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Abstract:
The existing techniques for treating industrial chemical wastewater could benefit from cheaper and
improved processing. Recent research has focused some attention upon supercritical fluid extraction.
The purpose of this research was to experimentally measure solubilities of phenol, a common
wastewater pollutant, in supercritical carbon dioxide from aqueous phenol solutions. A thermodynamic
model of this system was also developed.

Extraction experiments were performed with a single pass flow apparatus. Liquid carbon dioxide was
fed into the extraction cell by way of a high pressure liquids pump. The charged vapor samples were
bubbled through water to isolate the product phenol. A wet chemistry, direct photometric method was
used for phenol analysis. Experiments were run at 40 and 60 degrees Celsius. Aqueous phenol
solutions of 10,000 parts per million, ppm, 5,000 ppm, and 2,500 ppm were studied. The pressures
investigated ranged from 1,100 psi to 2,800 psi.

Measured experimental phenol mole fractions in supercritical carbon dioxide ranged from 0.000060 to
0.00080. At 40 degrees Celsius the vapor phase phenol solubility increased with increasing pressure. At
60 degrees Celsius the vapor phase phenol solubility passed through minimums over pressure at lower
pressures. Larger aqueous phenol solution concentrations gave larger vapor phase phenol solubilities at
both temperatures. The lower temperature of 40 degrees Celsius gave larger vapor phase phenol
solubilities than at 60 degrees Celsius.

The data generated by the thermodynamic model of the aqueous phenol-supercritical carbon dioxide
system passed through minimums in vapor phase phenol solubilities at both 40 and 60 degrees Celsius
in the pressure range of 600 to 700 psia. The model predicted general trends at both temperatures but
also showed discrepancies at both temperatures. These discrepancies might have been caused by
assumptions made to solve the model. 
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ABSTRACT

The e x i s t i n g  t e c h n i q u e s  f o r  t r e a t i n g  i n d u s t r i a l  c h e m ic a l  
w astewater could b e n e f i t  from cheaper and improved p rocess in g .  Recent 
r e s e a t ch h a s  f o c u s e d  som e a t t e n t i o n  upon s u p e r c r i t i c a l  f l u i d  
ex tr a c t io n .  The purpose o f  t h i s  research was to exp er im en ta lly  measure 
s o l u b i l i t i e s  of phenol, a common w astew ater p o l lu ta n t ,  in s u p e r c r i t i c a l  
carbon d iox id e  from aqueous phenol s o lu t io n s .  A thermodynamic model of  
t h i s  system was a ls o  developed.

E x t r a c t io n  e x p e r im e n t s  were perform ed  w ith  a s i n g l e  p ass  f lo w  
apparatus. Liquid carbon d iox id e  was fed in to  the e x tr a c t io n  c e l l  by 
way o f  a h igh  p r e s s u r e  l i q u i d s  pump. The charged  vapor sa m p les  were  
bubbled through water to i s o l a t e  the product phenol. A wet chem istry ,  
d ir e c t  photometric method was used for phenol a n a ly s is .  Experiments 
w ere run a t  40 and 60 d e g r e e s  C e l s i u s .  Aqueous p h en o l s o l u t i o n s  o f  
1 0 ,0 0 0  p a r t s  per m i l l i o n ,  ppm, 5 ,0 0 0  ppm, and 2 ,5 0 0  ppm w ere s t u d i e d .  
The pressures  in v e s t ig a te d  ranged from 1,100 psi to 2,800 ps i.

Measured e x p e r im e n t a l  phenol m ole f r a c t i o n s  in  s u p e r c r i t i c a l  
carbon d iox id e  ranged from 0.000060 to  0.00080. At 40 degrees C e ls iu s  
the vapor phase phenol s o l u b i l i t y  increased  with in c r e a s in g  pressure.  
At 60 degrees C e ls iu s  the vapor phase phenol s o l u b i l i t y  passed through 
minimums over  p r e s s u r e  a t  lo w er  p r e s s u r e s .  Larger aqueous phenol  
s o lu t io n  con cen tra tion s  gave larger  vapor phase phenol s o l u b i l i t i e s  at  
both temperatures. The lower temperature of 40 degrees C e ls iu s  gave 
larger  vapor phase phenol s o l u b i l i t i e s  than at 60 degrees C e ls iu s .

The d ata  g e n e r a te d  by the  therm odynam ic model o f  th e  aqueous  
p h e n o l- s u p e r c r it ic a l  carbon d iox id e  system passed through minimums in  
vapor phase phenol s o l u b i l i t i e s  a t  both 40 and 60 d e g r e e s  C e l s i u s  in  
th e  p r e s s u r e  range o f  600 to  700 p s i a. The model p r e d ic t e d  g e n e r a l  
t r e n d s  a t  both t e m p e r a tu r e s  but a l s o  showed d i s c r e p a n c i e s  a t  both  
temperatures. These d iscrep a n c ie s  might have been caused by assumptions  
made to  s o lv e  the model.
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INTRODUCTION

Wastewater Treatment Via S u p e r c r i t ic a l  F lu ids  

A constant and in t e g r a l  part of chem ical process industry  i s  the  

in v e s t ig a t io n  and adaptation  of new or e x i s t i n g  te c h n o lo g ie s  th at  might 

im prove  a p r o c e s s ' s  e c o n o m ic s  a n d /o r  b o o s t  i t s  o v e r a l l  perform an ce .  

The treatm ent o f  in d u s tr ia l  chem ical wastewater i s  an area that could  

b e n e f i t  from ch eap er  and im proved  p r o c e s s i n g .  S u p e r c r i t i c a l  f l u i d  

e x tr a c t io n  could be a promising method for  t r e a t in g  w astew ater.

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  in v o lv e s  e x tr a c t io n  w ith  a f lu id  

above i t s  c r i t i c a l  point ( c r i t i c a l  temperature, Tc, c r i t i c a l  pressure, 

Pc). The f l u i d ' s  s o l v e n t  power in  th e  c r i t i c a l  r e g io n  v a r i e s  g r e a t l y  

w ith  sm all changes in  temperature and p r e s s u r e .  R ecent a p p l i c a t i o n s  

in c l u d e  th e  d e c a f f e i n a t i o n  iof c o f f e e ,  e x t r a c t i o n  o f  s p i c e s ,  and 

regeneration  of. a c t iv a te d  carbon.' Carbon d iox ide  i s  overwhelmingly the  

p r e fe r r e d  s o l v e n t  in  m ost a p p l i c a t i o n s .  Carbon d io x id e  has moderate 

c r i t i c a l  p r o p e r t i e s  (Tc = 31 d e g r e e s  C e l s i u s ,  . Pc = 1070 p s ia ) ,  i s  

environm entally  s a fe ,  r e a d i ly  a v a i la b le ,  and r e l a t i v e l y  inexpensive .

The p r o s p e c t  o f  u s in g  s u p e r c r i t i c a l  f l u i d  e x t r a c t i o n  to  t r e a t  

wastewater i s  mentioned by B ott [ I ,  p. 229]. However, th ere  i s  l i t t l e  

p u b l is h e d  e x p e r im e n t a l  d a ta  f o r  s o l u b i l i t i e s  o f  common w a s te w a te r  

p o l l u t a n t s  in  s u p e r c r i t i c a l  carbon d io x id e  as a fu n c t io n  of pressure  

and temperature. Also most of the s o l u b i l i t i e s  are for  pure m ater ia ls .  

In ord er  t o  f u r t h e r  a s s e s s  th e  p o t e n t i a l  o f  s u p e r c r i t i c a l  carbon  

d iox id e  in  t r e a t in g  w astewater there  i s  a need to  in v e s t ig a t e  aqueous 

w aste s o lu t io n s .  Van Leer and P a u la i t i s  have reported the s o l u b i l i t i e s
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o f  a common w a s te w a te r  p o l l u t a n t , p h e n o l , in  s u p e r c r i t i c a l  carbon  

d iox id e  as a fun ction  o f  pressure [2, pp. 257-259]. They demonstrated  

th at  s u p e r c r i t i c a l  carbon d iox id e  i s  an e f f e c t i v e  s o lv e n t  for phenol. 

T h e r e fo r e ,  an i n v e s t i g a t i o n  i n t o  th e  s o l u b i l i t i e s  o f  aqueous phenol  

s o lu t io n s  in  s u p e r c r i t i c a l  carbon d iox id e  appears w orthwhile.

Research O b ject ives

The primary o b je c t iv e  o f  t h i s  research  was to measure experim ental  

vapor l i q u i d  e q u i l i b r iu m  d a ta  fo r  th e  aqueous p h e n o l - s u p e r c r i t i c a l  

carbon d io x id e  s y s te m . E x p e r im e n ta l  a p p a ra tu s  and p r o c e d u r e s  were  

developed to  cre a te  a reproducible  system . A thermodynamic model of  

the above mentioned system was developed to  p red ic t  vapor and l iq u id  

phase com posit ions a t  equ ilibr ium .

S u p e r c r i t ic a l  F lu ids

Pure f l u i d s  a re  g e n e r a l l y  th o u g h t  o f  as  l i q u i d s  and g a s e s .  T h is  

i s  t r u e  f o r  m ost f l u i d s  up to  a s p e c i f i c  p o in t  c a l l e d  th e  c r i t i c a l  

p o i n t , h e r e  th e  tw o p h ases  become i n d i s t i n g u i s h a b l e .  The c r i t i c a l  

p o in t  has th e  c o o r d i n a t e s  o f  c r i t i c a l  te m p e r a tu r e  and c r i t i c a l  

pressure. Above the c r i t i c a l  temperature i t  i s  not p o s s ib le  to  l iq u e fy  

th e  f l u i d  a t  any p r e s s u r e .  The c r i t i c a l  p r e s s u r e  i s  th e  p r e s s u r e  

r e q u i t e d  to  l i q u e f y  th e  f l u i d  a t  i t s  c r i t i c a l  te m p e r a tu r e .  A 

d i s c u s s i o n  o f  th e  c r i t i c a l  r e g io n  o f  pure f l u i d s  and a p h y s i c a l  

d e s c r ip t io n  of a f lu id  at i t s  C r i t i c a l  point i s  provided by Smith and 

Van N ess  [3 ,  pp. 5 7 - 6 0 ] .
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E xtraction  With S u p e r c r i t ic a l  F lu ids

The inherent p h y s ica l  p ro p er t ie s  of s u p e r c r i t i c a l  f l u i d s  are very 

a t t r a c t i v e  from th e  s t a n d p o in t  o f  a s e p a r a t io n  t e c h n iq u e .  The 

fo l lo w in g  d e s c r ip t io n  o f  th ese  p ro p er t ie s  i s  given by B ott [ I ,  p. 229]. 

In i t s  s u p e r c r i t i c a l  s t a t e  the dense f lu id  i s  very mobile . ■ The f lu id  

has a d en s ity  of up to  on e-th ird  or more compared to  the  l iq u id  s t a t e ,  

w h i le  i t s  v i s c o s i t y  can be a s  low  a s  o n e - f i f t h  or l e s s  depend ing  on 

p r e s s u r e  and te m p e r a tu r e .  T h i s  r e s u l t s  in  f l u i d  s o l u b i l i t i e s  

a p p ro a ch in g  t h o s e  o f  th e  l i q u i d  phase  y e t  th e  f l u i d  can p e n e t r a t e  

f a s t e r  and d eep er  i n t o  a s o l i d  m a tr ix  o f  n a t u r a l  s u b s t a n c e s  or co u ld  

progress f a s t e r  through a densely  packed f ix ed  bed or column.

