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Solid-supercritical fluid phase equilibria 

Benjamin C.-Y. Lu and Dingan Zhang 

Department o f  Chemical Engineer ing,  U n i v e r s i t y  o f  Ottawa, Ottawa, 
Ontar io,  Canada, K1N 984 

A b s t r a c t  - D i f f e r e n t  types o f  phase behavior observed i n  b ina ry  m ix tu res  
c o n t a i n i n g  a s o l i d  and a s u p e r c r i t i c a l  f l u i d  (SCF) are discussed a t  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  cond i t i ons .  The pressure-temperature 
(P-TI p r o j e c t i o n  o f  the sol  id-1 iqu id-gas (S-L-GI three-phase coexis tence 
curves together  w i t h  the e q u i l i b r i u m  l i q u i d  phase composi t ion ( x )  values 
were determined by the f i r s t  f r e e z i n g  p o i n t  (FFP) method. 
br ium c e l l  was use fu l  f o r  the de te rm ina t ion  o f  l i qu id -gas  c r i t i c a l  l o c i  
f o r  the b i n a r y  system, l ead ing  to the l o c a t i o n  o f  the upper c r i t i c a l  
end po in t .  The FFP technique was extended t o  te rna ry  mixtures conta in-  
i n g  two so l i ds .  
(S1-S2-L-G) four-phase coexis tence curves together  w i t h  the x values o f  
the two s o l i d s  were success fu l l y  determined. I n  add i t i on ,  methods f o r  
c a l c u l a t i o n  o f  s o l i d  s o l u b i l i t i e s  i n  SCF by means o f  cubic  equat ions o f  
s t a t e  are presented. 

The e q u i l i -  

The P i  p r o j e c t i o n  o f  solidl-solid2-liquid-gas 

INTRODUCTION 

S u p e r c r i t i c a l  f l u i d  e x t r a c t i o n  (SFE) i s  be ing developed as a p r a c t i c a l  separat ion process 
fo r  the food, f l a v o r ,  pharmaceut ical ,  chemical and energy i ndus t r i es .  The a p p l i c a t i o n  o f  
s u p e r c r i t i c a l  f l u i d s  (SCF) as e x t r a c t i o n  so lvents  i s  based on the observat ion o f  enhanced 
s o l u b i l i t y  o f  s o l i d s  and l i q u i d s  i n  the so lvents .  The a p p l i c a t i o n  o f  the SFE technology 
o f t e n  depends on our understanding o f  the phase behavior o f  mix tures i n  the c i t i c a l  
region. Whi le phase diagrams f o r  b i n a r y  f l u i d  mix tures are c l a s s i f i e d  i n t o  s x categor ies 
and have been i n v e s t i g a t e d  i n  m r e  d e t a i l  (e.g. r e f .  1-41, phase e q u i l i b r i a  n v o l v i n g  
s o l i d s  a t  SFE cond i t i ons  have n o t  been so w e l l  studied. The concern here dea s w i t h  phase 
e q u i l i b r i a  i n v o l v i n g  a SCF and one o r  two  so l i ds .  

PHASE DIAGRAMS OF BINARY AND TERNARY MIXTURES 

There are two types o f  solid-SCF phase diagrams f o r  b ina ry  mixtures.  
temperature o f  the s o l i d  under cons ide ra t i on  i s  greater  than the c r i t i c a l  temperature o f  
the SCF. There i s  no common range o f  temperature i n  which both pure components are i n  the 
l i q u i d  s tate.  The s imp les t  pressure-temperature (P-T) p r o j e c t i o n  curve (Type I )  i s  t h a t  
f o r  a m ix tu re  w i t h  the c r i t i c a l  m ix tu re  curve runs cont inuously  between the c r i t i c a l  p o i n t s  
o f  the two components. 
observed. The phase behavior o f  the systems sodium chlor ide-water  ( r e f .  5) and carbon 
dioxide-methane ( r e f .  6)  f o l l o w s  Type I. Binary mixtures o f  Type I are  o f  l i t t l e  i n t e r e s t  
t o  SFE operat ions.  I n  t h i s  d iscuss ion emphasis i s  placed on the second c lass  (Type 11) o f  
mix tures,  i n  which the c r i t i c a l - m i x t u r e  and the S-L-G curves are n o t  cont inuous. Type I 1  
u s u a l l y  occurs f o r  m ix tu res  whose components are n o t  chemical ly  s i m i l a r  and d i f f e r  cons i -  
derably  i n  s ize,  shape and p o l a r i t y .  The lower-temperature branch o f  the SLG curve i n t e r -  
sects  the c r i t i c a l  m ix tu re  curve a t  the lower c r i t i c a l  end p o i n t  (LCEP). The s o l u b i l i t y  o f  
the s o l i d  i n  the vapor ( o r  gas) phase increases very r a p i d l y  a t  the LCEP. However, the 
amount o f  s o l i d  i n  the SCF phase i s  r a t h e r  low. The higher- temperature branch o f  the S-L-G 
curve begins a t  the t r i p l e  p o i n t  temperature o f  t he  s o l i d  and ends a t  the upper c r i t i c a l  
end p o i n t  (UCEP), the i n t e r s e c t i o n  o f  the c r i t i c a l  m ix tu re  curve and the S-L-G curve. 
s o l i d  s o l u b i l i t y  i s  an extremely s t rong f u n c t i o n  o f  temperature and pressure i n  the UCEP 
region, a t  temperatures s l i g h t l y  below the UCEP temperature and i n  the v i c i n i t y  o f  the UCEP 
pressure.  Phase diagrams f o r  Type I 1  m ix tu res  may be f u r t h e r  c l a s s i f i e d  i n t o  three catego- 
r i e s  accord ing t o  the shape o f  the higher- temperature branch o f  the S-L-G curve: 

