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SEPARATION OF ALKANES AND AROMATICS WITH SUPERCRITICAL CARBON 
DIOXIDE 

A . B .  de  Haan, J .  de Graauw 
Del f t  University of Technology 
Laboratory f o r  Process Equipment 
Leeghwaterstraat 44 
2628 CA De l f t ,  The Netherlands 

ABSTRACT 

The sepa ra t ion  o f  a l k a n e s  and a r o m a t i c s  w i t h  s u p e r -  
c r i t i c a l  ca rbon  d iox ide  has been s tudied  by measuring 
vapour-liquid e q u i l i b r i a  and s e l e c t i v i t i e s  i n  the  model 
sys t ems  2-methylnaphthalene/hexadecane/ carbon dioxide 
and 2-methylnaphthalene/dodecane/carbon d i o x i d e .  The 
r e s u l t s  h a v e  been modelled w i t h  t h e  Peng-Robinson 
equation of  state. I n  both model systems s u p e r c r i t i c a l  
ca rbon  d i o x i d e  appeared  s e l e c t i v e  f o r  t h e  component 
with the  h ighes t  vapour pressure ,  2 -methylnaphtha lene  
r e s p e c t i v e l y  d o d e c a n e .  C o n s e q u e n t l y  a l k a n e s  and 
aromatics w i l l  b e  s e p a r a t e d  by s u p e r c r i t i c a l  ca rbon  
dioxide on b a s i s  of t h e i r  d i f f e rence  i n  vapour pressure  
in s t ead  of t h e i r  d i f f e rence  i n  chemical s t r u c t u r e .  

INTRODUCTION 

Superc r i t i ca l  ex t r ac t ion  is gaining inc reased  a t t e n t i o n  as a n  
a l t e r n a t i v e  f o r  conventional separa t ion  techniques such as l i q u i d  
ex t r ac t ion  and d i s t i l l a t i o n .  One r eason  i s  t h e  e a s y  s o l v e n t /  
e x t r a c t  and s o l v e n t / r a f f i n a t e  s e p a r a t i o n .  Another is  t h a t  t he  
p rope r t i e s  of temperature s e n s i t i v e  products are p rese rved  s i n c e  
s u p e r c r i t i c a l  e x t r a c t o r s  are operated a t  moderate temperatures 
(25-100 “ C )  . Most of t h e  appl ica t ions  of s u p e r c r i t i c a l  ex t r ac t ion  
c o n c e r n  t h e  e x t r a c t i o n  o f  n a t u r a l  raw materials w i t h  ca rbon  
dioxide i n  the  food, f lavour  and pharmaceutical  i n d u s t r y  [ 1 - 4 1 .  
A 1  t h o u g h  on  t h e  o t h e r  hand t h e  s e p a r a t i o n  o f  a l c o h o l - w a t e r  
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DE HAAN AND DE GRAAUW 1994 

mixtures and t h e  e x t r a c t i o n  o f  o r g a n i c  p o l l u t a n t s  from waste 
water have been s tudied  in t ens ive ly  [1-41, l i t t l e  research e f f o r t  
h a s  been d i r e c t e d  t o  t h e  s e p a r a t i o n  o f  l i q u i d  h y d r o c a r b o n  
mixtures with s u p e r c r i t i c a l  so lvents .  

This a r t i c l e  presents  t he  r e s u l t s  of  a study of t he  s e p a r a t i o n  
o f  a l k a n e s  and a r o m a t i c s  w i t h  s u p e r c r i t i c a l  carbon dioxide.  I n  
t h e  p e t r o c h e m i c a l  i n d u s t r y  t h e  s e p a r a t i o n  o f  a l k a n e s  and  
a r o m a t i c s  w i t h  p o l a r  s o l v e n t s  is one of  t h e  most i m p o r t a n t  
app l i ca t ions  o f  l i q u i d  e x t r a c t i o n  f o r  s e p a r a t i n g  hydrocarbon 
mixtures [5]. Previous s tud ie s  of t he  use of s u p e r c r i t i c a l  carbon 
dioxide made by Kulkarni [6] and Dhalewadikar [7]  have shown t h a t  
t h e  a l k a n e s  a re  s e l e c t i v e l y  e x t r a c t e d  when t h e  a l k a n e s  and 
a r o m a t i c s  t h a t  are t o  be s e p a r a t e d  posses e q u a l  m o l e c u l a r  
w e i g h t s .  I n  t h i s  s t u d y  t h e  e f f e c t  o f  p r e s s u r e ,  t e m p e r a t u r e ,  
composition and v o l a t i l i t y  of t he  components on t h e  s e l e c t i v i t y  
and c a p a c i t y  o f  t h e  s u p e r c r i t i c a l  so lvent  (carbon dioxide) have 
been measured. The r e s u l t s  were modelled wi th  t h e  Peng-Robinson 
equation of s t a t e .  
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Fig.1. Vapour pressure  of  dodecane ( D D ) ,  2-methyl- 
naphthalene (2MN) and hexadecane ( H D )  as a 
func t ion  of  temperature Cl3-J. 
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MODEL COMPONENTS 