E x t r a c t i o n  v i a  s u p e r c r i t i c a l  f l u i d s  i s  c h a r a c t e r i z e d  by th e  

f o l l o w i n g  f e a t u r e s  w hich are  p ro v id ed  by W ilke [ 4 ,  p. 7 0 1 ]:  ( I )  

r e l a t i v e l y  i n v o l a t i l e  m a t e r i a l s  can be d i s s o l v e d  by s u p e r c r i t i c a l  

f l u i d s ,  sometimes even s e l e c t i v e l y ,  (2) phenomena of d i s t i l l a t i o n  and 

e x t r a c t i o n  a re  s im u l t a n e o u s ly  i n v o lv e d ,  i . e .  enhancem ent o f  vapor  

p r e s s u r e  and phase s e p a r a t io n  both  p la y  a r o l e ,  (3 )  th e  p r o p e r t i e s  o f  

th e  s u p e r c r i t i c a l  f l u i d  such  as d e n s i t y  can be v a r ie d  w i t h in  w ide  

l i m i t s  by means of pressure and tem perature, and (4) sep aration  o f  the  

d i s s o l v e d  s u b s t a n c e s  can be a c c o m p li s h e d  e i t h e r  by a r e d u c t io n  o f  

p r e s s u r e  (a t  c o n s t a n t  t e m p e r a tu r e )  or by r a i s i n g  te m p e r a tu r e  (a t  

c o n s t a n t  p r e s s u r e ) .  Two a d d i t i o n a l  f e a t u r e s  are  g iv e n  by B o tt  [ I ,  p. 

2 2 9 ]:  ( I )  th e  lo w e r  o p e r a t in g  t e m p e r a tu r e s  in v o lv e d  a l l o w  fo r  th e  

s u c c e s s fu l  e x tr a c t io n  of heat s e n s i t i v e  compounds, and (2) the use of  

s u p e r c r i t i c a l  carbon d iox id e  le a v e s  no harmful res id u es .  .
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S u p e r c r i t i c a l  f l u i d  e x t r a c t i o n  i s  a r e l a t i v e l y  h ig h  p r e s s u r e  

p r o c e s s .  High p r e s s u r e  p r o c e s s e s  a re  r e c o g n iz e d  as  h igh  c o s t  

operations  due to  expensive  equipment and energy demands to  maintain  

plant pressure. These c o s t s  may be p r o h ib it iv e  to  s u p e r c r i t i c a l  f lu id  

e x t r a c t i o n  u n l e s s  t h e r e  i s  some ty p e  o f  energy  r e c o v e r y  a n d /o r  a 

p r o c e s s  e n j o y s  key a d v a n t a g e s  fro m  u s i n g  s u p e r c r i t i c a l  f l u i d  

e x tr a c t io n .  There i s  very l i t t l e  published in form ation  on the c o s t s  of  

s u p e r c r i t i c a l  f l u i d  e x t r a c t i o n .  An a r t i c l e  by P e te r  and Brunner  

d i s c u s s e d  d a ta  on th e  c o s t s  o f  s e p a r a t io n  of n o n - v o la t i l e  substances  

[5 ,  pp. 7 4 6 -7 5 0 ] .

S u p e r c r i t ic a l  F luid A pp lica t ion s

C h em ica l p r o c e s s  i n d u s t r i e s  have begun to  e x p l o i t  th e  u s e s  o f  

s u p e r c r i t i c a l  f lu id s .  An a r t i c l e  by Kohn and Savage rev iew s  promising  

a p p l ic a t io n s  of s u p e r c r i t i c a l  f lu id s ,  but i t  i s  w ithout re fe ren ces  [6, 

pp. 4 1 - 4 3 ] .

S u p e r c r i t ic a l  carbon d iox id e  has demonstrated an a f f i n i t y  towards  

some n a t u r a l  p rod u ct  c o n s t i t u e n t s  such  a s  c a f f e i n e  i n  c o f f e e  and 

e x t r a c t s  o f  s p i c e s .  An a r t i c l e  by Z o s e l  g i v e s  a d e s c r i p t i o n  o f  th e  

d e c a f fe in a t io n  of c o f f e e  v ia  s u p e r c r i t i c a l  carbon d io x id e  [7, pp. 707-  

7 0 9 ] .  Hubert and Vitzhum p r o v id e  an i n t r o d u c t i o n  t o  th e  m ethods o f  

s u p e r c r i t i c a l  carbon d iox id e  e x tr a c t io n  o f  hops, s p ic e s ,  and tobacco in  

t h e ir  a r t i c l e  [8, pp. 710-715].

S u p e r c r i t i c a l  carbon d io x id e  i s  a l s o  b e in g  used  to  r e g e n e r a t e  

a c t iv a te d  carbon [9 ] .
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The u ses  o f  s u p e r c r i t i c a l  f l u i d s  are f in d in g  a p p l ic a t io n s  in  the  

f u e l s  industry . Kerr-McGee has com m ercialized  a process  th at  e x tr a c ts  

a s p h a l t e n e s  and r e s i d u e s  from d i s t i l l a t i o n  res id u e  in  o i l  r e f i n e r i e s  

using s u p e r c r i t i c a l  a l ip h a t i c  h yd rocarb on s  [6 ,  pp. 4 1 - 4 2 ] .  B r i t a i n ' s  

N a t io n a l  Coal Board R esearch  E s t a b l i s h m e n t  i s  u s in g  s u p e r c r i t i c a l  

t o lu e n e  to  e x t r a c t  l i g h t  h yd rocarb on s  from c o a l  l e a v i n g  behind a 

charred res id u e  [6, pp. 42-43].

High Pressure Experimental Methods

There are two genera l approaches to  measuring high pressure vapor- 

l i q u i d  e q u i l i b r iu m .  T hese are  f lo w  s y s t e m s  and s t a t i c  s y s t e m s .  An 

a r t i c l e  by Young d e scr ib es  th ese  system s in  general and a l s o  presents  

s p e c i f i c  experim ental systems that have been used [10, pp. 83 -104 ] .

Flow Methods

There are two typ es  of f low  system s, the s in g le  pass system, and 

the vapor r e c ir c u la t io n  system. In the s in g le  pass system a sample of  

pure gas  a t  a s p e c i f i e d  p r e s s u r e  i s  p a ssed  through  a l i q u i d  a t  a 

s p e c i f i e d  temperature. In a given len g th  of tim e the l iq u id  and vapor 

are e s s e n t i a l l y  in  eq u ilib r iu m , which in  a w e l l  designed system i s  l e s s  

than f i f t e e n  minutes [10, p. 83]. When equ ilibr ium  i s  reached samples  

of vapor and l iq u id  are withdrawn for  a n a ly s i s .

The vapor r e c ir c u la t in g  method s t a r t s  w ith l iq u id  and vapor in  a 

v e s s e l  a t  a s p e c i f i e d  temperature and pressure. Vapor i s  withdrawn and' 

r e c ir c u la te d  through the l iq u id ,  t h i s  v a p o r- l iq u id  con tact  a l lo w s  for  a 

rapid approach to  equ ilib r iu m . When equ ilibr ium  i s  reached samples of  

vapor and l iq u id  are withdrawn for  a n a ly s is .
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The s in g le  pass method s u f f e r s  from two major d isadvantages w ith  

resp ec t  to  the vapor r e c ir c u la t io n  method. F ir s t ,  i t  i s  d i f f i c u l t  to  

e s t a b l i s h  whether eq u ilib r iu m  has been reached in  one pass or not. The 

second disadvantage in v o lv e s  the p ressu r iz in g  of the v e s s e l  contain ing  

l i q u i d .  A l l  o f  th e  vapor used to  p r e s s u r i z e  th e  v e s s e l  c o n t a c t s  th e  

l iq u id  below the s p e c i f i e d  pressure. To in sure  th at  the vapor sample 

withdrawn i s  r e p r e se n ta t iv e  of the operating  pressure, the v e s s e l  must 

e i t h e r  have enough vapor p a ssed  th rou gh  i t  to  " c lea r"  o u t  th e  i n i t i a l  

vapor or the v e s s e l ' s  con ten ts  must be mixed a t  operating  con d it ion s .

S t a t i c  Methods

There are s e v e r a l  types of equipment system s for measuring s t a t i c  

high pressure equ ilib r iu m . A ty p ic a l  method c o n s i s t s  of p lac ing  a tw o-  

phase m ix tu r e  in  a s e a l e d  v e s s e l  a t  a s p e c i f i e d  te m p e r a tu r e  and 

pressure. Then the v e s s e l ' s  con ten ts  are mixed and when equ ilibr ium  i s  

reached vapor and l iq u id  samples are withdrawn for a n a ly s is .  There i s  

one major disadvantage to  s t a t i c  methods. The pressure i s  u su a lly  not  

h e ld  c o n s t a n t  w h i l e  sa m p le s  are  b e in g  w ith d raw n , w hich  can le a d  to

con s id erab le  e r r o r .
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EXPERIMENTAL 

Experimental Design

The e x p e r im e n t a l  work was perform ed  in  th r e e  s t a g e s .  The f i r s t  

s t a g e  was th e  d ev e lo p m en t  o f  a w ork in g  and r e l i a b l e  e x t r a c t i o n  

a p p a r a tu s .  N ext a s e r i e s  o f  e x p e r im e n t s  w ere perform ed  to  d e v e lo p  a 

p r a c t i c a l  e x p e r im e n t a l  p roced u re  w i t h  r e p r o d u c ib le  r e s u l t s .  T hese  

experim ents a ls o  gave the in v e s t ig a to r  a f e e l  for the apparatus. The 

l a s t  s ta g e  was the gathering  of u s e fu l  data. The f i r s t  s e t  of data was 

at  40 degrees C e ls iu s .  Here, phenol s o lu t io n  con cen tra tion s  of 10,000 

ppm, 5,000 ppm, and 2,500 ppm were in v e s t ig a te d  over the pressure range 

o f  1 ,1 0 0  p s ig  to  2 ,8 0 0  p s i g .  The seco n d  s e t  o f  d a ta  was a t  60 d e g r e e s  

C e l s i u s .  P henol s o l u t i o n  c o n c e n t r a t i o n s  o f  10 ,000  ppm and 2 ,500  ppm 

w ere i n v e s t i g a t e d  over  th e  same p r e s s u r e  range as a t  40 d e g r e e s  

C e ls iu s .

Experimental Apparatus

A s c h e m a t ic  o f  th e  e x p e r im e n t a l  a p p a ra tu s  ap p ea rs  in  F ig u r e  I. 

The apparatus used was a s in g le  pass flow  system. An in verted  carbon 

d io x id e  gas  c y l i n d e r  was used to  f e e d  l i q u i d  carbon d i o x i d e  to  th e  

l iq u id s  pump. A Milroy Model HBD-1-30R h igh-pressure  l iq u id  pump was 

used to  p re ssu r iz e  the e x tr a c t io n  c e l l  and to  d e l iv e r  carbon d iox ide  to  

the e x tr a c t io n  c e l l  a t  constant pressures . The pump was charged w ith  

am b ien t  t e m p e r a tu r e  carbon d io x id e  by a carbon d i o x i d e  g a s  c y l in d e r  

w hich  was in v e r t e d  to  d e l i v e r  l i q u i d  s o l v e n t .  The pump's l i q u i d  end 

was a lw a y s  packed in  i c e  to  keep th e  carbon d io x id e  l i q u i d  in  th e  

pumping chamber and thus in su r in g  c o n s is t e n t  flow  by preventing  a vapor
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lock . Pumping l iq u id  carbon d iox id e  y ie ld ed  c o n s is te n t  f low  and s ta b le  

system pressures . The pump was protected  by- a rupture d is c  and a one­

way check va lve  lo ca ted  beyond the pump and before the e x tr a c t io n  c e l l .