Type I I a :  The S-L-G curve has a negat ive slope. The phase behavior  o f  the mixtures con- 
t a i n i n g  ethy lene such as naphthalene-ethylene ( r e f .  71 and b iphenyl -e thy lene ( r e f .  8) 
belongs t o  t h i s  group. 

The t r i p l e  p o i n t  

A cont inuous three-phase so l id-1 iqu id-gas (S-L-G) curve i s  

The 
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Type I I b :  
the s o l i d  and the UCEP temperature. 
d i o x i d e  such as naphthalene-carbon d iox ide  and b iphenyl  - carbon d iox ide  ( r e f .  9-11) 
belongs t o  t h i s  group. 
Type I I c :  The S-L-G curve has a p o s i t i v e  slope. 
d iox ide  ( r e f .  12) and neon-argon ( r e f .  13) a t  cryogenic cond i t i ons  belongs t o  t h i s  group. 

The pressure-temperature-composi t ion (P-T-x) diagram as we l l  as the pressure-temperature 
and pressure-composi t ion p r o j e c t i o n s  o f  the P-T-x diagram o f  Type I and the th ree  sub- 
groups o f  Type I 1  are represented schemat ica l ly  i n  Fig.  1. 

Exper imental  i n v e s t i g a t i o n  o f  phase e q u i l i b r i a  f o r  t e rna ry  mixtures c o n s i s t i n g  a SCF and 
two n o n v o l a t i l e  s o l i d s  i s  r a t h e r  l i m i t e d  i n  s p i t e  o f  t h e i r  p r a c t i c a l  usefulness. 
Koningsveld and Diepen ( r e f .  14) suggested t h a t  three main types o f  such te rna ry  m ix tu res  
can be d i s t i n g u i s h e d  accord ing to the e x t e n t  o f  the ex is tence o f  b ina ry  and te rna ry  c r i t i -  
ca l  end po in ts :  

Type I: 
p o i n t s  (BCEP) o f  the SCF and one o f  the so l i ds .  
Type 1 1 :  
Type 111: Systems w i t h  BCEP and TCEP. 

The S-L-G curve has a temperature minimum below the t r i p l e  p o i n t  temperature o f  
The phase behavior o f  the mixtures con ta in ing  carbon 

The phase behavior o f  hydrogen-carbon 

Systems w i t h o u t  t e rna ry  c r i t i c a l  end p o i n t s  (TCEP), b u t  w i t h  b ina ry  c r i t i c a l  end 

Systems w i thou t  TCEP b u t  wi th BCEP formed from the SCF w i t h  both o f  the so l i ds .  

P P 
' c1 -cc-.%, , Fig.  1 a .  
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F i g .  1 . Pressure-temperature-composi t i o n  d iagram and pressure- tempera ture  
and pressure-compos i t ion  p r o j e c t i o n s  f o r  b i n a r y  m i x t u r e s  w i t h  a s u p e r c r i t i c a l  
f l u i d  and a s l i g h t l y  v o l a t i l e  component. 
phase S-L-G coex is tence curve; C1 ,  C Z ,  c r i t i c a l  p o i n t s ;  M y  t r i p l e  p o i n t ;  
p, upper c r i t i c a l  end p o i n t ;  q, lower  c r i t i c a l  end p o i n t .  

-----, L = G l o c i ;  _.-.-. , th ree -  

The phase behav io r  o f  Type I11 rep resen ts  the  most p robab le  s i t u a t i o n  i f  the  s o l u b i l i t i e s  
o f  bo th  o f  t he  s o l i d s  i n  the  SCF are  small ( r e f .  14, 15). For temperatures between the  
te rna ry  LCEP and UCEP the re  a re  two s o l i d s  i n  e q u i l i b r i u m  w i t h  a f l u i d  phase a t  any 
pressure.  The two Sl-S2-L-G four-phase coex is tence curves, one ends w i t h  the  t e r n a r y  LCEP 
and the  o the r  w i t h  the  t e r n a r y  UCEP, form the  boundar ies f o r  SFC opera t ions .  It should be 
mentioned t h a t  S142-L-G curves r e p o r t e d  i n  the l i t e r a t u r e  a re  l i m i t e d  t o  very few systems 
( r e f .  16, 17). 