I n  our s t u d y  2-methylnaphthalene ( a r o m a t i c )  and hexadecane 
( a l k a n e )  were used as model components. The phase behaviour of 
the ternary system can be o b t a i n e d  by c o n s i d e r i n g  t h e  t h r e e  
b i n a r y  mixtures t h a t  comprise the ternary model system. Pa r t s  of 
the Px-isotherms of the binary systems hexadecane/C02 [ 8 , 9 ]  and 
2-methy1naphthalene/CO2 [6,10] can be taken from the l i t e r a t u r e .  
F igu re  1 shows t h a t  2-methylnaphthalene has  a h i g h e r  vapour  
pressure than hexadecane. The influence of the vapour pressure of 
the components on the s e l e c t i v i t y  and capaci ty  o f  s u p e r c r i t i c a l  
c a r b o n  d i o x i d e  was demonstrated by r e p l a c i n g  hexadecane by 
dodecane. The Px-isotherms of  t h e  b i n a r y  system dodecane/C02 
[ 1 1 , 1 2 ]  a re  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  S i n c e  t h e r e  is no 
in fo rma t ion  a v a i l a b l e  a b o u t  t h e  b i n a r y  s y s  tems 2 - m e t h y l -  
naphthalene/hexadecane and 2-methylnaphthalene/dodecane. ternary 
equilibrium da ta  were used t o  model the binary systems. 

CALCULATION PHASE EQUILIBRIA 

Vapour-liquid e q u i l i b r i a  a t  high p r e s s u r e s  a r e  c o n v e n i e n t l y  
c a l c u l a t e d  by u s i n g  an e q u a t i o n  o f  s t a t e  a p p l i c a b l e  t o  both 
phases Cl.131. The condition f o r  equilibrium between t h e  vapour 
and the l i q u i d  phase is given by: 

x b L P  = y  b V P  
i i  i i  

L V The f u g a c i t y  c o e f f i c i e n t s  O i  and b i  a r e  c a l c u l a t e d  f rom an 
e q u a t i o n  o f  s ta te  [13]. We have chosen t o  use the Peng-Robinson 
equation [ 141 : 

The pure component parameters a ( T )  and b were calculated from the 
cr i t ical  propert ies  of the components [14] and mixed according t o  
the following mixing rules:  

a = l l x x a  i j i j  i , j  = 1.2,  ..., n (4) 

(5) 

b = I : l x . x b  i . j  = 1,2.  ..., n (6) 

(7) 

a = (1-6 ) ( a i i a j j  ) I  / I  i.i i j  

1 j i.i i j  

bij  = ( 1 - n .  1.l )(bii+ b j j ) / 2  

The v a l u e s  f o r  t h e  b i n a r y  i n t e r a c t i o n  parameters 6 and n .  , 
obtained from binary and ternary PTx-data, a r e  l i s t e d  fA t a b l e l i .  
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1996 DE HAAN A N D  DE GRAAUW 

Table 1 : Calculated binary interaction parameters. 

ref. 6i j “i j Components 

C02 + dodecane 0.09 0.06 11.12 

C02 + hexadecane 0.08 0.02 8.9 
C02 + 2-methylnaphthalene 0.07 -0.05 6.10 

dodecane + 2-methylnaphthalene 0.02 0.03 
hexadecane + 2-methylnaphthalene 0.00 0.02 