The e x tr a c t io n  c e l l  was a o n e - l i t e r  monel bomb rated a t  3,500 p s i  

suspended in  an e l e c t r i c a l l y  heated oven. Eighty percent of the bomb's 

volume was packed w ith  0.64 cen tim eter  ceramic Berl sadd les .  This l e f t  

a two hundred m i l l i l e t e r  empty space and roughly a h e igh t of s ix  c e n t i ­

meters for  v a p o r- l iq u id  disengagement. Oven temperature was co n tro lled
I

by e l e c t r i c a l  h ea ters  c o n tr o l le d  by a Pow erstat type 3PN1168 var iab le  

auto transform er. There was a network o f  v a lves  around the bomb which 

allow ed for the i s o l a t i o n  and removal of the bomb w hile  under pressure.

A W hitey  Model number SS-22RS4 m ic r o m e te r in g  v a l v e  was used to  

co n tro l  pressure and c o l l e c t  samples for  a n a ly s is .  This va lve  f lash ed  

th e  s a t u r a t e d  vapor t o  a tm o s p h e r ic  p r e s s u r e .  Then th e  f l a s h e d  vapor  

bubbled th rou gh  a s e p a r a b le  vacuum tr a p  c o n t a in in g  s e v e n t y - f i v e  

m i l l i l i t e r s  o f  d e io n iz e d  w a ter  t h a t  was h e ld  a t  0 d e g r e e s  C e l s i u s  by 

means of an i c e  bath. Then the "clean" vapor was routed through a one 

hundred m i l l i l i t e r  soap f i l m  f lo w m e te r  and th en  to  th e  a tm osp h ere .  

I n i t i a l l y  an attem pt was made to  c o l l e c t  phenol samples in  a dry trap  

h e ld  a t  0 d e g r e e s  C e l s i u s  by an i c e  b ath . T h is  f a i l e d  to  produce any 

d e t e c t a b l e  t r a c e s  o f  p h en o l in  th e  t r a p .  T h e r e fo r e ,  th e  a l t e r n a t i v e  

method o f u s in g  d e io n iz e d  w ater  in  th e  tra p  was em p loyed , and was 

s a t i s f a c t o r y .  The f a i l u r e  of the f i r s t  attem pt might have been caused 

by the sm all s i z e  of the condensed phenol p a r t i c l e s  which may have been 

carr ied  through the trap by the e f f lu e n t  vapor flow .



10

System pressures  were monitored by an Autoclave Engineers Model 

DPS0081 p r e s s u r e  s e n s o r  and an A u to c la v e  E n g in e e r s  Model DPT418 

p r e s s u r e  t r a n s d u c e r .  The p r e s s u r e  transducer  was lo c a te d  before the  

e x t r a c t i o n  c e l l  by r o u g h ly  1.5 m e te r s  o f  tu b in g .  A c a l c u l a t i o n  o f  

p r e s s u r e  drop over  t h i s  d i s t a n c e  due to  f r i c t i o n a l  f lo w  was made and 

was n e g l i g ib le .  Oven temperature was monitored by a Cole Palmer Model 

8530 thermometer and a thermocouple in  the oven.

P henol a n a l y s i s  used  th e  f o l l o w i n g  eq u ipm ent; an Orion 901 

i o n a l y z e r  used  as  a pH m eter;  a Bausch and Lomb S p e c t r o n ic  2Q 

spectophotom eter; a magnetic s t i r r e r ;  and a mass balance.

Experimental Procedure

Preparation for an experim ental run began the evening before. The 

bomb was charged w ith fre sh  s o lu t io n  i f  necessary. Phenol s o lu t io n s  

were prepared from reagent grade phenol and deion ized  water. The bomb 

needed  to  be r ec h a r g ed  i f  th e  n e x t  run r e q u ir e d  a d i f f e r e n t  p heno l  

s o lu t io n  concentration . Charging the bomb w ith  fresh  s o lu t io n  involved  

g r a v im e tr ic a l ly  f i l l i n g  the bomb w ith  roughly s ix  hundred m i l l i l i t e r s  

o f  th e  d e s i r e d  s o l u t i o n ,  w hich  f i l l e d  th e  bomb to  th e  l e v e l  o f  i t s  

p a ck in g .  Next th e  bomb was clam ped i n t o  th e  oven w hich  had been  

preheated to  the run temperature. Then the bomb was connected to  the  

system 's tubing and p ressur ized  w ith saturated  carbon d io x id e  at room 

temperature, roughly 9 0 0 .p s i .  The bomb was then sea led  from th e  system  

and heated up to  the run temperature overnight.

The experim ental run began the next morning. F ir s t  the pump was 

used  t o .  b r in g  th e  sy s te m  up t o  th e  o p e r a t in g  p r e s s u r e  and th en

(
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maintained at t h i s  pressure for  15 minutes. Next the bomb was i s o la t e d  

from th e  s y s te m  and removed from the  oven fo r  m ix in g .  T h is  m ix ing  

insured in t im a te  v a p o r- l iq u id  .contact a t  operating pressure. When the  

bomb reached operating  pressure, v i r t u a l ly  a l l  of the carbon d iox ide  in  

the  bomb, roughly 200 m i l l i l i t e r s ,  had been bubbled through the l iq u id  

at sub-operating  pressure. This included the p ressu r iz in g  of the bomb 

w ith  saturated  carbon d io x id e  a t  room temperature and the pumped carbon 

d io x id e  t h a t  brought th e  bomb up t o  o p e r a t in g  p r e s s u r e .  A l l  of t h i s  

carbon d io x id e  rem ained  in  th e  bomb s i n c e  th e  o u t l e t  o f  th e  bomb was 

c lo sed  to  f low . Therefore, the vapor and l iq q id  in  the bomb needed to  

be r e - c o n t a c t e d  a t  o p e r a t in g  c o n d i t i o n s .  Upon r e a c h in g  o p e r a t in g  

pressure and a f t e r  a 15 minute w a it ,  the bomb was i s o la t e d  and removed 

from the oven and shaken v igorou s ly  for  roughly one minute. Then the  

bomb was clamped back in to  the oven and opened up to  the  system. The 

bomb's drop in  pressure during removal from the oven ranged from l e s s  

than  10 p s i  up to  50 p s i .  The la r g e r  p r e s s u r e  drops w ere a s s o c i a t e d  

w ith  higher operating  pressures  and a l l  pressure drops were corrected  

w ith in  5 minutes. These pressure drops were probably due to  the s l i g h t  

c o o l in g  of the bomb upon oven removal. When the bomb pressure had been 

resto red  i t  was maintained for  one hour.

A f t e r  th e  one hour p e r io d  a sam p le  o f  vapor was ready to  be 

withdrawn. The m icrometering va lve  was opened to  d e l iv e r  a d e s ira b le  

f lo w , which ranged from 50 m i l l i l i t e r s  per minute to  200 m i l l i l i t e r s  

per m in u te .  The p h en o l in  th e  vapor sam ple  was con densed  out o f  th e  

vapor in  th e  s e p a r a b le  vacuum t r a p ,  and was a l s o  d e p o s i t e d  in  th e  

m icrometering va lve  and on the connecting tube. The vapor f lo w r a te  was
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measured w ith  the soap f i lm  flow m eter and a stop watch. The amount of  

carbon d iox id e  from each run ranged from around 4,500 m i l l i l i t e r s  to  

6,000 m i l l i l i t e r s  a t  ambient co n d it io n s .  Ambient pressure was recorded  

a lo n g  w i th  e f f l u e n t  vapor te m p e r a tu r e .  During th e  run and th e  hour 

p e r io d  b e fo r e  sam ple  c o l l e c t i o n  p r e s s u r e  was a lw a y s  h e ld  to  +_ 10 p s i  

and u s u a l l y  h e ld  to  5 p s i .  A lso  d u r in g  t h i s  t im e  oven te m p e r a tu r e  

was held to  _+ I degree C e ls iu s .  During the experim ental run the phenol 

s o lu t io n  was dep leted  somewhat. The amount of s o lu t io n  d ep le t io n  was 

s m a l l  due to  th e  r e l a t i v e l y  l a r g e  amount o f  l i q u i d  s o l u t i o n  and th e  

sm a ll  s o l u b i l i t i e s  of phenol in  the vapor phase. The phenol s o lu t io n  

con cen tration  was alw ays w ith in  95% of the s ta ted  concentration .

When th e  sam ple  had been ta k e n ,  th e  m ic r o m e te r in g  v a lv e  was 

i s o l a t e d  from th e  s y s te m .  Then th e  v a l v e ,  c o n n e c t in g  tu b e ,  and 

separable  vacuum trap were removed as a u n it ,  and then taken to  the lab  

f o r  p h en o l r e c o v e r y .  Only t h e s e  com ponents  w ere used  in  phenol  

recovery because they were the only components that were exposed to  the  

ph en ol in  th e  vapor sam ple  c o l l e c t e d  d u r in g  th e  run. Here a l l  th e  

components were thoroughly washed w i t h  175 m i l l i l i t e r s  o f  d e io n iz e d  

water and a l l  of the washings p lus the con ten ts  of the trap were placed  

in  a t i g h t l y - s e a l e d ,  la b le d ,  and tared sample b o t t le .  Then the sample 

b o t t l e  was w eigh ed  and s t o r e d  fo r  l a t e r  p heno l a n a l y s i s .  A lso  a f t e r  

each run, the 0.16 cen tim eter  O.D. s t a i n l e s s  s t e e l  tubing th at  ran from 

th e  bomb t o  th e  m ic r o m e te r in g  v a lv e  was washed out w i t h  d e io n iz e d

w a te r .  T h is  in s u r e d  t h a t  t h e .n e x t  run would n ot  be i n f l u e n c e d  by
I

phenol th at  might have been l e f t  in  the tubing from the previous run.
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Phenol A nalysis

The phenol a n a ly s is  was a d ir e c t  photometric method. The ac tu a l  

wet chem istry  i s  presented in  Standard Methods For the Examination of  

Water and Wastewater [11, pp. 510-513]. A s e r i e s  o f  phenol standards  

was prepared and analyzed by the above procedure. From t h i s  a c a l ib r a ­

t i o n  cu rve  was c o n s t r u c t e d ,  w hich  p l o t t e d  ab sorb an ce  v e r s u s  phenol  

con cen tration  (appendix C). The absorbance readings of unknowns were 

compared a g a in s t  the c a l ib r a t io n  curve and phenol con cen tra tion s  were 

read d ir e c t ly  o f f  the curve. Phenol a n a ly ses  were performed on three  

known prepared  s o l u t i o n s  and r e p e a te d  on a c o u p le  o f  e x p e r im e n ta l  

samples in  order to  eva lu a te  the accuracy o f  the phenol a n a ly s is .  A ll  

an a lyses  were w ith in  5% error.

The c a lc u la t io n  of phenol mole f r a c t io n  in  the vapor samples was 

accomplished by in d iv id u a l ly  c a lc u la t in g  the amounts o f  carbon d iox ide  

and p h en o l.  The amount o f  phenol was c a l c u l a t e d  from knowing th e  

phenol con cen tration  of the c o l le c t e d  water sample and i t s  mass. The 

amount o f  carbon d io x id e  was c a l c u l a t e d  from th e  i d e a l  gas law .  

Ambient temperature and pressure were known along with sample volume.

Reagents

A ll  chem ica ls  used were reagent grade except carbon d iox ide . The 

carbon d i o x i d e  was w e ld in g  grade and was 99.9% pure. The w ater  used

was d e io n ized .
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RESULTS AND DISCUSSION 

General Observations

Phenol s o l u b i l i t i e s  were measured a t  a constant temperature and at  

a c o n s t a n t  ph en o l s o l u t i o n  c o n c e n t r a t i o n  over  a range  o f  p r e s s u r e s .  

As p r e v i o u s l y  m en tion ed  th e  d e p l e t i o n  o f  ph en o l d u r in g  a run changed  

th e  aqueous p h en o l c o n c e n t r a t i o n  l e s s  than  5%. A lso  a s  m entioned  

b e fo r e  p h en o l a n a l y s i s  by th e  d i r e c t  p h o to m e tr ic  method produced  

r e s u l t s  w ith l e s s  than 5% e r r o r .

