there fore  VStat and V i  The above s imp l i -  
f y i n g  assumptions a l l o w  one t o  c a l c u l a t e  the  t r e n d  i n  s o l u t e  r e t e n t i o n  based on 
the  s o l u b i l i t y  o f  the  s o l u t e  i n  the  mobi le phase. F i g u r e  2 shows the  f i t  o f  equa- 
t i o n  11 t o  the exper imental  data o f  Van Wasen and Schneider ( 1 2 ) .  
molar volume o f  the  s o l u t e  naphthalene i n  the  s t a t i o n a r y  phase was determined t o  
be -180 cm3/nole, t h i s  gave the  hest f i t  t o  the  exper imental  data (naphthalene's 
n o l a r  volume i s  -130.8 cm3/mole). The simple thermodynamic model f i t s  the  reten- 
t i o n  data very s a t i s f a c t o r i l y .  
columns i s  being undertaken i n  our labora tory  a t  the present t i m e  bu t  p r e l i m i n a r y  
r e s u l t s  w i t h  t h e  model a re  promising. 

A p l o t  o f  a n  Ximob versus pressure i n  shown i n  F i g u r e  1 based on the  data 
The slope (aPnXimob/aP)T a t  35OC was obtained hy 

The s o l u t e  

would be independent o f  pressure. 

The p a r t i a l  

More exper imental  da ta  f o r  C02 i n  coated c a p i l l a r y  

On c loser  examinat ion o f  equat ion 11, one can deduce t h a t  as the  isothermal 
c o m p r e s s i b i l i t y  o f  t h e  so lvent  becomes l e s s  impor tan t  ( temperature and pressure 
f l i r t h e r  removed f r o n  t h e  c r i t i c a l  temperature and pressure) ,  (aank/aP)T i s  propor- 
t i o n a l  t o  the s o l u b i l i t y  o f  the  s o l u t e  i n  the  f l u i d  phase. Therefore,  i f  s o l u h 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  than r e t e n t i o n  w i l l  m i r r o r  t h i s  
behavior and a l s o  be a l i n e a r  f u n c t i o n  o f  dens i ty .  
from the c r i t i c a l  pressure and temperature o f  t h e  so lvent  the more l i k e l y  one 
obtains a constant s lope ((aank/aP)T = constant) .  

Fur ther , the  f a r t h e r  one i s  
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Conclusion 

The simple thermodyanamic r e l a t i o n s h i p  developed i n  t h i s  work has been shown 
t o  adequately descr ibe the  fea tu res  o f  s o l u t e  r e t e n t i o n  as a func t i on  o f  pressure 
a t  constant temperature f o r  s u p e r c r i t i c a l  f l u i d  chromatography. The importance o f  
t h i s  model i s  the r e l a t i o n s h i p  drawn between s o l u t e  s o l u h i l i t y  i n  the  f l u i d  mobi le  
phase t o  the  t rend  i n  s o l u t e  re ten t i on .  The t rend  i n  so lu te  r e t e n t i o n  i s  demon- 
s t r a t e d  t o  be dependent on isothermal  compress ib i l i t y ,  s o l u b i l i t y  i n  t h e  f l u i d  and 
f h p t a g r t i a l  molar 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 dependence o f  
V i  on pressure i s  being examined and w i l l  be discussed i n  a f u t u r e  work. This  
chanye and f u r t h e r  experimental i n v e s t i g a t i o n s  over t h e  re levan t  ranges o f  tem- 
pe ra tu re  and pressure are i n  progress and w i l l  serve t o  guide f u t u r e  experimental 
and t h e o r e t i c a l  developments. 
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Figure 1. Plot of In X mob against pressure in 
atmospheres dt 3 5 O C .  5 5 O C .  and 60.4OC. 
Data fran McHugh and Paulaitis (13).  
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Figure 2. Experimental data for naphthalene 
with CO (ref. 12) a t  3 5 O C  and 
theoret?cal model ( so l id  l ine).  