Fig.2. Flowsheet of the supercritical extraction 
equipment. 
(1)Storage vessel feed, (2)Pump. (3)Heat exchanger, 
(4)Column, (5)Separator, (6)Condensor, 
(7)Storage Vessel C02, (8)Pump, (9)Heat exchanger, 
(10)Separator, (11)Wet gas meter 
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EXPERIMENTAL 

A s i m p l i f i e d  f lowshee t  of the  experimental equipment is  shown 
i n  f i g u r e  2. The feed was fed t o  t h e  top of  the  e x t r a c t i o n  column 
( 4 ) .  T h i s  column, w i t h  an  i n t e r n a l  d i ame te r  of of 35 mm and a 
l e n g t h  o f  1 m ,  w a s  equipped  wi th  60 cm S u l z e r  BX l a b o r a t o r y  
p a c k i n g .  The r ema in ing  r a f f i n a t e .  c o n t a i n i n g  a c o n s i d e r a b l e  
amount of  carbon dioxide,  was drawn o f f  from t h e  bottom o f  t h e  
column. H e r e a f t e r  t h e  pressure  was reduced t o  1 bar  t o  sepa ra t e  
t h e  carbon dioxide from the  alkane/ aromatic mixture ( 1 0 ) .  A w e t  
gas meter (11) was used  t o  measure the  carbon d ioxide  flow and 
t h e  r a f f i n a t e  was pe r iod ica l ly  drawn o f f .  

The s u p e r c r i t i c a l  carbon d i o x i d e  e n t e r e d  t h e  bottom of t h e  
column and l e f t  t he  top  of t he  column c o n t a i n i n g  t h e  d i s s o l v e d  
e x t r a c t .  The pressure  was reduced below t h e  c r i t i c a l  p ressure  of 
ca rbon  d i o x i d e  (50-60 b a r )  t o  c o n d e n s e  t h e  e x t r a c t  i n  t h e  
s e p a r a t o r  ( 5 ) .  T h i s  e x t r a c t  was p e r i o d i c a l l y  drawn o f f .  By 
measuring the  carbon dioxide flow t o  the  e x t r a c t i o n  column with a 
Micro Motion mass f lowmete r ,  t h e  amount of  ca rbon  d ioxide  i n  
which t h e  e x t r a c t  was d i s s o l v e d  was c a l c u l a t e d  from a ca rbon  
d i o x i d e  mass balance over t he  column. The gaseous carbon d ioxide  
was condensed b e f o r e  i n c r e a s i n g  t h e  p r e s s u r e  a g a i n  t o  t h e  
e x t r a c t i o n  pressure  (8) .  

A small s o l v e n t  t o  f e e d  r a t i o  was u s e d  t o  m e a s u r e  t h e  
s e l e c t i v i t y  and capac i ty  of t h e  s u p e r c r i t i c a l  carbon d ioxide .  It  
appeared t h a t  under these  circumstances only  5 t o  15 p e r c e n t  o f  
t h e  f e e d  was e x t r a c t e d  and t h a t  t he  e x t r a c t  stream leaving  the  
column was i n  equilibrium with the  l i q u i d  flowing down i n  the  top 
o f  t h e  co lumn c o n s i s t i n g  o f  t h e  f e e d  s a t u r a t e d  w i t h  ca rbon  
dioxide.  This amount of  dissolved carbon d i o x i d e  was assumed t o  
be  e q u a l  t o  t h e  amount dissolved i n  the  r a f f i n a t e ,  t h a t  appeared 
to have near ly  t h e  same composition as the  feed. A r e f r a c t o m e t e r  
was used  t o  measure t h e  compos i t ion  o f  t h e  so lven t  f r e e  feed ,  
r a f f i n a t e  and e x t r a c t .  The r e l a t i v e  v a r i a n c e  i n  t h e  measured 
vapour and l i q u i d  phase compositions appeared t o  be approximately 
5 percent.  

The dodecane, 99% p u r i t y ,  was obtained from Jansen Chimica. The 
hexadecane. 99% pur i ty ,  and the  2-methylnaphthalene, 96% p u r i t y ,  
were bought  from MERCK-Schuchardt. Hoek-Loos supplied the  99.99% 
p u r e  ca rbon  d i o x i d e .  A l l  t h e s e  materials were u s e d  w i t h o u t  
f u r t h e r  p u r i f i c a t i o n .  