The c r i t i c a l  p r o p e r t ie s  of the s u p e r c r i t i c a l  phase m ixture (Tc, Pc) 

w ere assum ed to  be i d e n t i c a l  to  th o s e  o f  pure carbon d io x i d e  (Tc = 31 

d e g r e e s  C e l s i u s ,  Pc = 1070 p s i a )  and u n a f f e c t e d  by th e  p r e s e n c e  o f  

phenol and water s in c e  they were in  such sm all con cen tra tions .

Experimental S o l u b i l i t i e s

The primary o b je c t iv e  of t h i s  research  was to measure experim ental  

s o l u b i l i t y  data for phenol in  s u p e r c r i t i c a l  carbon d iox id e  from aqueous 

p h en o l s o l u t i o n s .  The p a r a m e te r s  s t u d i e d  d uring  t h e s e  v a p o r - l i q u i d  

e q u i l i b r iu m  runs w ere t e m p e r a t u r e , p r e s s u r e ,  and p h en o l s o l u t i o n  

c o n c e n t r a t i o n .  S o l u t i o n  c o n c e n t r a t i o n s  were r e p o r te d  in  p a r t s  per  

m il l io n ,  ppm, which was a weight r a t io  (e.g. 10,000 ppm was I weight % 

p h en o l) .

The r e p o r te d  p h en o l s o l u b i l i t i e s  w ere fo r  t e m p e r a tu r e s  o f  40 

degrees C e ls iu s  and 60 degrees C e ls iu s ,  and were mole f r a c t io n  phenol 

in  th e  vapor p h ase . Each e x p e r im e n t a l  run was d u p l i c a t e d  and th e  

d if fe r e n c e  between, r e p l i c a t e s  averaged 17%.
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Data a t  40 Degrees C e ls iu s

The phenol s o l u b i l i t i e s  for 40 degrees C e ls iu s  are l i s t e d  in  Table  

I. This data in c lu d es  the va lu es  for  each experim ental r e p l ic a t e  and 

the average. For t h i s  temperature the fo l lo w in g  three  phenol s o lu t io n  

c o n c e n t r a t i o n s  w ere i n v e s t i g a t e d :  1 0 ,000  ppm; 5 ,0 0 0  ppm; and 2 ,5 0 0  

ppm. The p r e s s u r e  ran ge  i n v e s t i g a t e d  fo r  each  o f  t h e s e  s o l u t i o n  

c o n c e n t r a t i o n s  was 1 ,1 0 0  p s ig  to  2 ,8 0 0  p s ig .  The a v e r a g e  v a lu e s  fo r  

each d u plica ted  experiment are p lo t te d  in  Figure 2.

The e f f e c t  o f  p r e s s u r e  upon vapor phase ph en o l s o l u b i l i t y  was 

c o n s is t e n t  among the th ree  phenol s o lu t io n  con cen tra tion s .  The vapor 

phase phenol s o l u b i l i t y  increased  s i g n i f i c a n t l y  in  the pressure range 

of 1,100 p s ig  to  2,000 p s ig .  Beyond 2,000 p s ig  the vapor phase phenol 

s o l u b i l i t y  le v e le d  o f f  in d ic a t in g  a much weaker fu n c t io n  of pressure.  

Figure 2 a ls o  shows th a t  increased  phenol s o lu t io n  con cen tration  gave 

la r g er  vapor phase phenol s o l u b i l i t i e s .  t

The e f f e c t  o f  p r e s s u r e  on vapor phase ph en o l s o l u b i l i t y  was 

s im i la r  to  i t s  e f f e c t  on s u p e r c r i t i c a l  carbon d iox id e  d en s ity  (Figure

3 ) .

The d en s ity  increased  rap id ly  w ith  increased  pressure in  the same 

pressure range as did vapor phase phenol s o l u b i l i t y .  Also the d en s ity  

s t a r t e d  t a p e r in g  o f f  a t  r o u g h ly  th e  same p r e s s u r e  a s  d id  th e  vapor, 

phase phenol s o l u b i l i t y .  I t  was apparent th a t  increased  d en s ity  in  the  

vapor phase r e s u lte d  in  increased  s o lu te  s o l u b i l i t y  in  the vapor phase.



Table I .  Mole F raction  Phenol in  S u p e r c r i t ic a l  Carbon D ioxide a t  40 degrees C els ius

10,000 ppm
Press  Mole F ra c t io n  Phenol
( P s I r ) Rx p. I Exp. 2 Av e .
1100 0.000095 0.00013 0.00011
1 2 0 0 0.00026 0.00022 0.00024
1400 0.00034 0.00032 0.00033
1800 0.00051 0.00087 0.00069
2600 0 .00080 0.00083 0.00082

5,000 ppm
Press  Mole FracLion Phenol
( P s I r ) Exp. I Exp. 2 A v e .
1100 0.00012 0.000086 0 .00010
1200 0.00020 0.00019 0 .00020
1400 0.00016 0.00022 0.00019
1700 0.00025 0.00034 0.00030
2000 0.00057 0.00039 0.00048
2800 0.00060 0.00041 0.00051

2 ,500  ppm
Press  Mole F ra c t io n  Phenol
(Psifi) Exp. I Exp. 2 Ave.
1100 0.000069 0.000071 0.000070
1200 0.000048 0.000068 0.000058
1400 0.000096 0.00011 0.00010
1700 0.00013 0.00015 0.00014
2000 0.00018 0.00019 0.00019
2800 0.00019 0.00027 0.00023
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D ata a t  60 DeRrees C e l s i u s

The v a p o r  p h a s e  p h e n o l  s o l u b i l i t y  d a t a  a t  60 d e g r e e s  C e l s i u s  

a p p e a r s  i n  T a b le  2. The p h e n o l  s o l u t i o n  c o n c e n t r a t i o n s  i n v e s t i g a t e d  

w ere  10,000 ppm and 2 ,500  ppm ove r  t h e  p r e s s u r e  r a n g e  o f  1 ,100 p s ig  t o  

2 ,800  p s ig .  T h i s  d a t a  i s  p l o t t e d  i n  F ig u r e  4.

At 60 d e g r e e s  C e l s i u s  t h e  b e h a v i o r  o f  v a p o r  p h a s e  p h e n o l  

s o l u b i l i t y  a s  a f u n c t i o n  o f  p r e s s u r e  was d i s t i n c t l y  d i f f e r e n t  th an  th e  

b e h a v i o r  o b s e r v e d  a t  40 d e g r e e s  C e l s i u s .  B o th  t h e  F i g u r e  4 c u r v e s  a t  

60 d e g r e e s  C e l s i u s  showed a minimum i n  v a p o r  phase  pheno l  s o l u b i l i t y  a t  

t h e  lo w e r  p r e s s u r e s ,  w hich  was u n e x p e c te d .  T h i s  b e h a v io r  was c l e a r l y  

shown f o r  t h e  d a t a  c o l l e c t e d  from  t h e  2 ,500  ppm aqueous  ph en o l  s o l u t i o n  

w hich had n e a r l y  tw ic e  a s  many p o i n t s  a s  t h e  10 ,0 0 0  ppm s o l u t i o n .

T a b le  2 .  M ole  F r a c t i o n  P h e n o l  i n  S u p e r c r i t i c a l  C a r b o n  D i o x i d e  a t  60 
____________D egrees  C e l s i u s .  ________________________________________________

P r e s s
( P s ig )

10 ,0 0 0  ppm
Mole F r a c t i o n  P henol P r e s s

( P s ig )

2 ,5 0 0  ppm
; Mole F r a c t i o n  Phenol

I Exp. I Exp. 2 Ave. Exp. I E xp . 2 Ave.
1100 0 .0 0013 0 .00011 0 .0 0 0 1 2 1100 0 .000097 0 .0 0 0 1 0 0 .000099
1200 0 .000094 0 .0 0 0 1 0 0 .000097 1200 0 .000088 0 .000072 0 .000080
1400 0 .000072 0 .000084 0 .000078 1300 0 .000083 0 .0 00073 0 .000078
1600 0 .0 0 0 1 0 0 .0 0 0 1 4 0 .0 0 0 1 2 1400 0 .000062 0 .0 0 0 0 6 0 0.000061
2000 0 .0 0 0 1 8 0 .0 0 0 1 5 0 .00017 1550 0 .000055 0 .000067 0 .000061
2700 0 .0 0 0 3 0 0 .0 0037 0 .0 0034 1650 0 .000058 0 .0 00065 0.000062

1800 0 .000068 0 .000081 0 .000075
1950 0 .000068 0 .000082 0 .000075
2100 0 .000076 0 .0 0 0 0 8 6 0.000081
2300 0 .000094 0 .0 0 0 1 2 0 .00011
2800 0 .0 0015 0 .0 0 0 1 2 0 .00014

The r e a s o n s  why v a p o r  p h a s e  p h e n o l  s o l u b i l i t y  e x p e r i e n c e d  t h e s e  

d e p r e s s i o n s  w e r e  n o t  u n d e r s t o o d  a n d  l e d  t o  t h e  m o d e l i n g  s t u d i e s  

d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .  The d e n s i t y  v e r s u s  p r e s s u r e  b e h a v i o r
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for carbon d io x id e  a t  60 degrees C e ls iu s  was s im i la r  to  the curve a t  40 

d e g r e e s  C e l s i u s  (F ig u r e  3 ) .  O b v io u s ly  a d i f f e r e n t  ty p e  o f  phenomena 

was tak ing p lace  a t  60 degrees C e ls iu s  than was a t  40 degrees C els iu s .

The e f f e c t s  o f  phenol s o lu t io n  con cen tration  on vapor phase phenol 

s o l u b i l i t y  were s im i la r  to  the e f f e c t s  a t  40 degrees C e ls iu s .  Larger 

p h en o l s o l u t i o n  c o n c e n t r a t i o n s  g a v e  l a r g e r  v a p o r  p h a s e  p h e n o l  

s o l u b i l i t i e s .

A ll  o f  th e  data a t  40 and 60 degrees C e ls iu s  are p lo t te d  in  Figure  

5. The major e f f e c t s  o f  temperature on vapor phase phenol s o l u b i l i t i e s  

w ere th e  minimum s o l u b i l i t i e s  o b se r v e d  a t  60 d e g r e e s  C e l s i u s .  The 

o th e r  t e m p e r a tu r e  e f f e c t  in v o lv e d  th e  r e l a t i v e  m a g n itu d es  o f  vapor  

phase phenol s o l u b i l i t i e s ;  the higher temperature of 60 degrees C e ls iu s  

gave lower va lu es  of vapor phase phenol s o l u b i l i t y  than did 40 degrees  

C els iu s .  This was probably due to  the decreased carbon d io x id e  d en s ity  

at  higher tem peratures (Figure 3).

Thermodynamic Modeling

Modeling

A model o f  the aqueous p h e n o l- s u p e r c r it ic a l  carbon d iox id e  system  

was developed to  c a lc u la t e  the system 's vap or-l iq u id  eq u ilib r iu m . The 

model co n s is te d  o f  th ree  s o lu t io n  component fu g a c ity  equations. Each 

equation invo lved  s e t t in g  the' component fu g a c ity  in  the s u p e r c r i t i c a l  

s t a t e  eq u a l  t o  th e  c o r r e s p o n d in g  com ponent f u g a c i t y  in  th e  l i q u i d
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phase, which i s  a thermodynamic c r i t e r io n  for  phase equ ilibr ium . The 

three  equations are l i s t e d  below.