FIRST FREEZING POINT METHOD FOR MULTIPHASE COEXISTENCE 
CURVE A N D  EQUILIBRIUM LIQUID COMPOSITION DETERMINATIONS 

There i s  no l a c k  o f  exper imenta l  e f f e c t s  i n  the  de te rm ina t ion  o f  s o l u b i l i t i e s  o f  s o l i d s  i n  
SCF w i t h  o r  w i t h o u t  a co-so lvent  ( e n t r a i n e r ) .  However, the exper imenta l  r e s u l t s  on the  
mu1 t i phase  coex is tence curves (S-L-G f o r  b i n a r y  and S,-S,-L-G f o r  t e rna ry  m ix tu res )  a r e  
r a t h e r  l i m i t e d .  D i f f e r e n t  techniques a re  descr ibed i n  the  l i t e r a t u r e  f o r  de te rm ina t ion  o f  
these mul t iphase c o e x i s t e n t  curves. Van Wel ie and Diepen ( r e f .  18) made P-T measurements 
a t  var ious  cons tan t  composi t ions.  The i n t e r s e c t i o n s  o f  the  l i qu id -gas  and the  so l  id-gas 
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i s o p l e t h s  y i e l d  the P-T p r o j e c t i o n  o f  the three-phase curve, 
9, lo), the P-T p r o j e c t i o n  o f  the three-phase curve was determined by s lowly  i nc reas ing  the  
temperature o f  an i n i t i a l  so l id-gas c o n d i t i o n  a t  constant  pressure u n t i l  the s o l i d  begins 
t o  melt ,  and the temperature was taken to be the three-phase temperature. This  i s  t he  
so-ca l led " f i r s t  m e l t i n g  p o i n t "  (FMP) method. I n  the approach o f  van Welie and Diepen 
( r e f .  181, composi t ion o f  both the l i q u i d  and the vapor phases along the three-phase curve 
were determined, b u t  the procedure i s  ted ious and t ime consuming. The FMP method i s  r e l a -  
t i v e l y  s t ra igh t fo rward .  However, i t  would be d i f f i c u l t  to determine the l i q u i d  phase corn 
p o s i t i o n ,  The u n i f o r m i t y  o f  the l i q u i d  phase composi t ion could n o t  be ensured, because 
d i f f i c u l t i e s  encountered i n  a g i t a t i n g  the c e l l  con ten t  a t  the f i r s t  m e l t i n g  o f  the s o l i d .  

I n  an e f f o r t  t o  improve the performance o f  the FMP method, a technique was developed i n  our 
l a b o r a t o r y  f o r  determinat ion o f  the P-T p r o j e c t i o n  o f  the S-L-G curve,,by observing the i n i -  
t i a l  appearance o f  the s o l i d  phase. Th is  technique was named as the f i r s t  f reez ing  p o i n t "  
(FFP) method. 
constant  pressure u n t i l  the f i r s t  appearance o f  the s o l i d  phase cou ld  be observed. 
p r e f e r r e d  t o  s t a r t  f rom the low pressure end f o r  the determinat ion o f  the coexis tence 
curve. The r e s u l t s  obta ined f o r  the systems naphthalene-carbon d i o x i d e  and biphenyl-carbon 
d i o x i d e  ( r e f .  11) were found t o  be more s e l f  c o n s i s t e n t  than the r e s u l t s  obta ined from the 
FMP method. P rov i s ions  were made w i t h  the apparatus f o r  t a k i n g  l i q u i d  samples a t  t he  
three-phase condi t ion.  D e t a i l s  o f  the operat ion 
procedure have been repo r ted  elsewhere ( r e f .  16). 
f o u r  b ina ry  m ix tu res  con ta in ing  naphthalene, biphenyl ,  m-terphenyl and phenanthrene w i t h  
the s u p e r c r i t i c a l  carbon d iox ide  i s  shown i n  F igu re  3. 
f o u r  systems f o l l o w s  Type I I b  o f  F ig .  1, as a temperature minimum occurs i n  the P-T p ro jec -  
t i on .  
coex is tence curves f o r  two te rna ry  systems c o n s i s t i n g  o f  carbon d iox ide  and Wo s o l l d s  
( r e f .  16). 

I n  another approach ( r e f .  7, 

The i n i t i a l  temperature o f  a l i qu id -gas  c o n d i t i o n  was decreased s lowly  a t  
I t  i s  

A schematic diagram i s  shown i n  F igure 2.  
The P-T p r o j e c t i o n  o f  S-L-G curves f o r  

The phase behavior o f  a l l  o f  these 

The FFP method has been extended t o  the determinat ion o f  the four-phase (S1-S2-L-G) 

VENT - VENT 

I ' I  ' 

VENT I 

L iQi 
L - J  

M 

F ig .  2 .  Schematic diagram o f  apparatus.  A -  Dual window equ l i b r i u m  c e l l ;  B- Magnetic pump 
C- Var iable-speed motor;  D- Temperature i n d i c a t o r ;  E -  Pressure t ransducer;  F- Pressure 
gauge; G- Pressure i n t e n s i f i e r ;  H- L i q u i d  carbon d i o x i d e  c y l i n d e r ;  I -  Syringe; J- A i r  
bath;  K- S o l i d  sampler; L -  Sample c y l i n d e r ;  M- Water bath;  N- Pressure gauge; 0- Thermo- 
couple gauge; P- Vacuum pump; a, b - Three way va lves;  1 t o  10 - Valves. 