RESULTS 

Phase Behaviour o f  t he  Model System 

Figures 3 and 4 show t h e  measured and ca l cu la t ed  v a p o u r - l i q u i d  
e q u i l i b r i a  o f  t h e  model sys tem 2-metpylnaphthalene/hexadecane/ 
carbon dioxide a t  a temperature of 80 C .  A t  a p r e s s u r e  o f  150 
b a r  o n l y  small amounts o f  2-methylnaphtha lene  and hexadecane 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1998 DE HAAN AND DE GRAAUW 

dissolve in the vapour phase while a considerable amount of 
carbon dioxide dissolves in the liquid phase. When the pressure 
is increased from 150 to 200 bar it can be seen from figure 4 
that the solubilities of 2-methylnaphthalene and hexadecane in 
the vapour phase are increased markedly. Also more carbon dioxide 
is dissolved in the liquid phase at this pressure. The strong 
curvature of the liquid branch at this pressure illustrates that 
carbon dioxide is less soluble in 2-methylnaphthalene than 
hexadecane. 

HD 

Fig.3. Measured ( 0 )  and calculated ( - )  vapour-liquid 
equilibria (Zwt) of the model system 2-methyl- 
naphthalene/hexadecane/ carbon dioxide at 80 'C 
and 150 bar. 
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Capacity of Carbon Dioxide 

Figure 5 shows the measured and calculated effect of the 
pressure on the solubilities of 2-methylnaphthalene and 
hexadecane in supercritical carbon dioxide at a temperature of 80 

HO 

CO 

Fig.4. Measured ( 0 )  and calculated ( - )  vapour-liquid 
equilibria (Xwt) of the model system 2-methyl; 
naphthalene/hexadecane/ carbon dioxide at 80 
and 200 bar. 
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'C. If t h e  p r e s s u r e  i s  i n c r e a s e d  t h e  c a r b o n  d i o x i d e  d e n s i t y  
inc reases  and t h e  s o l u b i l i t i e s  of 2-methylnaphtha lene  and hexa-  
decane  a r e  i n c r e a s e d  markedly  due t o  the  s t r o n g e r  i n t e r a c t i o n s  
between t h e  carbon d ioxide  molecules and the  2-methylnaphtha lene  
and hexadecane molecules. 

0 
I 0 

Fig.?. Measured ( 0 )  and ca l cu la t ed  ( - )  s o l u b i l i t y  of 
2-methylnaphthalene and hexadecane ( X w t )  i n  
s u p e r c r i t i c a l  c y b o n  d ioxide  as a func t ion  of 
p re s su re  a t  80 C 
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The measured and calculated effect of the extraction 
temperature on the solubilities of 2-methylnaphthalene and 
hexadecane in sup rcritical carbon dioxide at a carbon dioxide 

extraction temperature from 50 to 80 C results in higher 
solubilities of 2-methylnaphthalene and hexadecane in 
supercritical carbon dioxide due to the higher vapour pressures 
of both components (figure 1). 

density of 600 kg/m 4 is illustrated in figufe 6. Increasing the 

80oC 

Fig.6. Measured ( 0 )  and calculated ( - )  solubility of 
2-methylnaphthalene and hexadecane (Xwt) in 
supercritical carbon dioxide as a function of 
temperat re at a carbon dioxide density of 600 kg/m s (b). 
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S e l e c t i v i t y  

F i g u r e  7 shows t h e  measured and c a l c u l a t e d  e f f e c t  o f  t h e  
p r e s s u r e  and t h e  2-methylnaphthalene t o  hexadecane r a t i o  i n  the  
l i q u i d  phase on t h e  s e l e c t i v i t y  a t  a temperature of  80 'C. A t  low 
p res su res  t h e  va lues  of t he  s e l e c t i v i t i e s  i n d i c a t e  t h a t  2-methyl- 
naphthalene is more so lub le  i n  s u p e r c r i t i c a l  carbon d i o x i d e  t h a n  
hexadecane  due t o  t h e  h igher  vapour p re s su re  of  2-methylnaphtha- 
l ene .  When t h e  carbon d ioxide  dens i ty  is increased ,  t h e  d e c r e a s e  
i n  s e l e c t i v i t y  i l l u s t r a t e s  t h a t  t h e  s o l u b i l i t y  of  hexadecane 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  i n c r e a s e s  more r a p i d l y  t h a n  t h e  
s o l u b i l i t y  of  2-methylnaphthalene. Furthermore i t  can be seen  