P = System pressure

= Mole f r a c t io n  of "i" in  l iq u id  phase 

"Tjl = A c t iv i ty  c o e f f i c i e n t  of "i" in  l iq u id  phase 

= Standard s t a t e  fu g a c ity  of "i"

= Henry's law c o e f f i c i e n t  of "i"

P henol i s  d en oted  by th e  s u b s c r i p t  I ,  w a ter  i s  d en o ted  by 2, and 

s u p e r c r i t i c a l  carbon d io x id e  i s  d en oted  by 3. The unknowns in  t h e s e  

e q u a t io n s  w ere vapor phase m ole f r a c t i o n s  and vapor p h ase  component 

f u g a c i t y  c o e f f i c i e n t s .  The com ponent f u g a c i t y  c o e f f i c i e n t s  w ere  

c a lc u la te d  using the Peng-Robinson equation of s t a t e  (appendix A) and 

were fu n c t io n s  of vapor phase mole f r a c t io n s ,  temperature, and pressure  

[1 2 ,  p. 2 0 5 ] .  T hree-com pon en t d a ta  fo r  l i q u i d  p h ase  a c t i v i t y  

c o e f f i c i e n t s  and for carbon d io x id e  s o l u b i l i t i e s  in  th e  l i q u i d  phase  

w ere n ot  a v a i l a b l e .  H ow ever, tw o-com p on en t W ilson  p a ra m eters  fo r  

phenol and water a t  low pressures  were a v a i la b le  to  c a l c u la t e  l iq u id  

phase  a c t i v i t y  c o e f f i c i e n t s  f o r  p h en o l and w ater  from  th e  W ilson  

e q u a t io n  [1 3 ,  pp. 7 5 4 - 7 5 7 ] .  T hese c a l c u l a t e d  a c t i v i t y  c o e f f i c i e n t s  

ignored the e f f e c t s  of d is s o lv e d  carbon d iox id e  in  the l iq u id  phase and

! )  7 1 0 1  p = x l 7 1 / l °

2) y 2 0 2  P =

Where:

yj_ = Mole f r a c t io n  of "i" in  vapor phase

t .  = Vapor phase component fu g a c ity  c o e f f i c i e n t  of "i"
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the e f f e c t s  of  the system's high pressures .  Henry's law c o e f f i c i e n t s  

at  e l eva ted  pressures  were a v a i l a b l e  for  carbon d iox id e  and water to  

c a l c u l a t e  carbon d i o x i d e  s o l u b i l i t i e s  i n  t h e  l i q u i d  phase [14 ,  

p. 3 - 9 6 ] .  These  c a l c u l a t e d  carbon d i o x i d e  s o l u b i l i t i e s  ig n o r e d  th e  

e f f e c t s  of  phenol in  the l i q u i d  phase.

I t  was f e l t  t h i s  l a c k  of  d a ta  f o r  th e  t h r e e  component l i q u i d  

s o l u t i o n  would not  p r e v e n t  t h e  p r e d i c t i o n  o f  t r e n d s  f o r  th e  phenol  

s o l u b i l i t i e s  i n  t h e  s u p e r c r i t i c a l  phase .  I t  i s  u n l i k e l y  th e  s m a l l  

amount o f  d i s s o l v e d  carbon d i o x i d e  ( l e s s  than 4 mole %) would a f f e c t  

t h e  w a t e r - p h e n o l  i n t e r a c t i o n s ;  t h e  p h en o l  has  l i t t l e  ten d en cy  t o  

i n t e r a c t  w i t h  t h e  carbon d i o x i d e  and i s  a l s o  p r e s e n t  i n  very  s m a l l  

c o n c e n t r a t i o n s  ( l e s s  than 0.2 mole  %). Although t h e  p h e n o l - w a t e r  

a c t i v i t y  c o e f f i c i e n t  data was at  sm al l  pressures  (2-14.7 ps ia )  r e l a t i v e  

to  system pressures  (up to  2800 ps ig )  i t  should be only weakly a f f e c t e d  

s i n c e  t h e  a c t i v i t y  c o e f f i c i e n t  i s  a weak f u n c t i o n  o f  p r e s s u r e .  A 

d e t a i l e d  o u t l i n e  of  equation d er iv a t io n  and referenced data appears in  

appendix A.

The component f u g a c i t y  e q u a t i o n s  were  s o l v e d  u s i n g  a t r i a l  and 

error computation th at  s a t i s f i e d  a l l  three  equations.

I n i t i a l l y  an attempt was made to  s o lv e  the thermodynamic model by 

u s i n g  a l l  t h r e e  o f  t h e  component  f u g a c i t y  e q u a t i o n s .  The s o l u t i o n s  

generated by t h i s  method gave vapor phase composit ions  whose sums were 

greater  than one and t h i s  was corrected by normal iz ing the vapor phase 

c o m p o s i t i o n .  U n f o r t u n a t e l y  b eca u s e  t h e s e  sums were larger  than one,

24
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th e  method o f  s o l u t i o n  u s i n g  a l l  t h r e e  o f  t h e  component f u g a c i t y  

e q u a t i o n s  became i n d e t e r m i n a t e  a t  e l e v a t e d  . p r e s s u r e s  a s  d e s c r i b e d  

below.

There was a term in  the Peng-Robinsbn equation of  s t a t e  that  took  

t h e  n a t u r a l  l o g a r i t h m  o f  a d i f f e r e n c e  i n v o l v i n g  v a p o r  p h a s e  

c o m p r e s s i b i l i t y  and vapor phase  c om p os i t ion .  For increased  pressure  

t h i s  d i f f e r e n c e  became s m a l l e r  b e c a u s e  t h e  v a l u e  o f  t h e  vapor phase  

carbon d i o x i d e - m o l e  f r a c t i o n  became g r e a t e r  than one and grew w i t h  

i n c r e a s e d  p r e s s u r e .  F i n a l l y  a p r e s s u r e  was r ea c h e d  where th e  

d i f f e r e n c e  became z e r o  or n e g a t i v e  and th e  e q u a t i o n  o f  s t a t e  became  

i n d e t e r m i n a t e .  T h is  oc c u r r e d  i n  t h e  m id d le  o f  t h e  p r e s s u r e  range of  

t h e  e x p e r i m e n t a l  d a ta  a t  both  40 and 60 d e g r e e s  C e l s i u s  and t h u s ,  i t  

was not  s a t i s f a c t o r y  f o r  co m p a r iso n  w i t h  th e  e x p e r i m e n t a l  data .  

Therefore t h i s  method of s o l u t i o n  in v o lv in g  a l l  three of  the component 

f u g a c i t y  e q u a t i o n s  was abandoned and an a l t e r n a t i v e  method was  

developed.

The secon d  method used  t h e  p h en o l  and w ater  component f u g a c i t y  

e q u a t i o n s  and a vapor phase  mole' b a la n c e  t h a t  s e t  t h e  sum o f  t h e  

component vapor phase mole f r a c t i o n s  equal to  one. The s u p e r c r i t i c a l  

carbon d i o x i d e  component f u g a c i t y  e q u a t i o n  was r e p l a c e d  by t h e  mole  

balance because i t  was causing the indeterminate  s o lu t io n s .

This a l t e r n a t i v e  method c a l c u la te d  vapor phase phenol s o l u b i l i t i e s  

f o r  t h e  e n t i r e  p r e s s u r e  range  (0 - 2 8 0 0  p s i a ) .  A co m p a r is o n  o f  t h e  two  

methods showed they were s i m i l a r  over pressure  where they both could be 

u s e d ; t h e r e f o r e  t h e  secon d  method was s e l e c t e d  f o r  t h e  m od e l in g



26

s t u d i e s .  Appendix  B shows t h i s  c o m p a r is o n  o f  t h e  tw o m ethods  and a l s o  

c o n t a i n s  t h e  c o m p u te r  p rogram  used  t o  c a l c u l a t e  t h e  second  method.

Modeling R esul ts

The e x p e r i m e n t a l  vapor phase  phenol  s o l u b i l i t i e s  a t  40 d e g r e e s  

C els iu s  and phenol s o lu t io n  concentrat ions  of  10,000 ppm and 2,500 ppm 

are  p l o t t e d  a g a i n s t  t h e i r  c o r r e s p o n d i n g  d a ta  g e n e r a t e d  by th e  

thermodynamic model in  Figure 6. In Figure 7 the same exper imental  and 

model-generated data i s  p lo t te d  for  60 degrees  C els ius .

A l l  of  the model-generated data a t  both 40 degrees  C e l s iu s  and 60 

degrees  C e l s iu s  showed a minimum in  vapor phase phenol s o l u b i l i t y  at  

l o w e r  p r e s s u r e s .  At 40 d e g r e e s  C e l s i u s  th e  minimums in  vapor phase  

pheno l  s o l u b i l i t i e s  o c c u r r e d  around 600 p s i a  w h i l e  a t  60 d e g r e e s

C e ls iu s  the minimums occurred around 700 p s ia .

The mole f r a c t i o n  o f  p h en o l  i n  th e  s u p e r c r i t i c a l  phase  was t h e

product of four terms: x i  x Xi Y i  x exp
C f)±

- A  (P -  Pi SAT) 
RT

The f i r s t  term ,  c a l l e d  t h e  i d e a l  s o l u b i l i t y ,  showed t h a t  th e  vapor  

phase  pheno l  mole f r a c t i o n  was i n v e r s e l y  p r o p o r t i o n a l  t o  s y s t e m  

pressure  at  constant  temperature.  The th ird  term was the l i q u i d  phase 

a c t i v i t y  and was assumed to  be a fu n ct ion  of  composit ion and tempera­

t u r e  o n ly .  The f o u r t h  term was t h e  P o y n t in g  c o r r e c t i o n  and measured  

the e f f e c t  of  pressure upon the l i q u i d  phase fu gac i ty .  The second term 

was the in v e r se  of  the vapor phase component fu g a c i ty  c o e f f i c i e n t  which 

r e f l e c t e d  t h e  n o n - i d e a l i t y  o f  th e  v a p o r - p h a s e  m ix tu r e  o f  s o l u t e  and 

s o l v e n t .  At low  p r e s s u r e  t h i s  term was c l o s e  t o  u n i t y  but became
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F ig u r e  6 . Thermodynamic m o d e l - g e n e r a te d  v a p o r  p h a se  p h e n o l  s o l u b i l i t i e s  and e x p e r im e n ta l  pheno l 
s o l u b i l i t i e s  in  s u p e r c r i t i c a l  c a rb o n  d i o x id e  a t  1*0 d e g re e s  C e l s iu s
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F ig u r e  7 .  Thermodynamic m o d e l - g e n e r a te d  v a p o r  p h a se  p h e n o l  s o l u b i l i t i e s  and e x p e r im e n ta l  ph en o l  
s o l u b i l i t i e s  in  s u p e r c r i t i c a l  c a rb o n  d io x id e  a t  60 d e g re e s  C e l s iu s



sm al ler  w ith  higher pressures' and thus gave larger  vapor phase phenol  

mole f r a c t i o n s .  The m o d e l - g e n e r a t e d  c u r v e s  showed d e c r e a s i n g  vapor  

phase phenol mole f r a c t i o n  with in cr ea s in g  pressure a t  low pressures ,  

r e f l e c t i n g  the e f f e c t  of  the f i r s t  term or the id e a l  s o l u b i l i t y .  When 

the pressure reached around 600 p s ia  the vapor phase component fu g a c i ty  

c o e f f i c i e n t  began to  decrease  s i g n i f i c a n t l y  and caused the vapor phase 

pheno l  mole  f r a c t i o n  t o  p a s s  th rou gh  a minimum and c o n t i n u e  t o  

i n c r e a s e .  N e i t h e r  th e  P o y n t in g  c o r r e c t i o n  nor t h e  l i q u i d  phase  

a c t i v i t y  p la y e d  an i m p o r t a n t  r o l e  i n  d e t e r m i n i n g  t h e  s h a p e s  o f  th e  

vapor phase phenol mole f r a c t i o n  dep ress ion s  generated by the model.

For both  t e m p e r a t u r e s  t h e  model p r e d i c t e d  h i g h e r  vapor phase  

phenol s o l u b i l i t i e s  for la r g e r  p h en o l  s o l u t i o n  c o n c e n t r a t i o n s .  T h is  

was a d i r e c t  r e s u l t  of  t h e  mole  f r a c t i o n  pheno l  b e in g  l a r g e r  in  th e  

phenol f u g a c i ty  equation.