For systems con ta in ing  a SCF and a s l i g h t l y  v o l a t i l e  so l i d ,  very few systems have been 
i n v e s t i g a t e d  as f a r  as the e q u i l i b r i u m  l i q u i d  phase composi t ions along the three-phase 
coexistence curves are concerned. Other than the values repo r ted  by van Welie and Diepen 
( r e f .  18, 19) f o r  the systems naphthalene-ethylene and naphthalene-ethane, it a pears t h a t  
on l y  data repo r ted  i n  the l i t e r a t u r e  are those from our l a b o r a t o r y  ( r e f .  11, 16r f o r  t he  
b i n a r y  systems naphthalene-carbon d iox ide,  biphenyl-carbon d iox ide  and phenanthrene-carbon 
d iox ide ;  and the te rna ry  systems naphthalene-biphenyl-carbon d iox ide  and naphthalene- 
phenanthrene-carbon d iox ide .  The P-T-x values along the S-L-G curve f o r  the b ina ry  system 
m-terphenyl-carbon d i o x i d e  are presented i n  Table 1 to serve as an example. 

The l i q u i d  composi t ion values along mu1 t iphase coexistence curves are use fu l  f o r  s tudy ing 
o f  phase diagrams and f o r  t e s t i n g  and developing thermodynamic models f o r  data representa- 
t i on ,  r e d u c t i o n  and p r e d i c t i o n ,  They a re  use fu l  i n  the study o f  the r e l a t i o n s h i p  between 
the  s o l u b i l i t y  o f  the SCF i n  the e q u i l i b r i u m  l i q u i d  and the me l t i ng -po in t  depression curve 
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TEMPERATURE/ K 

TABLE 1. P-T-x data o f  the three-phase coexistence curve f o r  m-terphenyl (1)-C02(2). 

PIMPa T/K X1  P/MPa T I  K X 1  

5.25 
6.97 
8.70 
10.56 
12.02 
13.49 
13.96 
15.48 
16.72 
17.03 

350.0 
348.6 
345.8 
343.9 
341.9 
341.5 
341.4 
341.4 
341.3 
341.4 

0.771 

0.688 
0.676 
0.621 
0.602 
0.582 
0.544 

- 

- - 

17.30 
18.91 
20.08 
21.74 
22.31 
23.24 
24.77 
27.32 
28.90 

341.4 
341.8 
342.1 
342.4 
342.7 
343.1 
343.2 
343.2 
343.3 

0.536 
0.528 
0.517 
0.504 

0.516 
0.502 
0.513 
0.506 

- 

( r e f .  201. The P-T p r o j e c t i o n  curves shown i n  Fig. 3 together  w i t h  the l i q u i d  composi t ions 
o f  carbon d i o x i d e  x2 f o r  these systems (Table 1 and r e f .  11, 16) v e r i f y  t h a t  the f reez ing -  
p o i n t  depressions a t  the t r i p l e  p o i n t  o f  the s o l i d  are g rea te r  the h igher  the x2 values. 

DETERMINATION OF UCEP 

The upper c r i t i c a l  end p o i n t  UCEP may be considered as a l i m i t  case i n  which the l i q u i d - g a s  
e q u i l i b r i u m  (L  = G) becomes i d e n t i c a l  w i t h  the S-L-G equ i l i b r i um.  I t i s  the i n t e r s e c t i o n  
o f  the L = G l o c i  and the S-L-G curves on the P-T p ro jec t i on .  The l o c a t i o n  o f  UCEP p lays  
an impor tant  r o l e  i n  the s e l e c t i o n  o f  ope ra t i ng  cond i t i ons  f o r  SFE processes. The impor- 
tance o f  knowing the UCEP l o c a t i o n  may be i l l u s t r a t e d  us ing  the s o l u b i l i t y  o f  naphthalene 
i n  s u p e r c r i t i c a l  ethylene. The UCEP f o r  t h i s  system was exper imen ta l l y  determined by van 
Gunst e t  a l .  ( r e f .  7) to be a t  325.2 K and 17.64 MPa, us ing  the i n t e r s e c t i o n  technique. 
The s o l u b i l i t y  data repo r ted  by Diepen and Schef fer  ( r e f .  21) f o r  the same system i n d i c a t e d  
t h a t  the isotherm o f  323.2 K has a s l i g h t  s lope Ci.e. (aP/ay) i s  smal l1  i n  the v i c i n i t y  
o f  17 t o  18 MPa. I n  o the r  words, the s o l u b i l i t y  enhancement o? naphthalene i n  superc r i -  
t i c a l  e thy lene i s  very s e n s i t i v e  to a small change o f  pressure i n  the v i c i n i t y  o f  the UCEP 
pressure. S i m i l a r  observat ion was obta ined w i t h  t h e  
v a r i a t i o n  o f  temperature. Namely, (aT/ay) i s  s m l l  i n  the v i c i n i t y  o f  the UCEP tempera- 
t u r e  and (aT/By)p = 0 a t  the UCEP temperatbe.  It i s  t h i s  s e n s i t i t y  o f  the s o l u b i l i t y  w i t h  
smal l  changes i n  pressure o r  temperature i n  the v i c i n i t y  o f  the UCEP t h a t  prov ides the 
oppor tun i t y  f o r  SFE processes. 