2.5 

S2HHIHO 

2 0  

1.5 

1.0 

0.s 

0 

8O'C 

\ 

Fig.7. Measured (-m-,-O-,-A-) and ca l cu la t ed  ( - - - )  
s e l e c t i v i t y  of s u p e r c r i t i c a l  carbon d ioxide  f o r  
2-methylnaphthalene t o  hexadecane as a func t ion  
of  p re s su re  and t h e  r a t i o  2-methylnaphthalene and 
hexadecane i n  the  l i q u i d  phase a t  80 'C. 
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SEPARATION ALKANES AND AROMATICS 2003 

from f i g u r e  7 t h a t  t h e  2-methylnaphthalene t o  hexadecane ra t io  i n  
t h e  l i q u i d  p h a s e  h a s  a large e f f e c t  on t h e  s e l e c t i v i t y .  This  
means t h a t  2-methylnaphthalene and hexadecane  form a non i d e a l  
l i q u i d  m i x t u r e  i n  which t h e  v o l a t i l i t y  o f  t h e  components is 
l a r g e l y  dependent on the  composition of t he  l i q u i d  phase. 

F i g u r e  8 i l l u s t r a t e s  t he  measured and ca l cu la t ed  e f f e c t  of t h e  
t e m p e r a t u r e  o n  t h e  s e l e c t i v i t y .  When t h e  t e m p e r a t u r e  i s  
i n c r e a s e d ,  t h e  d e c r e a s e  i n  s e l e c t i v i t y  i n d i c a t e s  t h a t  t h e  
s o l u b i l i t y  of hexadecane  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  
i n c r e a s e s  more r a p i d l y  t h a n  t h e  s o l u b i l i t y  of 2-methylnaphtha- 
l e n e .  T h i s  s o l u b i l i t y  behav iour  can  be e x p l a i n e d  s i n c e  t h e  
vapour p re s su re  of hexadecane rises more rap id ly  wi th  temperature 
than t h e  vapour pressure  of 2-methylnaphthalene ( f i g u r e  1) .  

2.0 

1.0 

I I I I 
0 0.5 \.o 

Fig.8. Measured ( -O- , - l - )  and ca l cu la t ed  ( - - - )  s e l e c t i v i t y  
of s u p e r c r i t i c a l  carbon d ioxide  f o r  2-methyl- 
naphthalene to hexadecane as a func t ion  o f  
temperature and the  ratio 2-methylnaphthalene and 
hexadecane i n  t h e  1 quid phase at  a carbon d ioxide  
dens i ty  o f  410 kg/m . 3 
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F i g u r e s  7 and 8 i n d i c a t e d  t h a t  t h e  s e l e c t i v i t y  o f  s u p e r c r i t i c a l  
c a r b o n  d i o x i d e  o r i g i n a t e s  m a i n l y  from t h e  d i f f e r e n c e  i n  vapour 
p r e s s u r e  b e t w e e n  t h e  a l k a n e s  and  a r o m a t i c s  t h a t  a r e  t o  b e  
s e p a r a t e d .  T h i s  c o n c l u s i o n  i s  c o n f i r m e d  when h e x a d e c a n e  i s  
r e p l a c e d  by dodecane. The measured and c a l c u l a t e d  s e l e c t i v i t i e s  
shown i n  f i g u r e  9 i l l u s t r a t e  t h a t  i n  b o t h  model s y s t e m s  t h e  
component wi th  t h e  h i g h e s t  v a p o u r  p r e s s u r e  i s  more s o l u b l e  i n  
s u p e r c r i t i c a l  carbon d i o x i d e .  Therefore  i t  can be concluded t h a t  
t h e  a l k a n e s  a n d  a r o m a t i c s  a r e  m a i n l y  s e p a r a t e d  o n  t h e i r  
d i f f e r e n c e  i n  v a p o u r  p r e s s u r e  i n s t e a d  o f  t h e i r  d i f f e r e n c e  i n  
chemical  s t r u c t u r e .  