M o d e l -g e n e r a t e d  d a ta  d i f f e r e d  from th e  e x p e r i m e n t a l  d ata  i n  

F i g u r e s  6 and 7 i n  t h r e e  r e s p e c t s :  ( I )  th e  vapor phase  phenol  

s o l u b i l i t y  was p r e d i c t e d  b y . t h e  model t o  i n c r e a s e  f o r  i n c r e a s i n g  

temperature,  (2) the predic ted  phenol s o l u b i l i t i e s  were four to e ig h t  

t im es  sm al ler  than the exper imental  s o l u b i l i t i e s  at  40 degrees C e ls iu s ,  

and (3) the pred ic ted  and exper imental  minimums in  phenol s o l u b i l i t y  

o c c u r r e d  a t  d i f f e r e n t  p r e s s u r e  r e g i o n s  a t  60 d e g r e e s  C e l s i u s .  

I n c r e a s e d  p h en o l  s a t u r a t i o n  p r e s s u r e s  due to  i n c r e a s e d  t e m p e r a t u r e  

caused the predic ted  vapor phase phenol s o l u b i l i t i e s  to  in cr ea se  with  

i n c r e a s e d  t e m p e r a t u r e .  The o t h e r  tw o  d i s c r e p a n c i e s  b e t w e e n  

e x p e r i m e n t a l  and m o d e l - g e n e r a t e d  d a ta  might  have been cau sed  by t h e
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replacement of unavailab le  three-component data with two-component data 

as prev ious ly  d iscussed.

T a b l e  3 c o n t a i n s  m o d e l - g e n e r a t e d  v a l u e s  o f  v a p o r  p h a s e  

composit ion ,  vapor phase component fu g a c i ty  c o e f f i c i e n t s ,  and Poynting  

c o r r e c t io n s  for phenol and water for th e i r  r e s p e c t i v e  pressures  at  60 

degrees C e l s iu s  and 10,000 ppm phenol s o lu t io n  concen trat ion .

Table 3 .  Aqueous P h e n o l -S u p ercr i t ica l  Carbon Dioxide Model Calculated  
V a lu es  o f  Mole F r a c t i o n s  i n  th e  Vapor P h ase ,  Vapor Phase  
Component Fugacity C o e f f i c i e n t s ,  and Point ing  Correct ions  for  
Phenol and Water a t  60 d e g r e e s  C e l s i u s  and Phenol  S o l u t i o n  

___________ Concentration of  10,000 ppm_______________________________________

Press
(P s ia )

Vapor Phase Comp, 
(mole f r a c t i o n )  
Phenol Water

Vapor Phase 
Fugacity C o e f f . 
Phenol Water

Poynting Correction  

Phenol Water
10 0.0022 0.290 0.988 0.995 1.00 1.00
50 0.00047 0.059 0.949 0.978 1.01 1.00

100 0.00025 0.030 0.901 0.961 1.02 1.00
200 0.00014 0.016 0.810 0.923 1.05 1.01
400 0.000093 0.0087 0.650 0.848 1.09 1.02
600 0.000082 0.0064 0.514 0.774 1.14 1.03
800 0.000083 0.0053 0.400 0.702 1.20 1.04

1000 0.000091 0.0048 0.305 0.630 1.25 1.05
1100 0.000096 0.0046 0.264 0.595 1.28 1.05
1200 0.00011 0.0045 0.226 0.559 1.31 1.06
1300 0.00012 0.0045 0.193 0.523 1.34 1.06
1400 0.00013 0.0045 0.163 0.487 1.37 1.07
1600 0.00017 0.0047 0.116 0.416 1.43 1.08
1800 0.00022 0.0049 0.085 0.354 1.50 1.09
2000 0.00028 0.0051 0.068 0.307 1.57 1.10
2200 0.00028 0.0053 0.058 0.272 1.64 1.11
2400 0.00030 0.0055 0.052 0.245 1.71 1.12
2600 0.00032 0.0056 0.047 0.224 1.79 1.13
2800 0.00033 0.0057 0.044 0.206 1.87 1.14
3000 0.00035 0.0057 0.042 0.192 1.96 1.15
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D esign  C o n s i d e r a t i o n s

T h i s  s e c t i o n  o f  t h e  r e s u l t s  and d i s c u s s i o n  p r e s e n t s  t h e  

exper imental  vap or- l iqu id  equil ibr ium data in  a form that  could be used 

in  p red ic t in g  the system 's  ex tr a c t io n  c a p a b i l i t i e s .

E q u i l i b r i u m  pheno l  mole f r a c t i o n s  in  th e  l i q u i d  phase and th e  

s u p e r c r i t i c a l  carbon d iox id e  phase are in  Table 4 with system pressure  

and c a l c u la te d  d i s t r i b u t i o n  c o e f f i c i e n t s  or equil ibr ium K-values at  40 

d e g r e e s  C e l s i u s .  F ig u r e  8 c o n t a i n s  c u r v e s  o f  p h en o l  d i s t r i b u t i o n  

c o e f f i c i e n t s  v e r s u s  p r e s s u r e  f o r  t h r e e  d i f f e r e n t  l i q u i d  phase phenol 

mole f r a c t i o n s  at  40 degrees  C e ls iu s .  Figure 8 shows th at  the phenol 

d i s t r i b u t i o n  c o e f f i c i e n t  v e r s u s  s y s t e m  p r e s s u r e  p l o t s  f o r  th e  t h r e e

Table 4.  E x p e r i m e n ta l  Mole F r a c t i o n s  o f  Phenol i n  Water,  Mole 
F r a c t i o n s  o f  Phenol in  S u p e r c r i t i c a l  Carbon D i o x id e ,  and 

___________ Equilibrium K-values at  40 degrees C e ls iu s_____________ _________

Mole Fract ions  Phenol

Press  
( p s ig )

Liquid Phase
X

S u p e r c r i t i c a l  Phase
y

K-values
y/x

1100 0.0019 0.00011 0.058
1100 0.00096 0.00010 0.089
1100 0.00048 0.000070 0.16
1200 0.0019 0.00024 0.13
1200 0.00096 0.00020 0 .20
1200 0.00048 0.000058 0 .13
1400 0.0019 0.00033 0.17
1400 0.00096 0.00019 0.23
1400 0.00048 0.00010 0.22
1700 0.00096 0.00030 0.31
1700 0.00048 0.00014 0.31
1800 0.0019 0.00069 0.36
2000 0.00096 0.00048 0.50
2000 0.00048 0.00019 0.42
2600 0.0019 0.00082 0.43
2800 0.00096 0.00051 0.53
2800 0.00048 0.00023 0.51
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l i q u i d  phase pheno l  mole  f r a c t i o n s  were c l o s e  t o g e t h e r  a t  th e  lo w e r  

system p re s u r e s .

Table 5 con ta in s  the exper imental  equil ibr ium mole f r a c t i o n s  of  

phenol in  the l i q u i d  phase and s u p e r c r i t i c a l  carbon d iox id e  phase with  

system pressure  and c a l c u la te d  phenol d i s t r i b u t i o n  c o e f f i c i e n t s  at  60 

d e g r e e s  C e l s i u s .  F i g u r e  9 shows th e  p l o t s  o f  pheno l  d i s t r i b u t i o n  

c o e f f i c i e n t  versus  system pressure for the two d i f f e r e n t  l i q u i d  phase 

phenol mole f r a c t i o n s  at  60 degrees C e ls iu s .  Figure 9 shows that  the  

d i s t r i b u t i o n  c o e f f i c i e n t  as a funct ion  of  pressure at  constant  l iq u id  

phase phenol mole f r a c t i o n  passes  through a minimum at the lower system 

pressures  for both l i q u i d  phase phenol mole f r a c t io n s .

Table 5.  E x p e r i m e n ta l  Mole F r a c t i o n s  o f  Phenol in  Water,  Mole 
F r a c t i o n s  o f  Phenol in  S u p e r c r i t i c a l  Carbon D i o x i d e ,  and 

___________ Equil ibrium K-values at  60 degrees C e ls iu s

Mole Fract ions  Phenol

Press
(p s ig )

Liquid Phase 
x

S u p e r c r i t i c a l  Phase 
_________ Y_________

K-values
y/x

1100 0.0019
1100 0.00048
1200 0.0019
1200 0.00048
1300 0.00048
1400 0.0019
1400 0.00048
1550 0.00048
1600 0.0019
1650 0.00048
1800 0.00048
1950 0.00048
2000 0.0019
2100 0.00048
2300 0.00048
2700 0.0019
2800 0.00048

0.00012 0.063
0.000099 0.22
0.000097 0.051
0.000080 0.18
0.000078 0.17
0.000078 0.041
0.000061 0.14
0.000061 0.14
0.00012 0.063
0.000062 0.14
0.000075 0.17
0.000075 0.17
0.00017 0.090
0.000081 0.18
0.00011 0.24
0.00034 0.18
0.00014 0.31
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Gartner  i n v e s t i g a t e d  t h e  aqueous  p h e n o l - s u p e r c r i t i c a l  carbon  

d i o x i d e  s y s t e m  a t  h ig h  p r e s s u r e s  and measured e q u i l i b r i u m  phenol  

c o n c e n t r a t i o n s  w i t h  a s t a t i c  e x p e r i m e n t a l  a p p a r a tu s  [ 1 5 ] .  For 

comparable system pressures  and l i q u i d  phase phenol concentrat ions  h i s  

data y ie ld ed  lar ger  phenol d i s t r i b u t i o n  c o e f f i c i e n t s  (on the order of  

10-30% l a r g e r ) .  H is  d a ta  i s  judged  t o  be l e s s  r e l i a b l e  b eca u s e  of  

o b v i o u s  and l a r g e  i n c o n s i s t e n c i e s  p r o b a b l y  due t o  h i s  c r u d e r  

experimental  methods.
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SUMMARY

1. The wet chemistry  method of  phenol a n a ly s i s  was reproducible  w ith  

l e s s  than 5% error.

2.  Pum ping  l i q u i d  c a r b o n  d i o x i d e  g a v e  s t a b l e  p r e s s u r e s  and  

s a t i s f a c t o r y  pressure  c o n tr o l .

3. At 40 degrees C e l s iu s  the vapor phase phenol s o l u b i l i t y  increased  

for  in c r e a s in g  pressure .

4. At 60 degrees C e l s iu s  there  was a minimum in  the vapor phase phenol 

s o l u b i l i t y  o v e r  t h e  s t u d i e d  p r e s s u r e  r a n g e  f o r  b o t h  s o l u t i o n  

c o n c e n t r a t i o n s .

5. Larger  p h en o l  s o l u t i o n  c o n c e n t r a t i o n s  gave l a r g e r  vapor phase  

phenol s o l u b i l i t i e s  a t  both temperatures.

6.  Lower temperatures gave larger  vapor phase phenol s o l u b i l i t i e s .

7. The d a ta  g e n e r a t e d  by th e  thermodynamic  model o f  th e  aqueous  

p h e n o l - s u p e r c r i t i c a l  carbon d iox ide  system passed through minimums in  

vapor phase  p h en o l  s o l u b i l i t i e s  a t  both  40 and 60 d e g r e e s  C e l s i u s  in  

the pressure range of  600 to  700 p s ia .

8. The model-generated data at  40 degrees C e ls iu s  was four to  e ig h t  

t i m e s  s m a l l e r  i n  m agn itu d e  than  t h e  e x p e r i m e n t a l  vapor phase  pheno l  

s o l u b i l i t y  data.  At 60 degrees  C e l s iu s  the model-generated data passed  

through minimums in  vapor phase phenol s o l u b i l i t y  in  d i f f e r e n t  pressure  

r e g i o n s  than  d id  t h e  e x p e r i m e n t a l  vapor phase p h en o l  s o l u b i l i t i e s .  