I n  a d d i t i o n  to the i n t e r s e c t i o n  method, McHugh and P a u l a i t i s  ( r e f .  22) est imated the UCEP 
f o r  naphthalene and b iphenyl  i n  s u p e r c r i t i c a l  carbon d iox ide  based on the c h a r a c t e r i s t i c s  
o f  the P-y curves, and McHugh and Yogan ( r e f .  10) determined the UCEP f o r  several  b i n a r y  
system by observ ing the pressure and temperature a t  which c r i t i c a l  opalescence i s  observed 
along the S-L-G curve f o r  a very s l i g h t  change i n  e i t h e r  pressure o r  temperature. 

The apparatus used i n  the FFP method as shown i n  Fig. 2 was used i n  our l a b o r a t o r y  f o r  

A t  the UCEP pressure, (aP/ay)T = 0. 
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de te rm ina t ion  o f  the  L = G c r i t i c a l  l o c i  f o r  the naphthalene-carbon d i o x i d e  system. I n  the 
de terminat ion ,  bubble p o i n t  p ressure  a long the  isotherms o f  338.2, 343.2 and 348.2 K as 
w e l l  as the s o l u b i l i t y  o f  carbon d i o x i d e  i n  l i q u i d  naphthalene were measured. A b r i e f  
d e s c r i p t i o n  o f  the  procedure i s  g i ven  here. The e q u i l i b r i u m  c e l l  A was purged w i t h  carbon 
d i o x i d e  be fo re  s o l i d  naphthalene was changed. 
u n t i l  the  s o l i d  i n  the  c e l l  was mel ted  completely.  Then the  c e l l  was purged aga in  w i t h  
carbon d iox ide .  The temperature o f  the  a i r  ba th  cou ld  be ad jus ted  t o  the  des i red  tempera- 
t u r e  f 0.05 K. The temperature o f  the  c e l l  was mon i to red  by two thermocouples. L i q u i d  
carbon d i o x i d e  was compressed by the  pressure i n t e n s i f i e r  G, i n t roduced  t o  and vapor ized  i n  
the  c e l l  u n t i l  t he  pressure  i n  the  c e l l  was brought  t o  an approp r ia te  l e v e l .  The accuracy 
o f  the  pressure measurement was es t imated  t o  be ? 0.05 MPa. The l i q u i d  m ix tu re  i n  the  c e l l  
was r e c i r c u l a t e d  by means o f  the  magnetic pump B. The e q u i l i b r i u m  c o n d i t i o n  was reached 
when the re  was no m r e  change o f  the  system pressure a t  the  des i red  temperature. Sampling 
o f  the  l i q u i d  phase was made 30 t o  40 min. a f t e r  the  e q u i l i b r i u m  pressure  was reached. The 
accuracy o f  the l i q u i d  compos i t ion  de te rm ina t ion  i s  es t imated  t o  be ? 0.005 mole f r a c t i o n .  
For each isotherm, the  exper iments were c a r r i e d  o u t  u n t i l  t he  l i q u i d - g a s  c r i t i c a l  p o i n t  was 
reached. A t  the  c r i t i c a l  po in t ,  the  meniscus between the  l i q u i d  and gas phases disap- 
peared, the  m i x t u r e  i n  the  c e l l  tu rned s c a r l e t  and the  c r i t i c a l  opalescence reached i t s  
maximum i n t e n s i t y .  When pressure  o f  the  system was f u r t h e r  inc reased above the  c r i t i c a l  
po in t ,  the  s c a r l e t  c o l o r  disappeared and on ly  one phase e x i s t e d  i n  the  c e l l .  

The temperature of the  a i r  ba th  was r a i s e d  

TABLE 2. S o l u b i l i t y  o f  carbon d i o x i d e  ( 2 )  i n  naphthalene ( 1 ) .  
~~ ~ 

T I  K x2 PIMPa X2 PIMPa x2 PIMPa 

348.2 0.09 
0.185 
0.245 
0.299 
0.359 
0.424 
0.425 

343.2 0.20 
0.311 
0.312 
0.411 
0.507 

338.2 0.32 
0.483 
0.544 
0.590 

2.23* 
4.12 
5.77 
7.39 
8.86 

10.41 
10.46 

5.07* 
6.43 
6.46 
8.99 

11.28 

7.90* 
10.12 
11.48 
12.94 

0.495 
0.535 
0.574 
0.576 
0.605 
0.635 
0.667 

0.571 
0.609 
0.638 
0.657 
0.658 

0.630 
0.666 
0.700 
0.711 

12.66 
14.08 
15.95 
16.00 
18.01 
20.05 
22.11 

13.51 
15.58 
17.62 
19.39 
19.44 

14.50 
16.18 
18.45 
20.06 

0.708 
0.711 
0.726 
0.741 
0.754 
0.787 

0.708 
0.733 
0.773 
0.804 

0.745 
0.763 
0.781 
0.822 

24.17 
24.25 
24.99 
25.46 
25.96 
26.26 (C.P.) 