F ig .9 .  Measured and c a l c u l a t e d  (---) s e l e c t i v i t y  o f  
s u p e r c r i t i c a l  carbon d i o x i d e  f o r  2-methylnaphthalene 
t o  hexadecane ( - 0 - )  and 2-methylnaphthalene to  
dodecane (-A-) as a f u n c t i o n  o f  t h e  r a t i o  2-methyl- 
naphthalene/hexadecane and 2-methylnaphthalene/  
dodecane i n  t h e  l i q u i d  phase a t  80 ‘C and 150 b a r .  
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CONCLUSIONS 

A study to the separation of alkanes and aromatics with super- 
critical carbon dioxide has been made by measuring vapour-liquid 
equilibria and selectivities in the model systems 2-methyl- 
naphthalene/hexadecane/carbon dioxide and 2-methylnaphtha- 
lene/dodecane/carbon dioxide. The results have been modelled with 
the Peng-Robinson equation of state. 

From the obtained results it was concluded that supercritical 
carbon dioxide will separate alkanes and aromatics mainly on 
their difference in vapour pressure instead of their difference 
in chemical structure. Therefore supercritical carbon dioxide can 
only be used for specific applications where high boiling alkanes 
and aromatics are to be separated on basis of their relative 
volatility. 
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LIST OF SYMBOLS 

a 
b 
f 
K 
n 
P 
S 
T 
V 
x,x 
Y.Y 

attraction parameter 
vd Waals covolume 
fugaci ty 
distribution coefficient 
number of components 
pressure 
selectivity 
temperature 
volume 
liquid phase mole, weight 
vapour phase mole, weight 

j'f!"YiX j/Y jxi 1 

m )  
fraction ( -1.  
fraction ( - 1  

Greek Symbols 
6 . n  binairy interaction parameters ( - )  
Q fugacity coefficient ( - 1  
P density (kg mm31 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



2006 

REFERENCES 

DE HAAN AND DE GRAAUW 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 
12. 

13 

14. 

McHugh M . A . ,  Krukonis V.J . ,  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 :  
P r i n c i p l e s  and P r a c t i c e ,  But te rwor th ,  Stoneham, 1986 
S t a h l  E . ,  Q u i r i n  K . - W . ,  G e r a r d  D . ,  V e r d i c h t e t e  Gase z u r  
E x t r a c t i o n  u n d  R a f f i n a t i o n ,  S p r i n g e r - V e r l a g ,  B e r l i n /  
Heide lberg ,  1987 
E l y  J . F . ,  B a k e r  J . K .  , A R e v i e w  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 ,  NBS Techn. Note 1070. 1983 
P a u l a i t i s  M.E., Krukonis  V.J . ,  Kurnik R.T., Rev. Chem. Eng. 
1. 179 (1983) 
Lo T . C . .  B a i r d  M . H . I . ,  H a n s o n  C . ,  Handbook of S o l v e n t  
E x t r a c t i o n ,  John Wiley & Sons,  N e w  York, 1983 
K u l k a r n i  A.A., Luks K.D., Kohn J . P . ,  J .  Chem. Eng. Data. 3, 

Dhalewadikar S.V.. Seckner  A . J . .  McHugh M.A. ,  Ind .  Eng. Chern. 
-- Res. 26. 976 (1987) 
Charoensombut-Arnon T. ,  Martin R . J . .  Kobayashi €3.. F l u i d  Phase 
Equi l .  31, 89 (1986) 
D'Souza R., P a t r i c k  J . R . ,  T e j a  A.S., C a n .  J.  Chem. Eng. a, 
319 (1988) 
Z a r a h  B.Y., Luks K . D . ,  Kohn J . P . ,  AIChE Symp. S e r .  140.70 91 
( 1974 1 
S t e w a r t  W.C., Nie l sen  R.F., Prod. Monthly, 1 27 (1954) 
Adams W.R., D i s s e r t a t i o n  (1986) ,  A v a i l .  Univ .  M i c r o f i l m s  
I n t . ,  Order No. DA8628416 
Reid R.C., P r a u s n i t z  J.M., P o l i n g  B.E. ,  The P r o p e r t i e s  of 
Gases & Liquids ,  4th Ed., McGraw-Hill, 1987 
Peng D.-Y., Robinson D . B . ,  I n d .  Eng. Chem. Fundam. E, 59 
(1976) 

349 (1974) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