These d i s c r e p a n c i e s  m igh t  have been ca u s ed  by th e  s u b s t i t u t i o n  o f  

u n ava i lab le  p h e n o l - w a te r - s u p e r c r i t i c a l  carbon d i o x i d e  th r e e - c o m p o n e n t
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d a ta  w i t h  p h e n o l - w a t e r  and w a t e r - s u p e r c r i t i c a l  carbon, d i o x i d e  two  

component data.

9. C a l c u l a t e d  d i s t r i b u t i o n  c o e f f i c i e n t s  or equ i l ibr ium  K-values o f  

p h en o l  from t h e  e x p e r i m e n t a l  d a ta  a t  40. d e g r e e s  C e l s i u s  show t h a t  

phenol K-values in crease  for increased  pressure.  At 60 degrees C e ls iu s  

phenol K-values from exper imental  data showed mihimums in  K -va lues .as a 

fu n ct ion  of  pressure  at  lower pressures .



3 8

RECOMMENDATIONS FOR FURTHER STUDY

1. Changing t h e  a p p a r a tu s  from a s i n g l e  p ass  f l o w  s y s t e m  t o  a vapor  

r e c i r c u l a t i o n  system should be in v e s t ig a t e d .  This would e l im in a te  the  

handling of  the bomb during a run.

2. I n - l i n e  a n a l y s i s  w i t h  h i g h  p r e s s u r e  gas  chromatography would  

e l im in a t e  the inherent  error of  manual product c o l l e c t i o n .  I t  would 

a l s o  d r a s t i c a l l y  reduce the time required for  product a n a l y s i s .
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DERIVATION OF THE THERMODYNAMIC MODEL

The fo l l o w i n g  vapor and l iq u id  phase component fu g a c i ty  equations  

were from Van Ness  and Abbott  (Van N ess ,  H.C., and M.M. A b b o t t , 

C l a s s i c a l  Thermodynamics of  Non E le c t r o l y t e  S o lu t i o n s , McGraw H i l l ,  New 

York, 1982, 273). These equations  were used to develop the component 

fu g a c i ty  equation used to  d escr ib e  phenol and water.

The standard s t a t e  fu g a c i ty  of  pure "i" was chosen to  be based upon the  

standard s t a t e  a s so c ia t e d  with the Lewis-Randall  ru le  which was pure 

"i" at  the temperature and pressure of  the system.

At phase equil ibrium

Therefore

y ^ i  P = Xi T i  Zi 0

i

Where
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For both phenol and water the vapor phase fu g a c i ty  c o e f f i c i e n t  of  

pure "i" at  s a tu r a t ion  pressure was assumed to be unity .  This was due 

to  th e  m oderate  s a t u r a t i o n  p r e s s u r e s  o f  phenol and w ater  a t  th e  

t e m p e r a t u r e s  i n v e s t i g a t e d . Then th e  s tan d ard  s t a t e  f u g a c i t y  was  

represented as:

/ 0  n SAT „ Ji(L-R)
A  " Fi  x y  SAT

Where

/i (L-F

/ i SAT

dP

d In A
Vi
RT

dP

Therefore

/ i SAT

_±
RT

(Vi) dP

,SAT

The term on the r igh t  s id e  of  the equation i s  the Poynting correc t ion  

fa c to r .  I t  was assumed that  the s p e c i f i c  volume of l i q u i d  phenol and 

w a ter  was i n c o m p r e s s i b l e  and t h u s , in d e p e n d e n t  o f  p r e s s u r e .  As a

Ti(L-R)
/iSAT

pSAT)

r e s u l t :
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The r e s u l ta n t  component fu gac i ty  equation which descr ibed  phenol 

and water was:

Vi (p  _ p.SAT)

For carbon d iox id e  the vapor phase component fu g a c i ty  equation was 

th e  same e q u a t i o n  used fo r  phenol and w a t e r . The e q u a t i o n  fo r  th e  

l i q u i d  phase component f u g a c i t y  was from Van Ness and Abbott  and 

assumed t h a t  th e  l i q u i d  phase a c t i v i t y  c o e f f i c i e n t  based on th e  

s ta n d a rd  s t a t e  a s s o c i a t e d  w i t h  Henry's law o f  carbon d i o x i d e  was 

unity  (Van Ness,  H.C., and M.M. Abbott, C la s s i c a l  Thermodynamics of  Non 

E l e c t r o l y t e  S o l u t i o n s , McGraw-Hill, New York, 1982, p. 86).

The l i q u i d  phase was descr ibed  by Henry's law. Henry's law was chosen 

due to the low concentrat ions  of  carbon d iox ide  in the l i q u i d  phase and 

a v a i l a b l e  Henry's law constants  for carbon d iox ide  in water.  The f i n a l  

equation used to  d escr ib e  carbon d iox id e  was:

Y ^ i  P = Xi  Hi

L iq u id  phase mole f r a c t i o n s ,  Xi , were  c a l c u l a t e d  by s e t t i n g  th e  

number of  moles of  water and phenol in  the l iq u id  s o lu t io n .  Next the  

amount of  the carbon d iox id e  that  would d i s s o l v e  in  the given moles of  

water was c a l c u la te d  at  system co n d i t io n s  using Henry's law constants ,
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which were  from Perry  (P e r r y ,  R.H., and C.H. C h i l t o n , -  C hemica l  

Engineers'  Handbook, 5th e d . ,  McGraw-Hill, New York, 1973, p. 3 - 9 6 ) .

Liquid phase a c t i v i t y  c o e f f i c i e n t s , w e r e  c a l c u la te d  from the  

Wilson equation.  Wilson param eters  were  e s t i m a t e d  g r a p h i c a l l y  from  

phenol-water Wilson parameters at  low pressures  and temperatures above 

and below the des ired  system temperatures (Hirata,  M., and S. One, and 

K. Nagahama, Computer Aided Data Book o f  V apor -L iq u id  E q u i l i b r i a , 

Kodansha L i m i t e d  E l s e v i e r  S c i e n t i f i c  P u b l i s h i n g ,  New York, 1975, p. 

7 5 4 - 7 5 7 ) .  The e f f e c t s  o f  t h e  s y s t e m ' s  h ig h  p r e s s u r e  upon th e  W ilson  

p a r a m e te r s  were i g n o r e d .  A ls o  t h e  e f f e c t s  o f  carbon d i o x i d e  in  th e  

l i q u i d  phase upon the Wilson parameters were ignored.

The s a t u r a t i o n  p r e s s u r e s ,  o f  w a ter  were r e f e r e n c e d  from 

steam t a b l e s  (Smith,  J.M., and H.C. Van Ness,  Introduct ion  to  Chemical  

Engineering Thermodynamics, 3rd ed., McGraw-Hill,  New York, 1975, pp. 

5 7 2 - 5 8 0 ) .  Phenol s a t u r a t i o n  p r e s s u r e s  were  from Perry  (P e r r y ,  R.H., 

and C.H. C h i l t o n ,  C he m ica l  E n g in e e r s '  Handbook, 5 th  ed . ,  McG raw -Hil l ,  

New York, 1973, pp. 3 - 5 8 ) .

S p e c i f i c  v o lu m e s ,  V^, o f  w ater  were  from steam t a b l e s  (S m ith ,  

J.M.,  and H.C. Van N e s s ,  I n t r o d u c t i o n  t o  C h e m i c a l  E n g i n e e r i n g  

T h erm od yn am ics , 3rd ed . ,  M cG raw -H il l ,  New York, 1975,  pp. 5 7 2 - 5 8 0 ] .  

S p e c i f i c  vo lumes'  o f  p h en o l  were from t h e  Handbook o f  C h e m is try  and 

P h y s i c s  (W east ,  R.C., Handbook o f  C h e m is t r y  and P h y s i c s  63rd ed. ,  CRC

P ress ,  Boca Raton, FE, 1982, p. C-429).
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Vapor phase component fu g a c i ty  c o e f f i c i e n t s ,  were ca lcu la ted  

from the Peng-Robinson equation of  s t a t e .  The Peng-Robinson equation  

of s t a t e  for vapor phase component fu g a c i ty  c o e f f i c i e n t  i s  given below:

b
i (Z-I )

+

-  In(Z-B)

Z+B(l-V2)
Z+B(l+y2)

A = amP B = bmf>#2^2 RT

am = TZ Y iy iaI i  bm = Z Yibi  
i  j i

a^j = (1-5^ j ) (a^a j )  ̂ a j

ai i  = a i

0.4572R2T c i2 0.07780RTci
ai = — pE:---------  bi  = — PcT—

V a l u e s  o f  t h e  b i n a r y  i n t e r a c t i o n  p a r a m e t e r ,  U q j i  a r e  u s u a l l y  

e m p i r i c a l l y  d e te r m in e d  and o r d i n a r i l y  s m a l l  numbers around 0.10.  

T h e r e f o r e  a l l  v a l u e s  o f  5 - j j  were  assumed to  be 0 .10 .  C r i t i c a l  

p r o p e r t i e s  were  from Perry  (P e r r y ,  R.H., and C.H. C h i l t o n ,  C hemica l  

E n g in e e r s '  Handbook, 5 th  ed . ,  McG raw -Hil l ,  New York, 1973,  pp. 3 - 1 0 4 ,  

105) .  Vapor phase  c o m p r e s s i b i l i t i e s ,  Z, used i n  t h e  Peng-Robinson  

e q u a t i o n  o f  s t a t e  were  c a l c u l a t e d  f o r  pure carbon d i o x i d e  a t  s y s t e m  

c o n d i t i o n s  from th e  Peng-R obinson  e q u a t i o n  of  s t a t e  (M o d e l l ,  M., and 

R.C. Reid, Thermodynamics and I t s  A p p l ic a t io n s , 2nd ed., P ren t ice -H a l l ,

New Jersey ,  1983, pp 152-153). The a c e n t r i c  fac tor  for  carbon d iox ide
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used in  c a l c u l a t i n g  c o m p r e s s i b i l i t i e s  from the Peng-Robinson equation  

o f  s t a t e  was from Smith  and Van Ness ( S m i t h , J.M., and H.C. Van N ess ,  

Introduct ion to  Chemical Engineering Thermodynamics, 3rd ed., McGraw-

H i l l ,  New York, 1975,  p. 570) .
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APPENDIX B

COMPUTER AIDED SOLUTIONS OF THE THERMODYNAMIC 

MODEL OF AQUEOUS PHENOL-SUPERCRITICAL CARBON 

DIOXIDE VAPOR-LIQUID EQUILIBRIUM
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COMPUTER AIDED SOLUTIONS OF THE THERMODYNAMIC MODEL 

Figures IO and 11 show two computer s o lu t io n  methods for  40 degrees  

C e l s i u s  and 1 0 , 0 0 0  ppm and 60 d e g r e e s  C e l s i u s  and 1 0 , 0 0 0  ppm 

r e s p e c t i v e l y .  These methods of  s o lu t io n  in c lud e  the method that  used 

a l l  t h r e e  o f  th e  component f u g a c i t y  e q u a t i o n s  (method I ) ,  and th e  

method t h a t  used two o f  t h e  component f u g a c i t y  e q u a t i o n s  and a vapor  

phase mole balance (method 2).