22.55 
24.26 
25.74 
26.20 (C.P.1 

22.40 
24.01 
25.30 
26.10 (C.P.1 

* I n t e r p o l a t e d  from the S-L-G curve o f  the  system ( r e f .  11) 

40 

30 

8': H 
o - :  

0 
0 

0 0  

F i g .  4 .  Determinat ion  o f  t h e  
upper -c r i  t i c a l  -end-po in t  f o r  
t h e  naphthalene-carbon d i o x i d e  
system by means o f  t h e  i n t e r -  
s e c t i o n  method. 

320 330 340 350 360 
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The exper imen ta l l y  determined P-T-x values a t  the three temperatures f o r  the naphthalene- 
carbon d i o x i d e  system are repo r ted  i n  Table 2. The P-T p r o j e c t i o n s  o f  the L = G c r i t i c a l  
l o c i  and the S-L-G curve are presented i n  Fig.  4. The temperature and pressure o f  the UCEP 
f o r  naphthalene-carbon d iox ide  were es tab l i shed  t o  be 333.4 K and 25.9 MPa, respec t i ve l y .  
The corresponding values repo r ted  i n  the l i t e r a t u r e  are 336.2 K and 24.3 MPa ( r e f .  221, and 
333.3 K and 25.6 MPa ( r e f .  10). Although the values obta ined from the i n t e r s e c t i o n  method 
are more r e l i a b l e ,  the est imated values obta ined from the o the r  two approaches appear t o  be 
c lose enough f o r  engineer ing approximat ions.  

CALCULATION OF SOLID SOLUBILITIES IN SCF BY M E A N S  OF CUBIC EOS 

The a p p l i c a t i o n  o f  a n a l y t i c a l  expressions, such as an equat ion o f  s t a t e  (EOS), t o  the  
rep resen ta t i on  o f  pressure-temperature-composi t ion along the mul t iphase coexistence curves 
r e q u i r e s  f u r t h e r  s tud ies.  On the o the r  hand, some improvements on the rep resen ta t i on  o f  
s o l i d  s o l u b i l i t i e s  have been achieved. 

S o l u b i l i t y  data a t  h igh  pressures are needed t o  evaluate and design separat ion processes 
us ing  s u p e r c r i t i c a l  f l u i d s .  
l a t i o n ,  and s t a t i c  methods have been used f o r  determinat ion o f  s o l u b i l i t y  o f  s o l i d s  i n  SCF. 
I t  i s  d e s i r a b l e  t o  minimize the exper imental  e f f o r t  by methods o f  c o r r e l a t i o n  and predic-  
t i on .  
e x t r a c t i o n  f l u i d  o r  an EOS my be used to rep resen t  and est imate s o l u b i l i t y  data a t  SFE 
cond i t i ons ,  
and the gas dens i t y  d proposed by Stahl  *. ( r e f .  231, 

Dynamic o r  f l o w  methods, e i t h e r  s ingle-pass o r  vapor-recircu- 

An expression d i r e c t l y  r e l a t i n g  the concen t ra t i on  o f  so lu te  t o  the dens i t y  o f  t h e  

The r e l a t i o n s h i p  between the concen t ra t i on  o f  a so lu te  i n  a compressed gas, c, 

I n  c = m I n  d + cons tan t  (1) 

may serve as an example f o r  the f i r s t  approach. 
the van der l laa ls  type ( r e f .  24) 

Recently, a f ive-parameter cubic  EOS o f  

RT - a(V-c) p = -  
( V-b) (V-b) (V-d) (V+e I ( 2 )  

was developed s p e c i f i c a l l y  f o r  rep resen t ing  pure-component vo lumetr ic  p roper t i es .  
parameters were genera l ized i n  terms o f  c r i t i c a l  temperature Tc and the a c e n t r i c  f a c t o r  w. 
I n  add i t i on ,  i n d i v i d u a l  parameters f o r  carbon d iox ide,  ethylene, ethane and propane were 
presented f o r  p r e d i c t i n g  vo lumetr ic  behaviors i n  the c r i t i c a l  reg ion  usefu l  f o r  c a l c u l a t i n g  
the q u a n t i t y  d o f  eqn. (1). 