The computer  program used t o  c a l c u l a t e  th e  data  f o r  th e  second  

method a t  60 d e g r e e s  and 10 ,0 0 0  ppm p h en o l  s o l u t i o n  c o n c e n t r a t i o n  

fo l l o w s  the above mentioned f ig u r e s .
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ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
LISTING OF CONSTANTS INDEPENOANT OF P & T 

PHENOL=I WATER=Z SUPERCRITCAL C02=3

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C
C CRITICAL PROPERTIES 
C

REAL HL3,MC02,K 
TCI=694-.2 
TC2=647.3 
TC3=304.2 
PCl=SO.5 
PC2=217.6 
PC3=72.8

BINARY INTERACTION PARAMETERS
C
C
C

WRITE(6,30)
READ(5,*)0EL1,0EL2 
R=82.051

PENG-ROBINSON EQUATION CONSTANTS

K=.707984
A1=.45724*(R*TC1)**2./PC1
A 2 = . 4 5 7 2 4 * ( R * T C 2 ) * * 2 . Z P C 2
A3=.45724*(R*TC3)**2./PC3
B1=.0778*R*TC1/PC1
B2=.0778*R*TC2/PC2
B3=.0778*R*TC3/PC3
A4=(1.-DEL2)*((A1*A2)**.5)
A5=(1.-DEL1)*((A1*A3)**.5)
A6=(1.-0EL1)*((A2*A3)**.5)

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC  
C C
C DATA IN P U T  C
C C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC  

4  W R I T E ( 6 j 3 5 )
REA0(5,*)T,P
WRITE(6,40)
REA0(5,*)Y1,Y2
^IT E (6 ,45)
READ(5,*)T0L

Figure 12. Computer program to ca lcu la te  the vapor-liquid equilibrium 
of the aqueous phenol-supercrit ica l carbon dioxide system
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Figure 12. continued
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
C C
C TEMP DEPENDANT PRESS INDEPENDANT CONSTANTS C
C C
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
C
C 40 C CONSTANTS
C

IF(T.EQ.333.) GO TO I 
PlSAT=.00146 
P2SAT=.07279 
SPV0L1=90.
SPV0L2=18.14  
WP12=.0080 
WP21=.820 
GO TO 2 

C
C 60 C CONSTANTS 
C

1 PlSAT=.00566 
P2SAT=.19660 
SPV0L1=90.
SPV0L2= 18.31 
WP12=.0052 
WP21=.744

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C
C PRESS DEPENDANT CONSTANTS C
C C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C
C LIQUID SOLUTION COMPOSITIONS
C
C 40 C
C

2 P=P/14.7
IF(T.EQ.333.)  GO TO 3
HL3=EXP(7.8013+(.2306E-2)*P+(. 5801E-4)*P**2.-(. 1999E-6)*P**3.) 
X3=P/HL3
MC02=X3*55.6 6 6 /(1 .-X3)
TMOL=55.666+MC02 
Xl=. 1063/TM0L 
X2=55.56ZTMOL 
WRITE(6,*)X1,X2 

C
C ACTIVITY COEFFCIENTS FROM THE WILSON EQUATION 
C

WEQC=WP12/(X1+X21WP12) -WP21Z (X2+X1*IWP21)
ACOEFl=EXP(LOG( I . / (X1+X2*WP12) ) +X2*WEQC)
AC0EF2=EXP(LOG( I . Z(X2+X1^WP21) ) -X1*WEQC)
GO TO 14

C
C
C

3

60 C

HL3=EXP(8 .1 4 4 + (.3204E-2)*P+(.2051E-4)*P*^2. - ( . 6298E-7)*P**3.) 
X3=PZHL3
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Figure 12. continued
MC02=X3*55.6 6 6 / (1 . -X3)
TMOL=55.556tM:02
X1=.1063/TM0L
X2=55.56/TM0L
WRITE(6,*)X1,X2

C
C ACTIVITY COEFFCIENTS FROM THE WILSON EQUATION 
C

WEQC=WP12/(X1+X2*WP12)-WP21/(X2+X1*WP21)
ACOEFl=EXP(LOG(I . / ( X1+X2*WP12) ) +X2*WEQC)
ACOEFE=EXP(LOG(I . / ( X2+X1*WP21) ) -Xl^WEQC)

C VAPOR PHASE COMPRESSIBILITIES FROM THE PENG-ROBINSON
C EQUATION OF STATE
C

14 ALPHA=(1.+K*(1.-((T/TC3)**.5)))**2.
V=90.

5 VOL=R*T/(P+A3*ALPHA/(V*(V+B3)+B3*(V-B3)))+83  
CALL C0NV(V,V0L,1,NC)
GO TO (BjS )jNC

6 Z=P*VOL/(R*T)
C
C
C VAPOR PHASE COMPOSITION CONVERGENCE LOOPS
C
C FIRST LOOP
C

9 Y3=l. - ( Y1+Y2)
PCI=EXP( SPV0L1*(P-PI SAT)/ ( R*T))

7 Y1C=X1*AC0EF1*P1SAT*PC1/P/(EXP(B1*(Z-1.)/(Y1*81+Y2*B2+Y3*33)- 
OLOG(Z-P*(Y1*B1+Y2*B2+Y3*33)/(R*T))+(Yl**2. *A1+Y2**2. *A2+
@Y3*”2 . *A3+2. *Y1*Y2*(I . -DEL2)*(A1*A2)**.5+2.*Yl*Y3*(I . -DELl)*(A1* 
@A3)*” .5+2.*Y2*Y3*(l.-0ELl)*(A2*A3)*” .5)/(2.8284*(Yl*Sl+Y2-,-B2+Y3* 
@B3)*(R*T)) * ( (Y1*A1+Y2*A4+Y3*A5) * 2 . / ( Yl*^2. *A1+Y2*"2. *A2+Y3^2. *A3 
@+2.*Yl*Y2*(l.-0EL2)*(Al*A2)**.5+2.*Yl*Y3*(l.-0ELl)*(Al*A3)”” .5 
@+2.*Y2*Y3*(l.-0ELl)*(A2*A3)**.5)-31/(Yl*Bl+Y2*32+Y3*33))*L0G(
@( Z -. 4142*PZ(R*T)*(Y1*B1+Y2*B2+Y3*B3) ) / ( Z+2.41^2*P/(R*T)*(Y1*31 
@+Y2*32+Y3*33)))))

CALL CONV(YljYlCjI jNC)
GO TO (S jZ)jNC 

C
C CHECK FOR Y2CALC-Y2 CONVERGENCE
C

8 AM=Y1**2.*A1+Y2**2.*A2+Y3**2.*A3+2.*Y1*Y2*(1.-0EL2)*(A1*A2)*~.5 
@+2.*Yl*Y3*(l.-DELl)*(Al*A3)*” .5+2.*Y2*Y3*(l.-0ELl)*(A2*A3)*^.S

BM=Y1*B1+Y2*B2+Y3*B3 
A=AM*P/((R*T)*^2.)
B=BM*P/(R*T)
PHIE=EXP(B2*(Z -I . ) /BM-LOG(Z-B)+A/(2 .8284*8)*((Y1*A4+Y2*A2+Y3*A6 

@)*2./AM-B2/BM)*L0G((Z-B*.4142)/(Z+B*2.4142)))
PCE=EXP( SPV0L2*(P-P2SAT) / ( R*T))
Y2C=X2*AC0EF2*P2SAT/ ( PHI2*P)*PC2
^ IT E (6 J*)Y1JY2,Y2C,Y3
S=2. *ABS(Y2C-Y2)/ ( Y2C+Y2)
IF(S.LE.TOL) GO TO 11 

C
C SECOND LOOP
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c F ig u r e  1 2 .  c o n t in u e d

PCZ=EXP ( SPV0L2*( P-P2SAT) /  (RyrT))
10 Y2C=X2*AC0EF2*P2SAT*PC2/P/(EXP(B2*(Z-1. ) / ( Yl*BlrYZ*82+Y3*33)-

@L0G(Z-P/(R*T)*(Y1*B1+Y2*B2+Y3*53) ) + (Yl**2. *A1+Y2*C. *A2+Y3**2. 
®*A3+2. *Y1*Y2*( I . -0EL2 )*(A1*A2) . 5+2. "Yl^YS^t I . -DELl )*(A1*A3 )*” .5
9+2.*Y2*Y3*(I . -OELl)*(A2*A3)**.5)/(2.8 2 8 4 ^ * 1 ) /(Y1™=1+Y2*S2+Y3*83) 
0*( (Y1*A4+Y2*A2+Y3*A6)*2./(Yl**2.*A1+Y2**2.yrAZtYBŷ Z.*43+2.*Y1*Y2 
9* ( I . -0EL2)*(A1*A2)**.5+2.*Y1*Y3*( I . -DELl)*(Al*A3)~” .5+2.*Y2*Y3*(I . 
9-DELI)*(A2*A3)* * .5 ) -B2/ ( Y1*B1+Y2*32+Y3*B3) ) *L0G((Z - .4142*P/ ( R*T)" 
@(Y1*B1+Y2*B2+Y3*B3) ) / ( Z+2. 4142*P/(R*T)*(Y1*31+Y2*S2+Y3*33) ) ) ) )

CALL CONV (Y2, Y2C, I , IMC)
V«ITE(6,*)Y1,Y2,Y2C,Y3 
GO TO ( 9 ,1 0 ) ,NC 

C
C CHECK FOR Y3CALC-Y3 CONVERGENCE
C

11 Y3C=l.-(Y1+Y2)
WRITE(6,*)Y1,Y2,Y3C,Y3 
Sl=2.*ABS(Y3C-Y3) / ( Y3C+Y3)
IF(S I .LE.TOL) GO TO 12
GO TO 9 

C
C PRINT CUT SOLUTION TO VAPOR PHASE COMPOSITION FOR 
C GIVEN PRESSURE AT SYSTEM TEMPERATURE

12 PHI1=X1*AC0EF1*P1SAT*PC1/P/Y1 
PHI2=X2*AC0EF2*P2SAT*PC2/P/Y2 
WRITE(6,*)T,P,Y1,Y2,Y3
WRITE(6 ,* ) PHIltPHIZ 
WRITE(I , 50)T,P*14.7 
WRITE(IjSS)
WRITE(1,60)Y1,Y2.Y3 
WRITE(IjSS)
WflITE(Ij ZO)PHIlj PHIZjPCljPCa 

C
C INCREMENT PRESSURE OR ASK FOR NEW PRESSURE OR END 
C

WRITE(Sj ZS)
READ(5,*)P
IF(P.EQ.l.) GO TO 13 
IF(P.EQ.10.) GO TO 4 
GO TO 2 

C
C FORMAT STATEMENTS FOR OUTPUT 
C

30 F0RMAT(3X,'INPUT BIN INTRCTN PARAMTR; VAP-LIQ. LIQ-LIQ')
35 FORMAT(3X,'ENTER TEMP ( DEG K ) , ENTER BEG PRESSURE ( PSIA ) ' )
40 FORMAT(3X,'ENTER INITIAL GUESS FOR; Yphenolj Ywater')
45 FORMAT(3X,'ENTER CONVERGENCE CRITERION')
50 F0RMAT(///1X,'TEMP=',F 6 .2 .1 X ,'K ' ,SX, ' PRESS=' ,FS.1 ,IX, ' PSIA')
55 FORMAT( / IOX, '  VAPOR PHASE COMPOSITION ( MOLE FRACTION ) ' / /

915X,'PHENOL',10X,'WATER',10X,'C02')
SO FORMAT( /15X,F8. 7 ,8X,F8. 7 , 7X,F8.7)
65 FORMAT( //IOX, 'VAPOR PHASE FUGACITY COEFFS',SX ,'POYNTING

@ CORRECTION' , / / I O X ,'PHENOL' , IOX, 'WATER' , IlX, 'PHENCL' , 9X, 'WATER') 
70 FORMAT(/10X,F9.8,7X,F9.8,6X,F5.2,10X,F5.2)
75 FORMAT(IX,'ENTER NEW PRESS (PSIA); ENTER 10 FOR NEW TEMP, ENTER 

9 I FOR PROGRAM END')
13 END
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CALIBRATION CURVE OF ABSORBANCE 

' VERSUS PHENOL CONCENTRATION
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Figure 13. Phenol a n a ly s is  c a l ib r a t io n  curve o f  absorbance versus phenol con cen tra tio n .