Many equat ions o f  s t a t e  have been app l i ed  t o  the c a l c u l a t i o n  o f  s u p e r c r i t i c a l  s o l u b i l i t i e s .  
Adachi and Lu ( r e f .  25) used the Redlich-Kwong (RK) equat ion as modi f ied by Soave (SRK) 
( r e f .  26), the Peng-Robinson (PR) equat ion ( r e f .  27) and the four-parameter equat ion pro- 
posed by Adachi *. ( r e f .  28) f o r  rep resen t ing  the b ina ry  s o l u b i l i t y  data f o r  a number 
o f  so lu tes  i n  s u p e r c r i t i c a l  carbon d iox ide  and ethylene, The s o l u b i l i t i e s  o f  naphthalene 
and benzoic a c i d  i n  these two gases were found t o  be s a t i s f a c t o r i l y  represented by any one 
o f  these equation, b u t  the s o l u b i l i t i e s  o f  phenanthrene and anthracene i n  these two gases 
were not. Haselow e t  a l .  ( r e f .  29) evaluated e i g h t  cubic  EOS and an eleven-parameter equa- 
t i o n  o f  the BWR t y p x  concluded t h a t  these equat ions together  w i t h  the c l a s s i c a l  one 
f l u i d  mix ing r u l e s  were n o t  adequate fo r  q u a n t i t a t i v e  rep resen ta t i on  o f  s u p e r c r i t i c a l  solu- 
b i l i t y .  

The s o l u b i l i t y  o f  a s o l i d  (1) i n  a compressed gas ( 2 )  may be expressed by 

The 

w i t h  the assumptions t h a t  ( i )  the s o l u b i l i t y  o f  the gas i n  th: s o l i d  i s  n e g l i g i b l e  and ( i i )  
the s o l i d  volume remains p r a c t i c a l l y  constant.  
so l i d ,  plS i s  the vapor pressure o f  the s o l i d  and O1 i s  the f u g a c i t y  c o e f f i c i e n t  o f  the 
s o l i d  i n  the gas phase. 

I n  eqn. (31, V f  i s  the molar volume o f  t h e  

The q u a n t i t y  O1 i s  g iven by 

and can be c a l c u l a t e d  by means o f  an EOS. 

I n  an e f f o r t  to determine the c o n t r o l l i n g  v a r i a b l e  i n  the eva lua t i on  o f  the key q u a n t i t y  
O1, Adachi e t  a l .  ( r e f .  30) r e c e n t l y  considered the VDW type cubic  EOS o f  the form 

P = RT/(V-bl) - a/(V-b2)(V-b,) ( 5 )  
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wi th  b2 # b3. 
obtained by l e t t i n g  b2 = b3 = 0; the Clausius equation, b, = b3 =+c; the RK (or  the SR 

I n  eqn. ( 5 )  

Many simple cubic EOS can be represented by eqn. ( 5 ) .  The VDW equation i s  

equation, b, = 0 and b3 = bl; and the PR equation, b2 = bl(- l  + 2 and b 3  = bl(- l  - 2 !I 1. 

a = Q,R~T,~/P, 

bk Qbk RT,/P,, k = 1, 2, 3 

Using the conventional mixing r u l e s  f o r  a and bk 

The expression f o r  ln61 i s  obtained as fo l l ows :  

In$, = ln[RT/P(V-bl)l + bll/(V-bl) + [2Cyjalj/RT(b2-b3)] ln [ (V-b2) / (V-b3) ]  

- Ca/RT(bz-b3)1 [bz1/(V-b2) - b3,/(V-b3)1 

- Ca (b2 1 -b3 1 ) I/ CRT( b2-b3 ) 2  11 1 n C ( V-b2 1 / ( V-b3 1 I (10) 

The c h a r a c t e r i s t i c s  o f  the quan t i t i es  involved i n  eqn. (10) based on an e a r l i e r  study ( r e f .  
31) are: 

1. 

2. 

3. 

Consequently, 6, o f  eqn. (10) i s  con t ro l l ed  by amix and bll. 
t r o l l e d  by Q 
( o r  8b11). ?he e f f e c t  o f  Q b l l  on the s o l u b i l i t y  o f  f luorence i n  carbon d iox ide using the 

The mixture terms (b2-b3), (V-b,), (V-b,) and (V-b,) are funct ions o f  the parameters 
"a" o f  the mixture, a . 
The q u a n t i t i e s  b21 anti&, ( t he  pure-component parameters b2 and b3 f o r  the s o l i d )  are 
func t i ons  o f  P 1 and b,,. 
The parameter f k  o f  the SCF (b,,, b,, and b32) do no t  play a r o l e  i n  the ca l cu la t i on  o f  

Thei r  values are f i x e d  when Qal and bll are specif ied. 

61. 

I n  other words, i t  i s  con- 
of both o f  the components, k i  + o f  eqn. (8) and the covolume o f  the s o l i d  bll 

0.010 I I 1 

- F ig .  5.  Representation o f  s o l u b i l i t y  o f  
f luorene i n  carbon d iox ide a t  343.15 K 
( r e f .  32) using the Peng-Robinson 
equation. Curve A: nbl, = 0.0405, 
k 1 2  = 0.222; Curve B: nbrl = 0.0574, 

k12 = 0.193; Curve C ( o r i g i n a l  PR): 
nbi i = 0.0778, k12 = 0.162; Curve D: 

nbl, = 0.0984, k12= 0.136. 

0 20 40 60 

PRESSURE/MPa 
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F ig .  6 .  Comparison o f  c a l c u l a t e d  
s o l  ub i  1 i t y  o f  anthracene i n  

us ing  the  Peng-Robi nson 
ethane a t  323.15 K ( r e f .  32)  

equat ion.  f r a c t i o n ,  - ---- mole c h a r a c t e r i s t i c  f r a c t i o n .  

PR equat ion i s  i l l u s t r a t e d  i n  Fig. 5. A b e t t e r  rep resen ta t i on  was achieved w i t h  a j u d i -  
c i a l l y  se lected value o f  b l l .  

Yamamoto e t  a l .  ( r e f .  33) po in ted  o u t  t h a t  mix ing r u l e s  are more impor tant  than the selec- 
t i o n  o f  E r A d a c h i  e t  a l .  ( r e f .  30) rep laced the mole f r a c t i o n  terms o f  eqns. (6) and (7) 
by means o f  a " c h a r a c m t i c  f r a c t i o n "  B, 

ei = xiyi/cxiyi (11)  

where y i s  the c h a r a c t e r i s t i c  parameter o f  component i. Hence, 

a = cceiejaij, aij = ( a i a j ) &  ( 1  - kij) (12) 

(13)  bk = Ceibk i ,  k = 1, 2, 3 

and lnO1 i s  g iven by 

ln0, = ln[RT/P(V-bl) ]  + Cbl + (bll - b l )  yl/Cxiyil/(V-bl) 

+ { C a ( l  + vl/Cxiyi) + n(aa/anl)l/CRT(b2-b3)1 - 
[a (b2 1-b3 1 Y l/Cxiy l/CRT( b2-b3 l 2  I } 1 n[ ( V-b2 1 / ( V-b3 1 1 

- a/ERT(b2-b3)3 {Cb2 + ( b 2 1 - b 2 ) ~ l / X x ~ ~ ~ l / ( V - b 2 )  

- [b3 + (b3 l -ba)  Y ~ / C X ~ Y ~ I / ( V - ~ ~ ) }  (14)  

I n  which n = Eni and xi = ni/n. The d i f f e r e n c e  between the c a l c u l a t e d  values obt:ined f rom 
the  " c h a r a c t e r i s t i c  f r a c t i o n "  approach and those obta ined from the "mole f r a c t i o n  approach 
on the s o l u b i l i t y  o f  phenanthrene i n  carbon d i o x i d e  us ing the PR equat ion i s  shown i n  F ig .  
6. The new approach reduces the dev ia t i ons  and y i e l d s  a c o r r e c t  t rend  f o r  the v a r i a t i o n  o f  
y 1  w i t h  pressure. 

W z 
w z 

z 
P 

I: 
t- z < 
z 

3 Y 

w 

The c a l c u l a t e d  r e s u l t s  ( r e f .  30) i n d i c a t e  t h a t  by t r e a t i n g  9b1  as a v a r i a b l e  o r  by rep lac -  
i n g  mole f r a c t i o n s  w i t h  c h a r a c t e r i s t i c  f r a c t i o n s  improve the a b i l i t y  o f  s imple cubic  EOS t o  
desc r ibe  s o l i d  s o l u b i l i t i e s  i n  SCF, b u t  the s e l e c t i o n  o f  EOS i s  n o t  c r u c i a l .  

CONCLUDING REMARKS 

The a v a i l a b l e  data i n d i c a t e  t h a t  t he re  i s  a temperature minimum on the mul t iphase coexis-  
tence curve f o r  the b i n a r y  and te rna ry  systems w i t h  carbon d iox ide  as the s u p e r c r i t i c a l  
f l u i d  and naphthalene, b iphenyl  , m-terphenyl, phenanthrene and octacosane as the s l i g h t l y  
v o l a t i l e  component(s); and t h a t  t he re  i s  no temperature minimum on the mult iphase coexis-  
tence curve fo r  the b ina ry  and te rna ry  systems w i t h  ethy lene as the s u p e r c r i t i c a l  f l u i d  and 
naphthalene, biphenyl ,  hexachloroethane and octacosane as the s l i g h t l y  v o l a t i l e  compo- 
n e n t ( ~ ) .  



1074 B. C.-Y. LU AND D. ZHANG 

The f i r s t  f r e e z i n g  p o i n t  appears to be s u i t a b l e  f o r  the determinat ion o f  mult iphase coexis-  
tence curves f o r  b i n a r y  and te rna ry  system lead ing  t o  the upper c r i t i c a l  end p o i n t .  

The rep resen ta t i on  o f  s o l u b i l i t y  data by a d j u s t i n g  the parameter bl f o r  the s o l i d  o r  by 
app ly ing  an emp i r i ca l  " c h a r a c t e r i s t i c  f r a c t i o n "  seems t o  be promising. 
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